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SUMMARY	
___________________________________________________________________________	

Carbon	 nanomaterials	 of	 various	 dimensionalities	 have	 gained	 a	 unique	 place	 in	

nanotechnology	 owing	 to	 their	 explicit	 physical	 and	 chemical	 properties.	 These	 include	

excellent	optical	and	thermal	properties,	electrical	conductivity	and	high	mechanical	strength.	

Such	 materials	 have	 a	 myriad	 of	 applications	 including	 for	 energy	 storage,	 sensors,	 drug	

delivery,	field	emission	devices,	electronic	devices,	as	high	strength	materials	and	biomedical	

engineering.	Carbon	based	nanomaterials	have	been	widely	used	for	decades	in	device	and	

sensing	 technology	 and	 other	 related	 fields,	 but	 only	 recently	 have	 biological	 applications	

emerged.	 However,	 there	 are	 concerns	 about	 the	 toxicity	 of	 these	 nanomaterials,	 and	

exquisitely	 controlling	 their	 morphology,	 shapes	 and	 size	 is	 pivotal	 to	 harness	 their	 full	

potential.	Following	advances	 in	 fabrication	and	characterization	techniques,	graphene	has	

emerged	as	a	building	block	for	other	carbon	nanomaterials	other	than	nanodiamond,	which	

include	 carbon	 nanotubes	 of	 single	 to	 multiple	 shells,	 fullerene	 C60	 and	 C70	 and	 carbon	

nanoonions.	

	

Conventional	processing	methods	have	dominated	the	fabrication	of	carbon	nanomaterials.	

This	includes	traditional	“top	down”	and	“bottom	up”	approaches	which	can	involve	long	and	

tedious	 processing,	 the	 use	 of	 toxic	 and	 harsh	 chemicals,	 and	 the	 use	 of	 surface	 active	

molecules	and	chemical	stabilizers.	Although	the	methods	can	be	high	yielding	and	offer	great	

opportunities	in	the	market	place,	there	are	major	concerns	primarily	around	the	high	cost	of	

fabrication,	 the	 generation	 of	waste	 streams,	 high	 energy	 usage	 and	 the	 requirement	 for	

extensive	down	stream	processing.	

	

The	key	focus	of	this	thesis	is	creating	a	paradigm	shift	in	nanoscience,	employing	the	use	of	

process	intensification	as	an	alternative	strategy	towards	the	fabrication	and	manipulation	of	

novel	forms	of	carbon	material	at	the	nanoscale	level.	The	research	potentially	hails	a	new	

frontier	 to	 the	 fabrication	 of	 different	 new	 carbon	 nanoforms	 which	 incorporate	 green	

chemistry	metrics	and	is	likely	to	create	opportunities	towards	industrial	applications.	While	

addressing	 the	 issue	 of	 scalability	 beyond	 generating	 research	 quantities	 of	 carbon	

nanoforms,	 the	 ability	 to	 unequivocally	 manipulate	 high	 tensile	 carbon	 nanomaterials	 in	

particular	poses	a	number	of	challenges.	This	includes	the	use	of	toxic	organic	chemicals,	long	

and	 tedious	 processing	 times	 and	 the	 use	 of	 surfactant,	 and	 indeed	 overcoming	 these	 in	
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general	is	potentially	a	Holy	Grail	in	material	science.	

	

With	the	limitations	of	traditional	batch	processing,	the	synthesis	of	nanocarbon	potentially	

benefits	from	innovation	in	using	novel	energy	efficient	processing	platform	with	controllable	

operating	conditions.	Recently	the	vortex	fluidic	device	(VFD),	as	a	microfluidic	platform	with	

dynamic	 thin	 films,	 has	 been	developed	 as	 a	 versatile	 continuous	 flow	processor.	 It	 has	 a	

number	of	novel	and	facile	capabilities	including	controlling	self	assembly	processes,	and	the	

fabrication	and	growth	of	carbon	nanomaterials	with	distinct	control	over	the	morphology,	

shape	and	size	of	the	nanostructures.		

	

This	 thesis	 focuses	 on	 advancing	 the	 applications	 of	 the	 VFD	 in	 nanocarbon	 technology,	

specifically	in	fabricating	carbon	nanomaterials	based	on	carbon	nanotubes,	fullerenes	C60	and	

graphene.	The	controllable	mechanoenergy	within	dynamic	 thin	 films	 in	 the	VFD	has	been	

used	 to	 fabricate	 different	 forms	 of	 nanocarbon,	 with	 potential	 for	 a	 wide	 range	 of	

applications,	 from	 device	 technology	 to	 drug	 delivery,	 with	 a	 view	 of	 transferring	 the	

technology	to	the	market	place.		

	

The	thesis	introduces	the	different	forms	of	carbon	nanomaterials	and	the	extent	of	research	

developments	 in	 the	 area.	 The	 method	 of	 process	 intensification	 utilized	 to	 manipulate	

different	 carbon	nanomaterials,	 namely	 vortex	 fluidic	 device	 (VFD)	will	 be	described.	 	 The	

research	established	that	the	VFD	is	effective	for	slicing	carbon	nanotubes	in	a	controlled	way	

while	 irradiated	 with	 a	 pulsed	 laser	 operating	 at	 1064	 nm	 wavelength,	 as	 a	 process	

incorporating	green	chemistry	metrics,	including	scalability.	In	addition,	the	VFD	was	effective	

in	 fabricating	 toroidal	 arrays	 of	 single	 walled	 carbon	 nanotubes,	 the	 formation	 of	 self	

assembled	 arrays	 of	 fullerene	 C60	 in	 the	 form	 of	 nanotubules	 which	 are	 superior	 sensing	

material	for	detecting	small	molecules,	and	the	direct	exfoliation	of	graphene	into	graphene	

scrolls.	The	extent	of	advances	made	in	this	research,	in	filling	gaps	in	the	scientific	arena	will	

be	discussed.		
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1 INTRODUCTION	
___________________________________________________________________________	

1.1 Overview	

For	decades,	the	fabrication	of	carbon	nanomaterials,	using	the	“top	down”	and	“bottom	up”	

approach	has	opened	a	myriad	of	possibilities	in	terms	of	developing	novel	and	facile	methods	

to	 afford	 nanomaterials	 of	 various	 dimensions,	 sizes	 and	 morphologies,	 to	 suit	 specific	

applications.	Nanocarbon	materials	 in	 different	 hybridization	 states	 (sp,	 sp2	 and	 sp3)	 have	

exceptional	 utility	 in	 nanotechnology	 and	 material	 science.	 In	 addition,	 	 covalent	 bonds	

between	 the	 carbon	 atoms	 and	 its	 surroundings	 enable	 the	 formation	 of	 heterogeneous	

carbon	 nanostructures	 of	 various	 dimensionalities,	 which	 exhibit	 explicit	 properties	 with	

potential	for	a	wide	range	of	applications.1-7		The	unique	properties	of	such	carbon	materials	

within	nano	and	macro	scale	dimensions	are	merely	dependent	on	their	atomic	structures	and	

molecular	interactions,	and	have	bridged	the	gap	between	organic	and	biochemistry.	There	

has	been	an	exponential	growth	of	interest	in	exploiting	their	unique	properties,	depending	

on	dimensionalities,	morphology,	shape	and	size,	as	a	basis	for	electronics,	optoelectronics,	

photovoltaics	 and	 sensing	 applications,8	 as	well	 as	 for	 incorporating	 into	 lipid	 bilayers	 for	

sensing,9	for	therapeutic	applications,	10-12	and	more.	

In	 general,	 traditional	 batch	 processing	 methods	 have	 dominated	 the	 field	 of	 fabricating	

carbon	nanostructures,	but	they	can	have	limitations,	specifically	in	terms	of	environmental	

issues,	 economical	 sustainability,	 scalability	 and	 the	 quality	 of	 the	material.	 The	 ability	 to	

precisely	 control	 the	 formation	 of	 diverse	 range	 of	 functional	 materials	 at	 the	 nanoscale	

length,	with	 scalability	 incorporated	 into	 the	processing,	 is	 important	 for	 future	uptake	of	

material	in	the	market	place.	

	

This	thesis	focuses	on	the	novel	approach	of	utilizing	process	intensification	as	an	alternative	

route	 towards	 the	 fabrication,	 sorting	 and	 controlling	 the	 self	 assembly	 of	 carbon	

nanomaterials,	while	incorporating	green	chemistry	metrics.	This	approach	can	alleviate	some	

of	the	processing	issues	associated	with	traditional	processing	methods	such	as	batch	to	batch	

variability.	The	primary	goal	is	to	develop	new	processing	strategies	in	materials	science	for	

fabricating	nanomaterials,	within	dynamic	thin	films	under	intense	shear	where	the	issue	of	

scalability	in	incorporated	into	the	process.	Also	considered	at	the	inception	of	the	science	are	

economic	and	environmental	sustainability	 issues.	The	thesis	will	describe	 in	detail	various	
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methods	 developed,	 for	 the	 “top	down”	 and	 “bottom	up”	 approach	of	 fabricating	 carbon	

nanomaterials	of	various	dimensionalities.	This	is	using	benign	solvent	systems,	without	the	

use	of	chemical	 stabilizers	and	 toxic	and	harsh	chemicals	 to	avoid	additional	down	stream	

processing.		

	

1.2 Allotropes	of	carbon	

Historically	the	discovery	of	fullerenes	in	1985	and	carbon	nanotubes	(CNTs)	in	1991	sparked	

a	journey	of	discovery	for	other	carbon	nanomaterials,	which	have	properties	beyond	those	

of	the	classical	allotropes	of	carbon.	These	include	single	walled	carbon	nanohorns,13,14	carbon	

nano-onions,15-17	carbon	nanorings,18-20	cup-stacked	carbon	nanotubes21,22	and	carbon	hybrid	

materials.23	Methods	for	fabricating	carbon	nanomaterials	in	general	have	been	extensively	

studied,	 in	establishing	 robust	 syntheses,	which	 is	 important	 for	 their	use	 in	down	stream	

applications.	Conventional	methods	of	fabricating	these	materials	have	evolved,	using	both	

the	‘top	down’	and	‘bottom	up’	approaches,	with	some	advance	towards	developing	more	

benign	 processes	 and	 addressing	 the	 often-vexing	 question	 of	 scalability,	 although	 this	 is	

rather	challenging.			

	

Centuries	 ago,	 elemental	 carbon	was	 known	 to	 exist	 as	 two	 natural	 occurring	 allotropes,	

diamond	 and	 graphite,	 with	 each	 having	 different	 crystal	 structure	 and	 properties.	 These	

allotropes	 of	 carbon	 exhibit	 physical	 and	 chemical	 properties	 that	 are	 dependent	 on	 the	

arrangement	 of	 the	 carbon	 atoms.	Diamond	has	 a	 tetrahedral	 arrangement	 of	 sp3	 carbon	

atoms	while	graphite	 is	comprised	of	stacked	sheets	of	graphene	held	together	by	van	der	

Waals	 interactions.	 Each	 graphene	 sheet	 consists	 of	 sp2	 carbon	 atoms	 arranged	 in	 two-

dimensional	hexagonal	lattices.	Diamond,	the	most	well-known	carbon	allotrope,	consists	of	

carbon	atoms	with	four	valence	electrons	in	each	respective	carbon	atom	occupying	an	sp3	

hybrid	orbital.	Carbon	atoms	are	covalently	bonded	 to	 four	other	carbon	atoms	 forming	a	

three	 dimensional	 (3D)	 tetrahedral	 lattice	 of	 six	 membered	 carbon	 rings.	 This	 hexagonal	

network	 of	 carbon	 atoms	 defined	 by	 covalent	 bonds	 contributes	 to	 diamond’s	 unique	

chemical	and	physical	properties.	Unlike	graphite,	diamond	is	notable	for	being	an	excellent	

transparent	electrical	insulator.	Diamonds	are	also	widely	used	as	gemstones	and	

	in	the	jewellery	industry	because	of	the	high	refractive	index	and	colourless	appearance.24		
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Graphite,	a	black	opaque	soft	material	was	the	succeeding	carbon	allotrope	identified	after	

diamond.	 Under	 ambient	 temperature	 and	 pressure,	 graphite	 is	 the	 most	 stable	 form	 of	

carbon	material.		

	

Graphite	is	a	layered	material	where	each	layer	consists	of	carbon	atoms	arranged	hexagonally	

in	a	planar	condensed	rings	system.		The	carbon	atoms	in	graphite	are	held	together	by	three	

in-plane	σ-bonds	and	one	out-of-plane	π-orbital.	The	presence	of	the	two	types	of	bonding	

arises	 due	 to	 the	 planar	 hexagonal	 network	 of	 carbon	 atoms	 and	 the	 weak	 inter-planar	

bonding	between	the	multiple	layers	of	graphite,	known	as	van	der	Waals	forces.	The	different	

bonding	capacities	of	graphite	allow	it	to	exhibit	a	semi-metallic	behaviour	with	remarkable	

electrical	conductivity	properties.24		

	

The	spark	of	a	new	era	in	allotropes	of	carbon	beyond	diamond	and	graphite	began	in	1985	

with	the	discovery	of	fullerene	C60.25,26		Since	then	other	carbon	nanomaterials	consisting	of	

sp2	 carbon	 atoms,	 with	 properties	 as	 exciting	 as	 those	 of	 C60	 and	 other	members	 of	 the	

fullerene	 family	 such	 as	 C70,	 have	been	discovered.	Of	 particular	 importance	 are	 the	 one-

dimensional	 (1D)	 carbon	 nanotubes	 and	 isolated	 two	 dimensional	 (2D)	 graphene	 sheets,	

which	have	created	new	avenues	in	material	science.	The	physical	and	chemical	interactions	

of	 these	 carbon	 nanomaterials	 are	 determined	mainly	 by	 their	 geometrical	 structure	 and	

method	of	synthesis.		
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Figure	1	Different	allotropes	of	carbon,	(a)	diamond,	(b)	graphite,	(c)	lonsdaleite,	(d)	fullerene	

C60,	 (e)	 fullerene	 C540,	 (f)	 fullerene	 C70,	 (g)	 amorphous	 carbon,	 (h)	 single	 walled	 carbon	

nanotube	(SWCNT).	

	

1.3 The	discovery	of	new	forms	of	carbon	

The	quest	towards	the	discovery	of	other	carbon	nanoforms	beyond	diamond	and	graphite	

then	continued	with	more	extensive	understanding	of	the	formation	of	these	carbon-based	

materials	 in	 the	 bulk	 phase.	 This	 has	 led	 to	 the	 identification	 of	 a	 range	 of	 new	 carbon	

materials	with	exceptional	 intrinsic	properties	with	diverse	potential	 applications	 in	varied	

fields.	The	spark	of	 the	new	era	 in	carbon	technology	began	 in	1985	with	the	discovery	of	

fullerenes	 by	 researchers	 from	 Rice	 University.	 	 Thirty	 years	 on	 from	 the	 discovery	 of	

fullerenes	(C60)	by	Kroto	et	al.,25	there	has	been	an	exponential	advancement	in	discovering	

other	carbon	nanomaterials	with	unusual	properties,	as	exciting	as	those	of	fullerenes.		

The	realisation	of	new	carbon	nanostructures,	ranging	from	zero	dimensional	(0D)	fullerenes	

through	 to	 one-dimensional	 (1D)	 carbon	 nanotubes	 and	 two	 dimensional	 (2D)	 graphene,	

!
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created	 new	 avenues	 of	 research	 in	 material	 science	 and	 allied	 areas.	 	 There	 have	 been	

extensive	 studies	 on	 these	 nanomaterials,	 in	mapping	 out	 their	 exciting	 properties,	which	

include	 excellent	 thermal,	 electrical,	 optical	 and	 mechanical	 properties.	 Exhibiting	 these	

exceptional	properties	and	acquiring	high	aspect	ratios	and	higher	specific	surface	areas,	they	

show	 promising	 capabilities	 for	 a	 plethora	 of	 applications.	 These	 include	 use	 in	 sensors,	

photovoltaics,	field	emission	transistors,	fuel	cells,	supercapacitors,	composites,	biomaterial	

composites,	drug	delivery	and	many	others.5,8-12,27-31		

	
Figure	2	The	new	era	of	carbon	allotropes	which	began	with	the	discovery	of	 fullerenes	 in	

1985.32	

	

On	the	nanoscale	level,	the	physical	and	chemical	interactions	of	these	carbon	nanomaterials	

are	determined	mainly	by	their	geometrical	structure	and	method	of	synthesis.		Conventional	

batch	processing	methods	have	dominated	the	field	of	fabricating	carbon	nanostructures	in	

various	morphologies	 and	 dimensions	 for	 specific	 applications.	 For	 example,	 the	 different	

forms	of	carbon	nanostructures	that	have	been	introduced	and	extensively	studied	beyond	

graphite,	carbon	nanotubes	and	fullerenes	include	carbon	nanohorns	and	nanocones,13,33,34	

nanobowls,35	nanotoroids,19,20,36	nanotubules,37,38	 ‘bamboo’	tubes,39	and	many	others.	 	The	

synthetic	approaches	used	can	have	limitations,	in	terms	of	environmental	issues,	economic	

sustainability,	scalability	and	the	quality	of	the	material.	The	ability	to	precisely	control	the	

formation	of	diverse	 range	of	 functional	materials	at	 the	nanoscale	 length,	with	scalability	

incorporated	into	the	processing,	is	important	for	future	uptake	in	a	myriad	of	applications,	

including	those	based	on	nanocarbon.			

!
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2 PROCESS	INTENSIFICATION-	CONTINUOUS	FLOW	PROCESSORS	
___________________________________________________________________________	

Continuous	flow	processing	can	address	scalability,	as	a	form	of	process	intensification	(PI).	

This	involves	developing	processing	platforms	with	contrived	surface	areas	with	variation	in	

rotational	speed,	which	can	provide	versatility	in	equipment	design	and	elevated	acceleration	

environments,	allowing	the	generation	of	high	shear	stress	within	thin	films	on	surfaces	with	

enhanced	reactions	despite	having	short	 reaction	 times.40,41	PI	 can	overcome	 imitations	of	

conventional	batch	processing,	 for	example,	 the	uneven	heat	 transfer	 and	uneven	mixing.	

With	 a	 number	 of	 novel	 carbon	 nanoforms	 representing	 a	 conceptually	 new	 class	 of	

nanomaterials,	 the	 ability	 to	 exquisitely	 control	 the	 size,	 morphology	 and	 dimensions	 is	

pivotal.	This	is	possible	using	PI	which	can	facilitate	innovative	pathways/methods	in	materials	

synthesis	while	addressing	scalability	and	other	green	chemistry	metrics	for	reducing	negative	

impacts	 on	 the	 environment	 and	 ultimately	 translation	 of	 the	 processing	 into	 industrial	

applications.	A	number	of	continuous	flow	processors	have	been	developed	based	on	dynamic	

thin	 films	 for	 chemical	 and	materials	 synthesis.	 These	 include	 the	 spinning	 disc	 processor	

(SDP),	the	rotating	tube	processor	(RTP)	and	the	more	recently	developed	vortex	fluidic	device	

(VFD)	(Figure	3),	all	of	which	are	more	versatile	than	conventional	batch	processing,	and	have	

been	used	to	fabricate	a	diverse	range	of	nanocarbon	materials.		

	

Dynamic	thin	films	formed	under	centrifugal	forces	in	the	SDP	and	RTP	allow	exquisite	control	

over	the	growth	of	nanoparticles,42-46	accelerating	chemical	reactivity	and	selectivity,47	drug	

formulation48-50	and	others.51-52	Such	control	relates	to	the	intense	shear	generated	within	the	

thin	films,	arising	from	the	viscous	drag	as	the	liquid	accelerates	on	the	surface	of	a	rapidly	

rotating	disc	on	the	SDP	or	as	the	liquid	whirls	along	the	tube	in	the	RTP.		An	important	feature	

of	the	thin	films	is	their	high	mass	and	heat	transfer.	The	VFD	was	developed	with	the	initial	

design	closely	related	to	the	horizontally	aligned	RTP,	but	with	greater	versatility	than	the	RTP,	

and	indeed	the	SDP,	having	a	number	of	remarkable	applications,	and	processing	capabilities	

not	possible	using	traditional	batch	approaches.		
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2.1 Spinning	Disc	Processor	(SDP)	and	the	Rotating	Tube	Processor	(RTP)	

The	key	component	of	the	SDP	(Figure	3a)	is	the	horizontally	oriented	diameter-rotating	disc,		

typically,	≥10	cm	in	diameter,	with	controllable	speed	and	feed	jets	delivering	reagents	slightly	

away	from	the	centre	of	the	disc.	Centrifugal	acceleration	generates	thin	films	approximately	

1-200	μm	thick	for	operating	speeds	usually	between	300-3000	rotations	per	minute	(rpm).		

The	 thin	 film	has	 a	 high	 surface	 area	 to	 volume	 ratio,	which	 is	 a	 pivotal	 characteristic	 for	

favourable	interactions	between	the	film	and	its	surroundings,	enabling	uniform	heat	transfer	

throughout	the	reaction	mixture,	in	contrast	to	the	uneven	heating	using	conventional	batch	

processing.	Intense	shear	forces	generated	from	the	rapidly	rotating	disc	creates	turbulence	

and	breaks	the	surface	tension	of	the	film,	making	waves	and	ripples	which	contribute	to	the	

efficiency	of	mixing	and	high	heat	and	mass	transfer.	The	films	are	also	characterized	by	short	

residence	times,	with	such	times	controlled	by	the	size	and	surface	texture	of	the	disc,	the	

viscosity	of	the	liquid	used	and	the	flow	rates.40,53-55		

	

The	 high	 shear	 rates	 coupled	 with	 turbulent	 micromixing	 across	 the	 thin	 film	 have	 been	

effective	 in	 a	 number	 of	 applications	 that	 are	 inherently	 difficult	 using	 traditional	 batch	

methods.	This	 includes	 free	 radical	polymerization	 reactions,56-57	 condensation	 reactions,58	

synthesis	 and	 processing	 of	 nanoparticles,42-46,59,60	 disassembling	 hexameric	 molecules	

capsules,55	and	controlling	chemical	reactivity	and	selectivity.41,47,61,62	In	contrast	to	the	SDP,	

the	RTP	(Figure	3b)	has	control	over	the	residence	time	for	reactions,	with	intense	shear	within	

thin	films	at	high	rotational	speeds.	The	RTP	has	a	horizontally	aligned	rotating	tube	which	

also	generates	intense	micro	mixing,	but	in	a	different	way	relative	to	the	SDP.	For	the	RTP,	

liquid	swirls	along	the	rapidly	rotating	tube	(300	–	3000	rpm)	with	the	thickness	of	the	film	

depending	on	the	viscosity	of	the	liquid,	the	height	of	a	ridge	(if	any)	at	the	end	of	the	tube	

and	the	rotational	speed.	The	RTP	allows	single	to	multiple	jet	feeds	to	deliver	solutions	into	

the	rotating	tube	at	one	end,	slowly	forcing	the	liquid	out	at	the	opposite	end	for	collection.	

The	 residence	 time	 is	 therefore	 precisely	 controlled	 by	 the	 flow	 rate	 of	 each	 jet	 feed	

respectively.	Multiple	 jet	 feeds	 in	a	 single	pass	 reaction	 is	difficult	using	 the	SDP.	The	RTP	

offers	major	advantages	over	 the	SDP,	 specifically	 in	 terms	of	more	precise	 control	of	 the	

residence	time,	with	potential	for	dramatically	increasing	the	efficiency	of	any	synthesis.	The	

residence	time	of	the	RTP	can	be	controlled,	depending	on	the	flow	rates	and	the	length	of	

the	 tube.	 Applications	 of	 the	 RTP	 include	 biodiesel	 production,63	 the	 fabrication	 and	

formulation	of	drugs48-50	and	the	decoration	of	nanorods	with	quantum	dots.51-52	The	SDP	and	
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RTP	 are	 effective	 for	 chemical	 synthesis	 and	 the	 fabrication	of	materials	within	 nanoscale	

dimensions,	but	there	are	limitations.	Most	notably	is	that	a	large	volume	of	liquid	is	required	

to	 achieve	 a	 constant	 shearing	 consistency	 within	 the	 fluid	 films,	 and	 the	 high	 cost	 of	

equipment	construction.	These	have	been	overcome	using	the	VFD.	

	

2.2 The	Vortex	Fluidic	Device	(VFD)	

The	VFD	(Figure	3c)	is	related	to	the	above	horizontally	aligned	RTP,	but	it	has	some	distinctly	

different	features	and	capabilities.	Indeed,	the	VFD	is	effective	in	overcoming	the	drawbacks	

of	both	the	SDP	and	RTP.	The	typical	VFD	has	a	rapidly	rotating	borosilicate	glass	tube,	20	mm	

in	diameter	which	is	opened	at	one	end	with	rotational	speeds	ranging	from	2000-10000	rpm,	

and	with	a	variable	inclination	angle,	θ,	from	0°to	90°.	High	shear	rates	also	prevail,	which	are	

governed	by	the	rotational	speed	and	inclination	angle.	The	VFD	can	operate	under	the	so-

called	confined	mode	of	operation	where	a	finite	volume	of	liquid	forms	a	thin	film	with	high	

shear	at	high	rotational	speeds.		Shearing	in	the	thin	films	arises	from	the	interplay	between	

centrifugal	and	gravitational	forces,	and	under	the	confined	mode,	Stewartson/Ekman	layers	

form	as	the	liquid	flows	upwards	at	the	internal	surface	of	the	rotating	tube	and	downwards	

close	to	the	liquid	surface,	parallel	to	the	axis	of	rotation	of	the	rapidly	moving	fluid.64,65,66,67	

The	 VFD	 is	 also	 an	 effective	 continuous	 flow	 processor,	 where	 solutions	 are	 introduced	

through	 jet	 feeds	to	the	base	of	the	rotating	tube	under	similar	conditions,	or	at	positions	

along	the	tube.	Similar	to	the	confined	mode	of	operation,	under	the	continuous	flow	and	

rapid	rotation,	dynamic	thin	films	form,	with	the	thickness	≥	200	μm.	The	thickness	of	the	film	

depends	 on	 the	 rotational	 speed,	 inclination	 angle	 and	 flow	 rates	 of	 the	 liquids.	 The	

continuous	flow	operation	of	the	VFD	imparts	additional	shear,	which	arises	from	the	viscous	

drag	as	the	liquid	whirls	up	the	tube.64	
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Figure	3	Schematic	features	of	(a)	a	spinning	disc	processor	(SDP),	(b)	a	rotating	tube	

processor	(RTP),65	(c)	the	vortex	fluidic	device	(VFD),	(d)	average	film	thickness	(≥	200	

µm)	versus	tilt	angle	(θ),	(e)	icons	representing	the	different	modes	of	operation	of	the	

VFD	with	jet	feeds	delivering	reagents	into	the	rotating	tube	in	the	continuous	flow	and	

(f)	Overall	comparison	of	the	dimensions	and	characteristics	of	the	different	continuous	

flow	processors.	64,65	
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10	mm	(tube diameter)

Film	thickness 1-200μm 200μm

Characteristics • Uniform	heat	transfer

• High	shearing	forces

• Intense	mixing

• High	mass	transfer

• Large	volumes	of	liquid

• Limiting	operating	conditions

• High	cost	towards	construction	and	development	of	

equipment

• Uniform	heat	transfer

• High	shearing	forces	(2000rpm-1000rpm)

• Intense	mixing

• High	mass	transfer

• Submillilitre volumes	of	liquid

• Low	equipment	cost	and	reduction	of	equipment	size

• Controllable	residence	time	(confined	mode)

• Ability	to	scale	up	for	industrial	applications	

(continuous	flow)

• External	attachments	i.e.	heating	unit,	real	time	
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• Precise	controllable	operating	conditions



	 	 			Chapter	2	Process	Intensification	
_____________________________________________________________________________________________________	

	 10	

2.3 Dynamic	thin	film	control	in	fabricating	nanocarbon:	A	review	

The	VFD	has	high	shear	stress	in	the	dynamic	thin	films,	and	is	effective	for	a	wide	range	of	

applications,	from	organic	synthesis	to	the	fabrication	of	materials	for	both	‘top	down’	and	

‘bottom	up’	approaches.	For	example,	the	VFD	is	effective	in	exfoliating	and	scrolling	single	

layered	graphene	and	boron	nitride	sheets	from	the	bulk	material,68,69	wrapping	of	bacteria	

and	algal	cells	with	graphene	and	magnetic	polymer,70-73	controlling	the	pore	size	and	wall	

thickness	of	mesoporous	silica74,75	sol-gel	synthesis	of	silica	xerogel	at	room	temperature	and	

in	situ	incorporation	of	curcumin,76	protein	folding,77	fabricating	toroidal	arrays	of	SWCNTs,20	

laterally	 ‘slicing’	 CNTs78	 which	 work	 reported	 in	 this	 thesis,	 probing	 the	 structure	 of	 self	

organized	systems,79,80	biodiesel	catalysis81	and	many	others.	The	VFD	is	inexpensive	relative	

to	 the	 SDP	 and	 RTP,	 with	 novel	 operating	 characteristics	 and	 is	 gaining	 prominence	 as	 a	

versatile	microfluidic	 platform.	 A	 contemporary	 focus	 of	 chemistry	 is	 incorporating	 green	

chemistry	metrics	into	the	science	at	its	inception,	and	using	the	VFD	can	greatly	improve	such	

metrics	for	a	myriad	of	processes.	The	review	is	a	comprehensive	treatise	on	the	processing	

of	 carbon	 nanomaterials	 under	 shear	 stress	 using	 the	 above	 continuous	 flow	 processors,	

namely	the	SDP,	RTP	and	VFD.	It	is	the	basis	of	an	invited	review	article	to	be	submitted	to	

Advanced	Materials	Technologies.	

	

2.3.1 Decorating	nanoparticles	on	carbon	nanomaterials	

Monodispersed	uniformly	sized	metal	nanoparticles	have	been	of	interest	due	to	their	high	

active	surface	area	and	surface	to	volume	ratio,	for	applications	in	sensors,	devices,	energy	

storage	 and	 catalysis.	 Functionalized	 carbon	 nanomaterials,	 for	 example,	 coated	 with	

superparamagnetic	 iron	 oxide,	 Fe3O4,	 nanoparticles	 have	 been	 reported,	 adding	 other	

properties	 and	 potential	 applications,	 including	 drug	 delivery,	 as	 probes	 for	 magnetic	

interaction	measurements	and	 fillers	 in	polymeric	materials.	The	synthetic	 challenges	with	

conventional	 methods	 include	 the	 need	 for	 prior	 oxidative	 functionalization	 of	 carbon	

nanotubes	 (CNTs),	 the	 use	 of	 inter-linkers	 and	 polymer	 wrapping	 agents	 to	 facilitate	 the	

loading	of	nanoparticles	on	the	surface	which	necessitates	down	stream	processing,	and	the	

high	cost	and	inability	to	control	the	coating	and	loading	density	of	the	nanoparticles	on	the	

surface	 on	 the	 CNTs.	 Although	 in	 situ	 synthetic	methods	 show	 promise	 in	 controlling	 the	

nanoparticle	size	and	placement	distribution,	they	still	 require	high	reaction	temperatures,	

the	use	of	toxic	and	high	costing	organic	solvents	and	long	and	tedious	processing	methods.	

Other	 synthetic	 methods	 encompass	 more	 environmental	 and	 economical	 approaches,	
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typically	 including	 direct	 coating	 of	 the	 CNTs	 with	 Fe3O4	 nanoparticles	 from	 solutions	 of	

Fe2+/Fe3+	using	either	aqueous	ammonia	or	sodium	hydroxide,	affording	nanoparticles	within	

a	broad	size	distribution	(25-80	nm)	with	the	material	exhibiting	a	ferromagnetic	behaviour.	

Thus	a	primary	challenge	is	controlling	the	particle	size	within	a	narrow	distribution.	

	

Continuous	 flow	 SDP	 processing	 is	 effective	 in	 synthesizing	 metal,	 organic	 and	 inorganic	

nanoparticles	 with	 precise	 control	 over	 the	 size	 and	 size	 distribution,	 and	 indeed	 shape,	

agglomeration	and	phase.	Ultrafine	Fe3O4	nanoparticles,	2-3	nm	in	diameter,	can	be	decorated	

on	SWCNTs	in	situ	at	room	temperature	with	a	high	density	loading	of	stabilized	nanoparticles	

on	 the	 surface	 without	 the	 use	 of	 surfactants,	 Figure	 4.	 The	 method	 involves	 chemical	

precipitation	 using	 oxidized	 SWCNTs	 dispersed	 in	 a	 solution	 of	 Fe2+/Fe3+	 delivered	 to	 the	

centre	 of	 the	 rotating	 disc	 through	 a	 jet	 feed	with	 then	 deoxygenated	 aqueous	 ammonia	

introduced	via	a	second	jet	feed	under	an	atmosphere	of	high	purity	argon	gas.	The	intense	

micromixing	and	viscous	drag	and	the	short	and	controllable	residence	time	on	the	surface	of	

the	 disc	 is	 effective	 in	 initiating	 nucleation	 and	 growth,	 circumventing	 aggregation	 of	 the	

nanoparticles.	The	strong	shear	 forces	from	the	viscous	drag	and	 intense	mixing	were	also	

effective	in	controlling	the	nanoparticle	size	and	distribution.	The	efficiency	of	the	coating	on	

the	surface	of	the	SWCNTs	is	related	to	the	COO-	functional	groups	on	their	surface	as	sites	

for	the	spontaneous	binding	of	the	Fe2+/3+	ions.44	

	

	

	

	

	

Figure	 4	 Schematic	 representation	 of	 the	 synthesis	 of	 ultrafine	 superparamagnetic	 Fe3O4	

nanoparticles	coated	on	SWCNT	using	a	spinning	disc	processor.44	

Controlled)feed)jets)

Mass)exchange)

Temperature)
controlled)walls)

Heat)exchange)

Rota:ng)shi<)

Heat)exchange)fluid)

Product)discharge)

1. SWCNT-Fe2+/3+ 2. NH4OH 



	 	 			Chapter	2	Process	Intensification	
_____________________________________________________________________________________________________	

	 12	

In	variance	to	the	method	mentioned	above,	another	more	environmentally	benign	approach	

to	decorate	carbon	nanomaterials	with	ultrafine	noble	metal	nanoparticles	was	developed.	

The	uniformity	in	the	shear	in	the	SDP	results	in	a	narrow	sized	distribution	of	the	particles.	

Platinum	 (Pt)	 and	 palladium	 (Pd)	 nanoparticles	 have	 many	 applications,	 including	 energy	

storage,	sensors	and	electrical	devices,	but	they	are	prone	to	aggregation	because	of	their	

high	surface	energy.	This	work	using	the	SDP	as	a	continuous	flow	reactor	was	followed	soon	

after	by	developing	use	of	the	VFD	to	fabricate	and	stabilize	nanoparticles	in	situ	on	carbon	

nanomaterials	as	a	supporting	material.	While	circumventing	aggregation	it	also	dramatically	

reduces	the	amount	of	noble	metal	nanoparticles	required	to	achieve	similar	properties	and	

performance	relative	 to	bulk	nanoparticles	of	 the	same	metal.	This	effectively	 reduces	 the	

cost	 in	 developing	 applications	 associated	 with	 the	 unique	 properties	 of	 precious	 metal	

nanoparticles.		

	

Graphene,	CNTs	and	carbon	nano-onions	(CNOs)	are	well	known	for	their	high	surface	area,	

excellent	electrical,	thermal	and	mechanical	properties,	and	hybrid	materials	with	noble	metal	

nanoparticles	 can	 have	 enhanced	 properties	 relative	 to	 the	 properties	 of	 the	 separate	

components.	A	number	of	methods	have	been	developed	 to	 systematically	 decorate	 such	

carbon	 nanomaterials,	 including	 in	 the	 use	 of	 a	 large	 macrocycle,	 p-phosphonic	 acid	

calixarene,	as	a	surfactant,	with	shear	within	dynamic	thin	films	a	key	towards	controlling	the	

dispersion	and	size	distribution	of	the	nanoparticles	(Figure	5-7).88-91	The	surfactant	stabilizes	

platinum	and	palladium	nanoparticles	on	the	surface	of	the	2D	and	1D	carbon	nanomaterials,	

with	high	density	loading	arising	from	binding	to	the	phosphonate	moieties.	In	addition,	the	

p-phosphonated	calixarenes	facilitates	the	exfoliation	of	2D	carbon	nanomaterials	 for	then	

non	 covalently	 functionalization	 them	 with	 a	 narrow	 size	 distribution	 of	 Pd	 and	 Pt	

nanoparticles	 in	aqueous	medium.88-91	The	driving	force	for	homogenous	nucleation	of	the	

nanoparticles	is	the	level	of	local	supersaturation.	Thus,	controllable	and	consistent	intense	

micromixing	within	dynamic	thin	films	in	the	SDP	and	VFD	is	effective	in	selectively	controlling	

the	growth	of	Pd	and	Pt	nanoparticles,	in	the	presence	of	either	hydrogen	gas	or	ascorbic	acid	

as	reducing	agents.	The	size	of	the	nanoparticles	can	be	controlled	by	varying	the	rotational	

speed,	with	a	higher	rotational	speed	resulting	in	more	nucleation	sites	for	a	finite	amount	of	

metal	present,	resulting	in	a	narrower	size	distribution.90	
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Figure	5	(a)	Schematic	of	the	decoration	of	CNOs	with	Pd	nanoparticles,	(b)	p-phosphonic	acid	

calix[8]arene	using	the	vortex	fluidic	device.90	
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Figure	6	(a)	and	(b)	TEM	images	of	graphene	sheets	decorated	with	Pd	nanoparticles	prepared	

in	the	VFD,	(c)	HRTEM	image	of	Pd	nanoparticles	on	graphene	sheets,	(d)	Zoomed-in	image	of	

the	 area	 indicated	 in	 (c),	 (e)	 Bright	 field	 and	 (f)	 dark	 field	 images	 of	 the	 Pd-graphene	

nanocomposite.88	
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Figure	7	(a,	c)	Schematic	of	the	formation	of	a	nanocomposites	in	the	10	mm	VFD	tube,	(b)	

TEM	image	of	plasma	treated	CNOs	with	0.2	mM	H2PtCl6	in	the	VFD	at	an	optimized	rotational	

speed	of	5000	rpm	for	a	10mm	diameter	tube	using	ascorbic	acid	as	a	reducing	agent.89	TEM	

images	(d-g)	of	CNTs-Pd	composite	formed	at	2000,	5000	and	7500	rpm	respectively	and	the	

corresponding	 SAED	 (h-k)	 CNOs-Pd	 composite	 formed	 at	 2000,	 5000	 and	 7500	 rpm	

respectively	and	the	corresponding	SAED.	Hydrogen	gas	was	used	as	a	reducing	agent.91	

	

2.3.2 	Lateral	‘slicing’	of	carbon	nanotubes	

CNTs	have	high	degrees	of	bundling	and	aggregation	arising	from	the	high	aspect	ratio	and	

strong	inter-tube	van	der	Waals	interaction	as	an	effect	of	their	growth	process.	Controlling	

the	shortening	of	CNTs	can	require;	(i)	high	temperature	or	high	energy	processing,	(ii)	the	use	

of	a	suitable	processing	medium	in	overcoming	their	tendency	to	aggregate,	for	example	using	

some	 common	 solvents	 such	 N-methyl-2-pyrollidone	 (NMP)	 and	 N,N-dimethylformamide	

(DMF),	 (iii)	 requiring	 polymer	 wrapping	 agents92	 and	 surfactants,93	 and	 (iv)	 covalent	 end	

and/or	 sidewall	 functionalization.94,95	 Improving	 the	 processing	 methods	 and	 potentially	

controlling	the	length	of	these	cylindrical	structures	is	important	for	applications	that	employ	

CNTs	within	a	specific	length	distribution	while	preserving	the	pristine	quality	of	the	material.		

	

Following	the	work	of	high	density	loading	of	Fe3O4	nanoparticles	on	the	surface	of	CNTs,	the	

SDP	was	used	as	a	continuous	flow	reactor	to	fabricate	metal	plated	SWCNTs	and	laterally	

slicing	them	in	an	aqueous	media	at	room	temperature,	which	at	the	time	was	surprising	given	

the	high	tensile	strength	of	SWCNTs,	Figure	8.	The	SWCNTs	can	also	be	coated	uniformly	with	

metal	nanoparticles	(Ag,	Au	and	Pt)	using	the	SDP,	for	low	concentrations	of	the	noble	metal.	

This	processing	takes	advantage	of	the	enhanced	mixing	and	mass/heat	transfer	rates	in	the	
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microfluidic	platform,	with	the	nanoparticles	generated	with	a	narrow	size	distribution	(2-3	

nm).	 It	 is	 in	 the	 presence	of	 excess	 ascorbic	 acid	 as	 a	 reducing	 agent	 to	 ensure	 complete	

reduction	of	the	metal	precursors.	The	mechanism	of	the	lateral	slicing	was	hypothesized	to	

arise	from	the	high	shearing	and	centrifugal	forces	on	the	disc,	which	can	twist	and	buckle	

CNTs	with	reversible	elastic	distortion.	The	presence	of	heavy	metal	 loading	with	points	of	

discontinuity	of	the	metal	on	the	surface	of	the	CNTs	provides	break	points	where	C-C	bonds	

rupture	occurs.	 In	addition,	Stone-Wales	transformation	under	shear	can	contribute	to	the	

bond	rotation	defects,	which	is	dictated	by	the	chirality	of	the	SWCNTs,	surface	tension	of	the	

liquid	medium	and	temperature.96	

	

	

Figure	8	(a)	Synthetic	protocol	for	the	fabrication	and	lateral	slicing	of	SWCNT	metal	hybrids,	

(b)	Controlling	the	metal	nanoparticle	decoration	and	metal	plating	of	the	CNTs	by	regulating	

the	concentration	of	metal	precursors	in	the	jet	feeds,	and	TEM	images	of	(c)	sliced	Au	plated	

CNT	(10	Mm),	(d)	uncoated	sites	along	the	CNT	that	result	slicing	under	shear.80	

	

Use	of	the	VFD	was	more	efficient	for	laterally	slicing	SWCNTs,	without	the	need	for	decorating	

SWCNTs	with	metal,	 as	well	 as	 for	 double	walled	 carbon	nanotubes	 (DWCNTs)	 and	multi-

walled	carbon	nanotubes	(MWCNTs).	This	was	using	a	benign	solvent	system,	a	mixture	of	N-

methyl	pyrrolidone	(NMP)	and	water,	with	the	VFD	simultaneous	pulsed	with	a	laser	at	1064	

nm	wavelength	at	a		specific	laser	power,	Figure	9.78	Importantly,	the	method	minimizes	the	

generation	of	defects	on	the	surface	of	 the	CNTs,	producing	pristine	sliced	CNTs	devoid	of	

chemical	stabilizers.	Reducing	the	length	of	the	nanotubes	is	more	significant	for	SWCNTS,	at	

45	degree	tilt	angle	under	confined	mode,	down	to	a	narrow	size	distribution,	at	a	length	scale	

of	 ca	100	 nm	which	 is	 at	 the	 length	 scale	 for	 drug	 delivery	 applications.78	 In	 general,	 the	

availability	of	SWCNTs,	DWCNTs	and	MWCNTs	 is	a	paradigm	shift	 for	 the	advancement	of	

applications	of	these	materials,	where	a	specific	 length	scale	 is	required.	Furthermore,	this	

processing	 is	also	novel	 in	addressing	scalability	 in	operating	under	continuous	 flow,	while	

Starch - CNT + 
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affording	high	quality	materials	devoid	of	surfactants	with	minimal	defects	on	their	surfaces.	

For	the	continuous	flow	processing,	jet	feeds	are	used	to	introduce	colloidal	suspensions	of	

CNTs	into	the	rapidly	rotating	tube,	under	specific	operating	parameters	of	the	VFD,	including	

speed	at	and	a	tilt	angle	of	45	degrees.	

	

	

	

	

	

	

	

	

	

Figure	9	(a)	Schematic	of	lateral	slicing	of	CNTs	using	the	VFD	at	a	rotational	speed	of	7500	

rpm	and	inclination	angle	at	45°	while	irradiated	with	a	pulsed	laser	operating	at	a	wavelength	

of	1064	nm	and	 laser	power	of	260	mJ,	 (b)	The	ability	to	 lateral	slice	CNTs	under	confined	

mode	with	the	corresponding	length	distribution	plot	and	AFM	height	image	showing	sliced	

SWCNTs	at	an	average	length	of	~100nm,	(c)	Continuous	flow	operation	at	an	optimised	flow	

rate	 of	 0.45	 mL/min	 with	 the	 corresponding	 length	 distribution	 plots	 for	 sliced	 SWCNTs,	

DWCNTs	 and	 MWCNTs	 respectively,	 having	 average	 lengths	 of	 ~160-170	 nm,	 (d)	 Raman	

spectra	of	SWCNTs,	DWCNTs	and	MWCNTs,	respectively,	and	the	corresponding	as	received	

nanotubes	(black)	indicating	minimal	or	no	significant	damage	on	the	surface	of	the	nanotubes	

post-processing.78	

	

2.3.3 Exfoliation	and	scrolling	of	2D	carbon	nanomaterial	

Since	 the	original	 ‘scotch	 tape’	method	of	exfoliating	graphene	was	established,	 there	has	

been	 significant	 effort	 in	 exfoliating	 the	 material,	 and	 2D	 materials	 in	 general,	 while	

maintaining	 the	 integrity	 of	 the	 sheets	 for	 exploiting	 their	 remarkable	 properties.	 Issues	

pertaining	 to	 the	 methods	 of	 exfoliation	 involve	 the	 use	 of	 cavitation	 energy	 and	 the	

incorporation	 of	 functional	 groups	 that	 potentially	 results	 in	 significant	 damage	 to	 the	

materials,	altering	its	properties	and	thereby	limiting	its	applications.	Thus,	a	more	efficient	

‘top	 down’	 method	 was	 developed	 using	 an	 intense	 shearing	 process	 in	 the	 VFD	 in	 the	

presence	 of	 N-methyl	 pyrrolidone	 (NMP),	 exfoliating	 single	 layered	 graphene	 sheets	 and	
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similarly	 for	 iso-structural	hexagonal-boron	nitride	 (h-BN),	Figure	10.	The	choice	of	organic	

solvent	was	related	to	its	similar	surface	tension	to	graphitic	material,	and	the	solvent	plays	a	

role	in	the	exfoliation,	acting	also	as	a	stabilizing	surfactant	to	avoid	reassembling/restacking	

of	the	graphene	sheets.		The	exfoliation	mechanism	involves	a	slippage	process	induced	by	

the	shear	stress,	with	sufficient	energy	to	lift	the	individual	graphene	sheets	from	the	surface	

of	the	bulk	material,	occurring	at	the	upper	and/or	lower	layers	of	graphite,	while	being	held	

centrifugally	 against	 the	 wall	 of	 the	 rapidly	 rotating	 tube.	 The	 use	 of	 a	 constant	

mechanoenergy	source	in	the	dynamic	thin	film	in	the	VFD	to	exfoliate	graphene	sheets	and	

other	 laminar	 materials	 offers	 scope	 for	 preparing	 defect	 free	 material	 for	 a	 range	 of	

applications.68	 Graphene	 sheets,	 and	 few	 layered	 graphene	 sheets,	 are	 one	 of	 the	 most	

promising	materials	in	nanotechnology.68	

	

Carbon	nanoscrolls	(CNS)	exhibit	distinct	properties	of	both	graphene	and	carbon	nanotubes	

such	as	high	carrier	mobility	and	high	mechanical	strength.	Although	the	physical	structure	of	

CNSs	closely	resembles	the	cylindrical	structure	of	CNTs,	the	former	shows	superior	electronic	

transport	and	electric	current	flow,	with	the	interlayer	spacing	easily	expandable	or	otherwise	

due	to	the	open-ended	structure.	The	unique	structure	of	CNSs	facilitates	chemical	doping	

and	 hydrogen	 storage	 and	 is	 regarded	 as	 an	 ideal	 material	 for	 supercapacitors	 and	

batteries.97,98		

	

Shear	forces	within	dynamic	thin	films	generated	in	a	SDP	were	effective	in	simultaneously	

exfoliating	 graphene	 and	 rolling	 it	 up	 into	 scrolls,	 Figure	 11,	 and	 similarly	 h-BN,	 without	

inducing	defects.	SDP	provides	sufficient	mechanoenergy	to	exfoliate	the	upper	and/or	lower	

layers	of	the	graphene	sheets	with	different	degrees	of	scroll	formation	and	folding	occurring.	

According	 to	 theoretical	 considerations,	 if	 the	 edges	 of	 the	 sheets	 are	 lifted	 and	 come	 in	

contact	 with	 the	 inner	 surface	 of	 the	 same	 graphene	 sheets,	 spontaneous	 scrolling	 of	

graphene	sheets	will	occur.69	The	use	of	mechanoenergy	to	exfoliate	and	produce	scrolls	was	

a	new	advance	in	gaining	access	to	such	material,	with	a	higher	yield	of	h-BN	scrolls	compared	

to	 graphene.	 This	was	 related	 to	 the	 difference	 in	 particle	 size	 of	 the	 precursor	material,	

graphene	>>	h-boron	nitride.	Scalability	of	scroll	formation	is	possible	using	the	SDP,	particular	

in	recycling	liquids	through	the	device,	changing	the	texture	of	the	surface	of	the	disc	and	the	

choice	of	solvent(s).	
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Figure	10	(a-b)	TEM	images	of	exfoliated	graphene	sheets	(inset	SAED	pattern),	(c)	Schematic	

of	the	microfluidic	flow	velocity	indicated	by	the	red	arrows	for	a	section	of	the	rotating	tube,	

and	the	exfoliation	process	also	involving	slippage	on	the	inner	surface.68	
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Figure	11	Proposed	mechanism	of	exfoliation	and	scrolling	of	graphite	and	h-BN	flakes	using	

a	SDP,	with	supporting	SEM	images.69	

	

2.3.4 Synthesis	of	hybrid	carbon	nanomaterials	involving	microorganisms	

Microorganisms	such	as	microalgal	and	bacteria	have	growing	interest	for	applications	in	the	

pharmaceutical	industry	and	for	the	use	in	chemical	processing.	However,	the	utilization	of	

these	microorganisms	depends	on	cultivation	and	harvesting	methods,	with	their	optimum	

activity	affected	by	external	environmental	factors.	A	number	of	efforts	have	been	devoted	

towards	enhancing	microorganism,	but	there	are	many	limitations.	With	emerging	advances	

in	 material	 science,	 conventional	 batch	 processing	 methods	 of	 forming	 hybrid	 structures	

between	2D	material	and	biological	cells	have	emerged,	with	exciting	possibilities.	Graphene	

and	graphene	oxide	(GO)	have	remarkable	properties	on	its	own,	including	biodegradability,	

flexibility,	transparency,	amphiphilicity	(GO	only)	and	strong	adhesion	to	the	surface	of	the	

smoothest	substrates,	making	it	ideal	as	an	interface	with	cells	to	promote	their	application	

while	 preserving	 biological	 activity.	 The	 growing	 number	 of	 applications	 of	 the	 VFD	 also	

includes	manipulating	live	cells.70-73	Following	the		

success	in	exfoliating	graphene	and	other	laminar	materials	within	dynamic	thin	films,	a	two-

step	process	of	exfoliating	graphene	sheets	into	multi	layer	graphene	(MLG)	in	water	followed	

by	hybridization	with	microalgal	cells,	Chlorella	vulgaris	was	established.70	The	use	of	water	
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as	the	solvent	here	rather	than	NMP,	as	discussed	above,	resulted	in	MLG	instead	of	single	

layered	graphene	under	the	confined	mode	operation	of	the	device,	being	deemed	necessary	

to	preserve	the	viability	of	the	cells.	The	shear	stress	in	the	VFD	resulted	in	forming	a	hybrid	

material	with	algal	cells	under	continuous	flow,	which	had	enhanced	nitrate	removal	prowess	

compared	 to	 either	 graphene	 alone	or	 just	 the	microalgal	 cells.	 	 A	 simple	 process	 for	 the	

immobilization	and	encapsulation	of	microalgal	 cells	 and	bacterial	 strains	within	 graphene	

oxide	(GO)	 layers	was	established,	 taking	advantage	of	 the	hydrophilicity	of	 the	GO	sheets	

with	 pH	 tuneable	 amphiphilic	 properties	 associated	 with	 the	 high	 degree	 of	 oxygen	

functionalities.	This	coupled	with	 its	high	surface	area	makes	 it	compatible	with	surface	of	

cells.	 The	hybrid	material	 formed	by	wrapping	GO	around	 cells	 using	 a	VFD,	 showed	high	

colloidal	stability	while	preserving	the	function	of	the	cells,	which	began	to	replicate	after	3	

days.	 This	 confirms	 the	non-toxic	 environment	of	 the	GO	 coating	 and	 the	non-destructive	

nature	of	 the	shear	 stress	 in	 the	VFD.	The	use	of	 shear	 stress	established	a	more	uniform	

coating	of	the	microalgae	cells	within	GO	layers	compared	to	conventional	methods,	notably	

high	 energy	 sonication,	 offering	 a	more	 efficient	 approach	 towards	 the	 immobilization	 of	

microalgae	cells	and	nitrate	removal,	Figure	12.70-73	

	

	

	

	

	 	

	

	

	

	

	

	

	

	



	 	 			Chapter	2	Process	Intensification	
_____________________________________________________________________________________________________	

	 22	

	

	

	

	

	

	

	

	

Figure	12	Synthesis	of	hybrid	biomaterials	in	the	VFD.	(a)	Schematic	illustration	of	firstly	the	

exfoliation	of	MLG	under	confined	mode	and	then	the	hybridization	of	the	microalgae	cells	

and	MLG	under	continuous	flow	in	the	VFD	with	the	tube	inclined	at	θ	45°	and	rotating	at	7000	

rpm	for	30	minutes,	for	both	modes	of	operation	of	the	device.	SEM	images	of	(b)	pristine	

microalgal	 cells	 (Chlorella	 vulgaris)	 processed	 in	 the	 VFD	 at	 7000	 rpm,	 (c)	 algae-graphene	

hybrid	 samples	 processing	 in	 the	VFD	 at	 7000	 rpm,	 and	 (d)	 Schematic	 illustration	 of	 algal	

wrapping	using	GO	in	the	VFD.	SEM	images;	(e	and	f)	pure	algal	cells,	(g,h)		GO	wrapped	algal	

cells	using	mild	sonication,	and	(i	and	j)	GO	wrapped	algal	cells.	Processing	in	(d)	used	a	10	mm	

OD	borosilicate	tube	under	the	confined	mode	operation.70,71	

	

Given	 the	 success	 of	wrapping	 algal	 cells	 in	 the	 VFD,	 exploiting	 the	 high	 adsorptivity	 and	

surface	area	of	GO,	VFD-mediated	GO	encapsulation	of	different	strains	of	bacterial	cells	with	

different	morphologies,	Staphylocococus	aureus	and	Rhodococcus	opacus	with	spherical	and	

rod	 shaped	 respectively,	 was	 developed,	 Figure	 13.	 The	 use	 of	 different	morphologies	 of	

bacterial	cells	was	pivotal	towards	the	understanding	of	the	extent	of	shear	stress	necessary	

to	initiate	the	wrapping	and	subsequently	maintaining	the	integrity	of	the	cells.	The	efficacy	

of	the	bacteria	was	preserved	 in	the	resulting	hybrid	material	which	 is	a	model	system	for	

protecting	bacteria	using	2D	materials,	for	enhancing	cell	viability	for	delivery	to	targeted	cells	

in	a	number	of	applications.	Overall,	use	of	the	VFD	offers	a	non-destructive	approach	towards	

increased	 efficiency	 of	 encapsulating	 bacterial	 strains,	 circumventing	 the	 use	 of	 chemical	

processing.72	
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Figure	13	AFM	images	of	bacteria	(a)	S.	aureus	only,	(b)	GO	wrapped	S.	aureus,	(c)	R.	opacus,	

and	(d)	GO	wrapped	R.	opacus.	Inset	images	display	phase	images	of	the	same	samples.72	

	

2.3.5 Bottom	up	fabrication	of	other	carbon	nanoforms	

The	fabrication	of	novel	carbon	nanoforms	such	as	carbon	nanorings,	carbon	nanoonions	and	

carbon	 nanofibres	 have	 been	 of	 interest	 for	 their	 unique	 properties	 that	 go	 beyond	 the	

properties	 of	 other	 carbon	 allotropes.	 A	major	 challenge	 in	 the	 fabrication	 of	 such	 novel	

carbon	nanoforms	is	the	ability	to	precisely	control	the	size	and	dimensions	of	the	material,	

in	 fine-tuning	 their	 properties,	 depending	 on	 the	 applications.	 Traditional	 methods	 to	

fabricate	 such	 forms	 of	 nanocarbon	 have	 required	 the	 use	 of	 harsh	 chemicals,	 long	 and	

tedious	processing	methods,	the	addition	of	catalysts	and	the	requirement	for	down	stream	

processing.			

	

To	this	end,	the	use	of	intense	shear	forces	within	dynamic	thin	films	in	a	SDP	operating	at	

high	temperature	(HT-SDP)	was	explored,	in	gaining	access	to	carbon	nanofibres	(CNFs)	which	

is	without	precedent,	 Figure	14.97	Here	 the	 rotating	disc	 in	a	SDP	 is	 irradiated	with	a	high	

intensity	 light	 source	 generated	 from	 a	 xenon	 arc	 discharge	 lamp	 creating	 a	 uniform	

temperature	 profile	 across	 the	 disc.	 Fructose	 was	 the	 precursor	 material	 of	 choice	 for	

generating	 carbon,	 in	 the	 absence	 of	 a	 catalyst,	 as	 a	 benign	 approach	 to	 the	 synthesis	 of	

carbon	 fibres.	 Meticulous	 control	 of	 temperature	 on	 the	 HT-SDP	 disc	 was	 important	 in	
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accessing	 this	 material,	 as	 was	 the	 short	 residence	 time	 to	 reduce	 the	 likelihood	 of	

degradation	of	the	PEG	200	which	was	the	choice	of	reaction	medium.99		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 14	 (a)	 Schematic	 illustration	 of	 the	 light-driven	 HT-SDP:	 (1)	 7	 kW	 xenon	 short	 arc	

discharge	lamp,	(2)	hemi-ellipsoidal	reflector,	(3)	manual	XYZ	micromanipulator,	(4)	hexagonal	

kaleidoscope	flux	homogenizer,	and	(5)	a	schematic	illustration	of	the	SDP	and	the	growth	of	

the	CNFs	via	multiple	n	passes	of	fructose	in	PEG	200	through	the	SDP.	Microstructure	of	CNFs	

obtained	from	fructose	in	PEG	200	at	720	°C,	(b)	SEM	image	of	the	CNF,	(c)	TEM	image,	(d)	

HRTEM	image	and	SAED	pattern	(inset)	and	(d)	Raman	spectra.99	
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The	controllable	mechanoenergy	within	thin	films	on	the	VFD	was	investigated	as	an	approach	

to	overcome	the	high	flexural	 rigidity	of	carbon	nanomaterials.	SWCNTs	were	transformed	

mainly	into	stable	toroidal	rings	under	ambient	conditions,	without	the	need	for	surfactants,	

Figure	15.	This	research	is	part	of	the	work	carried	out	in	this	thesis.		

	

Shearing	a	mixture	of	toluene	dispersed	SWCNTs	and	water	in	the	VFD	afforded	intertwined	

SWCNTs	 rings	 of	 various	 morphologies,	 namely	 torus,	 cross	 lattice	 and	 figure	 of	 ‘8’	

structures.20	Different	diameter	nanorings	can	be	prepared,	between	300-700	nm	and	100-

200	nm,	depending	on	the	diameter	of	the	rapidly	rotating	borosilicate	tube,	20	mm	and	10	

mm	OD	respectively	at	θ	45o.	For	θ	>	0o	centrifugal	forces	accelerate	the	emulsion	droplets	

and	nanotubes	up	the	side	of	the	tube,	with	the	shear	stress	overcoming	the	large	van	der	

Waals	forces	between	the	bundles	of	SWCNTs	in	exfoliating	individual	SWCNTs.	Drop	casting	

the	water/toluene	interfacial	SWCNT	laden	material	pre-VFD	processing	affords	toroids	with	

radiating	 SWCNTs,	 presumably	 as	 toluene	 containing	 hydrophobically	 matched	 SWCNTs.	

Under	shear	in	the	VFD,	nanorings	of	compact	intertwined	SWCNTs	at	their	van	der	Walls	limit	

are	formed,	drawing	in	the	radiating	SWCNTs.	They	have	smaller	wall	thickness	(differences	

between	the	internal	and	external	diameter)	relative	to	the	toroids	formed	from	drop	casting	

pre-VFD	processing	mixtures.	For	10	mm	diameter	VFD	tubes,	the	external	diameter	of	the	

nanorings	 dramatically	 reduces	 relative	 to	 the	 size	 of	 the	 toluene	 toroids,	 i.e.	 a	 greater	

curvature	of	the	SWCNTs.	Nanorings	of	SWCNT	with	a	controllable	diameter	have	promise	in	

a	 number	 of	 fields	 including	 in	 polymer	 composites,	 sensing	 devices	 and	 for	 the	 use	 in	

electronic	circuits.	
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Figure	 15	 (a)	 Synthesis	 and	 proposed	 template	 mechanism	 of	 formation	 of	 nanorings	 of	

SWCNTs	from	a	sonicated	mixture	of	toluene	and	water;	a	toroidal	structure	with	radiating	

SWCNTs,	formed	on	drop	casting	the	mixture	from	pre-VFD	processing,	(b)	AFM	phase	image,	

(c)	Height	image	and	(d),	and	associated	height	profile,	(e)	SWCNT	nanorings	300-700	nm	and	

100-200	nm	in	diameter	generated	using	the	20	mm	and	10	mm	OD	VFD	tube	respectively,	(f-

h)	AFM	height	images	of	the	rings,	(i-k)	TEM	images	of	the	different	nanoring	structures.20	
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2.3.6 Self	assembly	of	C60	and	C70	molecules	

Continuous	flow	processing	offers	a	more	benign	approach	towards	controlled	self-	assembly	

of	fullerene,	C60.	Nanowhiskers	with	approximately	5-8	nm	in	cross	section	and	250-350	nm	

in	 length	 are	 formed	 in	 reacting	 the	 ubiquitous	 starch-iodine	 complex	 with	 C60.	 The	

nanowhiskers	were	then	coated	with	silver	nanoparticles	using	a	SDP,	with	ascorbic	acid	used	

as	 the	 reducing	 agent,	 Figure	 16.46	 TEM	 images	 confirmed	uniformity	 of	 the	 silver	 coated	

nanowhiskers,	with	the	starch	acting	as	an	effective	stabilizing	agent.46		

	

Figure	 16	 (a)	 Experimental	 protocol	 for	 the	 fabrication	 of	 C60	nanowhiskers	 and	 C60	 silver	

nanohybrids,	and	 (b)	TEM	 image	of	 the	 silver-C60	hybrid	nanostructure.	 Inset:	microtomed	

cross	section	of	the	silver	C60	hybrid	nanostructure.46	

	

The	starch-iodine	complex	has	been	used	to	solubilize	SWCNTs	in	water,44	and	given	the	above	

findings	on	the	formation	of	nanowhiskers	of	fullerene,	C60,46	the	uptake	and	self	assembly	of	

C70	molecules	 in	 an	 aqueous	medium	was	 investigated.	 Ascorbic	 acid	 was	 also	 used	 as	 a	

reducing	agent	for	iodine	present	in	the	solution	and	in	reducing	silver.		Under	shear	in	the	

SDP,	 nucleation	 and	 growth	 of	 silver	 nanoparticles	 8-12	 nm	 in	 diameter	 occurs	 inside	 a	

toroidal	array	of	C70	molecules,	Figure	17.100	
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Figure	17	 A	 schematic	 representation	of	 a	C70	 nanoring	 and	 its	 utility	 as	 a	nanoreactor	 to	

nucleate	 particle	 growth	 of	 silver	 metal	 within	 the	 central	 cavity	 to	 form	 silver/C70	

nanohybrids	using	an	SDP.	The	schematic	illustrates	the	UV-Vis	spectrum	of	the	starch	iodine	

complex	(blue)	and	the	C70/starch	nanocomposite	(red)	and	SPM	topography	images	for	both	

the	 C70	 toroids	 and	 the	 silver/C70	 nanohybrid	 and	 the	 respective	 representative	 line	 scan	

across	the	AFM	image	as	indicated	by	the	dotted	lines.		TEM	and	HRTEM	images	are	of	the	C70	

torus	nanostructures	with	an	encapsulated	silver	nanoparticle.	Figure	(c,d)	are	dark	field	TEM	

image	 showing	 contrast	 between	 the	 core	 (silver)	 and	 the	 shell	 (C70)	 for	 a	 single	

nanoparticle.100	

	

Remarkably,	 the	VFD	 is	 effective	 in	 controlling	 the	 self-assembly	 and	 the	 radial	 growth	of	

nanotubules	 directly	 of	 fcc	 phase	 of	 C60,	 without	 the	 need	 for	 stabilizing	 agents,	 and	

circumventing	entrapment	of	solvent	molecules	during	crystallization,	Figure	18.	This	is	also	

research	undertaken	in	this	thesis.	The	C60	nanotubules	spontaneously	self	assemble	in	the	

presence	 of	 an	 immiscible	 solvent	 system	 of	 water	 and	 toluene	 forming	 micron	 length	

nanotubules	of	the	fullerene	with	a	hollow	diameter	of	100-400	nm.101	The	formation	of	these	

nanoporous	 microcrystals	 exhibits	 excellent	 sensitivity	 and	 selectivity	 towards	 different	

solvent	 molecules.	 The	 nanotubules	 spontaneously	 form	 at	 room	 temperature	 within	 30	

minutes	of	processing	 time,	with	 the	product	 readily	 collected,	with	no	 further	processing	

required.	In	the	case	of	continuous	flow,	the	processing	time	is	the	amount	of	time	taken	for	

a	finite	volume	of	liquid	delivered	to	the	bottom	of	the	tube	to	whirl	up	the	tube	and	exit	at	

the	top.	The	direct	formation	of	fcc	C60	devoid	of	included	solvent	is	particularly	noteworthy,	

and	while	related	nanotubules	have	been	reported,	they	required	heating	to	remove	included	
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solvent,	and	also	 involve	the	use	of	surfactants.	The	choice	of	solvent	mixture,	the	level	of	

supersaturation	difference	of	C60	in	the	toluene,	the	ratio	of	toluene	to	water,	the	rotational	

speed	and	flow	rate	(continuous	flow	mode)	were	systematically	explored,	with	the	optimized	

parameters	critical	for	the	formation	exclusively	of	the	hollow	nanotubules	of	the	fullerene.	

	
Figure	 18	 Schematic	 illustration	 of	 the	 fabrication	 of	 C60	 nanotubules	 in	 the	 VFD	 at	 an	

inclination	angle	θ	45°	and	rotational	speed	of	7000	rpm	for	30	minutes	under	confined	mode	

and	continuous	flow	at	an	optimized	flow	rate	of	1	mL/min.	SEM,	TEM	and	HRTEM	images	

resemble	the	nanotubules	formed	in	the	presence	of	shear	stress.	The	nanotubules	exhibit	

excellent	sensitivity	and	selectivity	towards	different	solvent	molecules.101	
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2.4 Conclusion	

Continuous	 flow	processors,	SDP	and	VFD,	have	revealed	remarkable	control	 in	processing	

nanocarbon,	 and	 composites	 thereof.	 Clearly	 they	 have	 potential	 as	 an	 alternative	 more	

controllable	approach	to	fabricating	different	forms	of	carbon	nanomaterial,	using	the	‘top	

down’	or	‘bottom	up’	approaches.	The	controllable	mechanoenergy	within	dynamic	thin	films	

in	these	microfluidic	platforms	offers	scope	for	controlling	the	shape,	morphology	and	size	of	

carbon	nanomaterial,	with	high	green	chemistry	metrics	of	 the	processing	 in	general.	 This	

includes	 reducing	 the	 need	 for	 harsh	 and	 toxic	 chemicals,	while	 avoiding	 additional	 down	

stream	 processing	 and	 energy	 usage.	 	 They	 have	 potential	 where	 conventional	 batch	

processing	is	limited	in	terms	of	practical	convenience,	and	indeed	where	such	novel	forms	of	

carbon	and	composites	thereof	are	not	accessible	using	traditional	approaches.	In	addition,	

the	VFD	has	the	ability	to	scale	down	while	still	imparting	high	shear	stress,	which	operating	

under	confined	mode,	and	this	offers	scope	for	gaining	access	to	small	quantities	of	materials,	

for	example	in	wrapping	of	2D	material	around	cells,	for	use	in	medical	research.		The	methods	

developed	 thus	 far	 establishes	 a	 paradigm	 shift	 in	 the	 ability	 to	 manipulate	 high	 tensile	

material	 in	 a	 controlled	way	while	 being	 attractive	 to	 industry	 in	 addressing	 scalability	 up	

front.		
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3 RESEARCH	PROGRAM	
___________________________________________________________________________	

The	main	concept	of	this	thesis	relates	to	the	ability	to	manipulate	carbon	materials	within	

nanoscale	 dimensions	 to	 harness	 their	 explicit	 properties	 for	 wide	 range	 of	 applications,	

specifically	in	medicine	and	device	technology.	The	properties	of	carbon	nanomaterials	can	

be	 tailored	 based	 on	 their	 size,	 shape	 and	 morphology.	 Thus,	 employing	 the	 use	 of	

controllable	mechanoenergy	generated	from	a	microfluidic	platform,	the	VFD,	this	research	

probes	 the	 development	 of	 novel	 methods	 to	 gain	 access	 to	 new	 forms	 of	 nanocarbon	

material	 using	 green	 chemistry	 metrics,	 which	 includes	 incorporating	 scalability	 at	 the	

inception	of	science.	This	approach	takes	attempts	to	ensure	environmental	and	economical	

feasibility	of	the	resulting	technology.		

	

The	specific	aims	of	this	research	are	as	follows:-	

	

• To	 investigate	 the	 nucleation	 and	 growth	 of	 supramolecular	 assemblies	 of	

fullerene	molecules	in	the	bulk	phase,	in	gaining	access	to	nano	and	micron	sized	

structures	with	control	over	size,	shape	and	morphology,	for	application	in	devices.		

• To	 develop	 novel	 methods	 to	 fabricate	 2D	 materials	 in	 manipulating	 their	

morphology,	for	harnessing	their	properties	for	applications	in	energy	storage.	

• To	develop	novel	methods	of	overcoming	the	high	flexural	rigidity	of	CNTs,	while	

controlling	their	length,	diameter	and	chirality,	potentially	for	a	diverse	range	of	

application.	

	

There	has	been	rapid	advancement	in	materials	chemistry,	specifically	in	the	field	of	carbon	

nanomaterials	 using	 conventional	 batch	 processing	 methods.	 Carbon	 nanomaterials	 have	

been	 extensively	 explored	 due	 to	 their	 limitless	 and	 extraordinary	 properties	 that	 can	 be	

utilized	in	a	diversity	of	fields.	Although	there	has	been	significant	breakthrough	in	developing	

novel	 methods	 to	 control	 the	 growth,	 manipulate	 the	 morphology	 and	 control	 the	 self-

assembly	of	nanomaterial,	there	are	a	number	of	limitations	that	are	yet	to	be	addressed.		

	

The	subsequent	chapters	in	this	thesis	will	provide	a	detail	description	of	the	development	of	

novel	methods	using	a	green	chemistry	or	sustainability	metrics	strategy	to	overcome		
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the	limitations	of	conventional	processing	methods	for	nanocarbon	material	processing.		The	

processing	of	carbon	nanomaterials	of	various	dimensionalities	using	intensive	shear	within	

dynamic	 thin	 films	 will	 be	 explored	 with	 the	 aims	 of	 developing	 environmentally	 benign	

processing	methods,	which	includes	minimizing	energy	usage	and	reducing	the	generation	of	

waste,	and	avoiding	the	need	for	additional	down	stream	processing.		

	

The	carbon	nanomaterials	 that	will	 feature	 in	 this	 thesis	 includes,	0D	 fullerene	C60	and	C70	

molecules,	1D	carbon	nanotubes	of	single	to	multiple	coaxial	shells	and	2D	graphene	sheets.	

The	approaches	in	this	thesis	was	designed	specifically	to	eliminate	the	use	of	toxic	and	harsh	

chemicals,	surfactants	and	chemical	stabilisers	with	scalability	incorporated	into	the	process	

from	the	outset,	with	a	view	that	it	will	facilitate	transferring	the	technology	to	the	market	

place.		

	

A	number	of	key	characterization	techniques	were	employed	in	the	research,	and	includes	the	

atomic	force	microscopy	(AFM),	Raman	spectroscopy,	scanning	electron	microscopy	(SEM),	

transmission	 electron	 microscopy	 (TEM)	 and	 high	 resolution	 transmission	 electron	

microscopy	 (HRTEM),	 small	 angle	 neutron	 scattering	 (SANS),	 thermogravimetric	 analysis	

(TGA)	and	X-ray	powder	diffraction	(XRD).	

	

The	structure	of	this	thesis	is	in	the	following	order,	along	with	a	brief	summary	of	the	content	

of	each	chapter.	

	

Chapter	4,	Fullerene,	C60	and	C70,	has	an	introduction	into	fullerene	chemistry	and	the	various	

approaches	 employed	 towards	 controlling	 the	 self	 assembly	 of	 fullerene	 molecules	 using	

various	architectures.	Chapter	4	then	provides	a	detailed	study	and	explanation	on	the	use	of	

shear	stress	in	the	VFD	to	exquisitely	control	the	self	assembly	of	C60		molecules	to	form	stable	

micron	size	nanotubules	devoid	of	surfactants.		

	

Chapter	5,	Graphene,	describes	an	introduction	into	2D	graphene	and	the	current	methods	

explored	 to	 exfoliate	 high	 yielding	 graphene	 sheets	 of	 high	 quality	 and	 controlling	 their	

morphology	to	harness,	for	potential	in	harnessing	its	properties	for	applications.	Chapter	5	

will	then	discuss	a	novel	method	developed	to	form	graphene	scrolls	under	shear	stress		

using	an	immiscible	solvent	system	in	high	yield	while	maintaining	the	structural	integrity	of	
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the	material.		

	

Chapter	6,	Manipulation	of	carbon	nanotubes,	provides	a	detailed	introduction	towards	the	

various	methods	of	growth	of	CNTs,	their	physical	and	electrical	properties	in	a	bulk	mixture	

and	the	current	 limitations	 in	the	field.	Four	essential	factors	that	will	be	addressed	in	this	

chapter	are:	(i)	Lateral	slicing	of	SWCNT,	DWCNT	and	MWCNT	to	narrow	length	distributions	

using	 a	 benign	 solvent	 system	while	 ensuring	 the	 quality	 of	 the	material	 is	 preserved,	 (ii)	

Converting	 (interconverting)	 a	 bulk	 mixture	 of	 SWCNTs,	 affording	 chirality	 enriched	

monochiral	SWCNTs.	(iii)	Dethreading	DWCNT	and	MWCNTs	by	removing	the	inner	shells	from	

the	outer	shells	as	a	strategy	for	gaining	access	to	CNTs	of	larger	diameters.	(iv)	Overcoming	

the	high	flexural	 rigidity	of	SWCNTs	using	a	combination	of	shear	stress	and	an	 immiscible	

solvent	system	to	afford	stable	SWCNT	toroids	with	controllable	diameters	and	with	different	

morphologies,	and	importantly	devoid	of	surfactants.	
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4 FULLERENE	
___________________________________________________________________________	

Among	the	different	dimensionalities	of	carbon	nanomaterials	that	have	been	discovered	to	

date,	0D	fullerenes	are	particularly	unique	materials	for	their	definitive	molecular	structure	

with	vast	potential	in	diverse	fields.	The	applicability	of	fullerenes	are	sometimes	an	issue	for	

particular	applications	due	to	 its	sparing	solubility	 in	a	number	of	solvent	systems	and	the	

strong	aggregation	that	is	easily	formed.1	Since	its	discovery	in	1985	by	Kroto	et	al.,2	fullerenes	

have	been	one	of	the	most	exciting	and	extensively	studied	carbon	materials	in	the	family	of	

carbon	 allotropes	 due	 to	 its	 excellent	 redox,	 optical	 and	 optoelectronic.3	 This	 functional	

material	requires	controlled	assembly	into	well	ordered	1D	or	2D	nanostructures	to	further	

enhance	its	electronic	and	optical	properties	for	the	applicability	in	applications.	For	example,	

the	development	of	next	generation	of	electronic	and	photonic	devices	such	as	field	effect	

transistors	(FETs)	and	solar	cells	 (SCs)	that	are	 lightweight,	cost	effective,	have	flexibility	 in	

being	implemented	into	the	system	and	most	importantly	with	potential	of	scalability	of	the	

processing.4-7	 Thus,	highly	 conjugated	organic	molecular	 systems	 in	 the	 form	of	 crystalline	

structures	would	be	useful	as	 these	sorts	of	applications	 requires	materials	with	a	 specific	

band	gap	with	geometrically	well-defined	shapes	and	sizes	in	order	to	be	able	to	modulate	

the	optical	properties	of	the	material.		

	

Zero	dimensional	 (0D)	 fullerenes	are	 the	 smallest	 and	most	 stable	 carbon	allotrope	 in	 the	

carbon	family.	This	0D	molecule	is	an	example	of	a	type	of	highly	conjugated	organic	molecule	

that	has	attracted	much	attention	for	its	semiconducting	and	superconducting	properties.8,9	

Fullerenes	 were	 first	 discovered	 when	 a	 laser	 was	 used	 to	 vaporize	 graphite	 rods	 in	 an	

atmosphere	of	helium	gas.	In	1990,	Krätschmer	et.	al.	were	successful	in	establishing	a	simple	

technique	using	an	electric	arc	 to	produce	 fullerene	 in	macroscopic	conditions	which	 then	

created	a	new	paradigm	in	fullerene	chemistry.10	

	

Fullerene	molecules	consist	of	a	cage	like	structure	of	carbon	atoms	ranging	from	18	atoms	to	

hundreds	 of	 atoms	 large.	 	 The	 most	 extensively	 studied	 fullerene	 to	 date	 has	 been	 the	

buckyball	(in	the	shape	of	a	soccer	ball)	(Figure	19)	consisting	of	60	carbon	atoms,	with	each	

carbon	atom	being	bonded	to	three	(3)	other	carbon	atoms	via	sp2	hybridised	bonds.	C60,	a	

truncated	icosahedron	(Ih)	is	a	polygon	with	60	vertices	and	32	faces	forming	a	spheroid	shape	
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with	 bond	 lengths	 calculated	 to	 be	 1.40	 Å	 and	 1.46Å	 respectively;	 the	 diameter	 of	 a	 C60	

molecule	has	been	calculated	to	be	7.09	Å.11,12	C60	molecules	consist	purely	of	carbon	atoms	

located	at	the	nodes	of	a	series	of	hexagons	and	pentagons	arranged	in	a	caged	lattice	defined	

by	alternating	single	and	double	bonds.	They	are	electron	deficient	(i.e.	electron	accepting)	

molecules	due	to	the	energetically	unstable	double	bonds	within	the	pentagon	rings.13	The	

curvature	induced	by	the	cage	structure	increases	the	energy	associate	with	the	double	bonds,	

along	with	electron	accepting	capabilities	which	enhances	the	reactivity	of	the	molecule	and	

offers	great	potential	for	the	use	in	a	variety	of	applications	specifically	for	ferromagnetic	of	

superconducting	 materials,14,15	 for	 the	 use	 in	 photoinduced	 electron	 transfer16	 and	 in	

medicinal	 chemistry17,18.	 	 	 C60	 has	 been	 considered	 as	 a	 large	 spherical	 organic	 molecule	

considering	its	solubility	in	organic	solvents.1		

	

Another	 key	 property	 of	 the	 C60	molecules	 is	 its	 ability	 in	 quenching	 various	 free	 radicals	

compared	 to	 conventional	 antioxidants,	 making	 it	 an	 excellent	 material	 for	 biological	

applications.19	However,	the	hydrophobic	nature	of	these	molecules	offers	limitations	in	such	

applications.	This	has	been	overcome	over	the	years	using	synthetic	methods	of	substitution	

and	 functionalization	 of	 ionic	 and	 non-ionic	 functional	 groups,	 in	 increasing	 its	 water	

solubility.20	 These	water-soluble	 fullerenes	 have	 been	 useful	 for	 studying	 the	 interactions	

between	organofullerenes	 and	DNA,	proteins	 and	 living	 cells	 and	 the	encapsulation	of	C60	

molecules	 in	 supramolecular	 structures	 containing	 a	 host	 moiety	 such	 as	 cyclodextrin,	

surfactants,	gels	and	polymers.21		It	is	noteworthy	that	C60	molecules	polymerize	under	high	

temperature	and	pressure	and	when	exposed	to	UV	irradiation.22,23	

	

Several	 other	 fullerenes	were	 subsequently	 discovered	 including	 C20,	 C70,	 and	 even	 larger	

species.	Among	these	other	fullerenes,	the	study	of	geometrically	well-defined	C70	molecules	

also	features	in	the	present	study,	with	an	aim	to	precisely	control	the	shape	and	morphology	

at	the	nano	and	micro	scale	dimension.	C70	exhibits	superior	properties	such	as	fluorescence,	

enhanced	 conductivity	 and	 photoconductivity	 and	 optical	 limiting	 performance,	 which	 is	

beyond	 that	of	 C60	molecules.24,25	 C70	 is	 the	next	most	 common	 (abundant)	 fullerene	after	

Buckminsterfullerenes	C60.	 It	has	a	‘belt’	of	additional	10	benzene	hexagons	in	its	structure	

relative	to	C60,	having	an	ellipsoidal	structure,	departing	slightly	from	the	spherical	structure	

of	 C60.26	 	Morphology	 controlled	 crystallization	 of	 C70	has	 been	 scarcely	 studied	 due	 to	 its	

ellipsoidal	 molecular	 shape	 and	 the	 coexistence	 of	 energetically	 similar	 phases	 at	 room	
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temperature	 which	 makes	 the	 crystallization	 at	 nanoscale	 dimesions	 challenging	 to	

control.27,28	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	19	Structures	of	fullerene,	C60	and	C70.	29	
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4.1 Controlled	self	organization	of	fullerene,	C60		

Spontaneous	supramolecular	self-assemblies	of	fullerene	C60	molecules,	based	on	π	stacking	

interactions	offers	new	methods	towards	the	tunable	fabrication	of	nanomaterials	of	higher	

complexity.	 Research	 efforts	 into	 the	 development	 of	 self-assembled	 C60	 carbon	

nanostructures,	 has	 initiated	 structural	 diversity	 with	 molecular	 level	 precision.	 These	

nanostructures	afford	excellent	optoelectronic	properties	beyond	that	of	pristine	C60.	Several	

methods	have	been	developed	to	afford	C60	nanostructures	of	different	shapes	and	sizes.	With	

the	 crystal	 structure	 highly	 dependent	 on	 the	method	 of	 preparation,	 the	most	 common	

methods	 of	 synthesis	 include	 the	 vapor	 driven	 crystallization	 and	 solution	 driven	 self-

assemblies	such	as	the	liquid-liquid	interfacial	precipitation	(LLIP)	method,30,31	the	template	

assisted	dip	drying	method32	and	the	drop	drying	process.33	For	example,	slow	evaporation	of	

C60	 solutions	 afford	 1D	 nanowhiskers	 with	 the	 aspect	 ratio	 controlled	 by	 varying	 the	

evaporation	rate	and	the	molecular	shape	of	the	solvent	used.	A	sublimation	method	yields	

C60	crystals	with	a	2D	platelike	morphology.	For	these	different	methods	of	assembling	C60,	it	

is	essential	to	understand	the	formation	of	the	various	close	packed	structures	of	the	molecule	

involving	three-dimensional	(3D)	π-π	interactions.	The	morphology	of	nano/microstructures	

being	highly	dependent	on	the	method	of	preparation,	with	a	number	of	recent	reports	having	

established	the	formation	of	C60	crystals	with	specific	geometries	and	dimensionalities.	LLIP	

has	 been	 most	 common	 synthetic	 method	 for	 gaining	 access	 to	 different	 crystalline	

morphologies.	Miyazawa	et	al.		incorporated	an	LLIP	method	for	the	synthesis	of	microporous	

nanowhiskers30	and	hexagonal	nanosheet34	while	Masuhara	et	al.	reported	fine	crystals	with	

tunable	 shapes	 and	 sizes	 by	 changing	 the	 antisolvent	 to	 solvent	 mixing	 ratio	 and	

temperature.35	 Jeong	 et	 al.	used	 the	 LLIP	method	 involving	 different	 types	 of	 alcohols	 to	

precisely	control	the	dimensionalities	of	the	C60	crystals.36		

	

All	 these	 aforementioned	 methods	 are	 systematic	 approaches	 towards	 the	 tuning	 of	

dimensions,	shapes	and	sizes	of	the	C60	crystals,	involving	varying	(i)	the	nature	of	the	solvent,	

(ii)	 C60	 concentration,	 (iii)	 the	 volume	 ratios	 of	 the	 binary	 solvent	 system	 and	 (iv)	 the	

crystallization	temperature.	Shrestha	et	al.	demonstrated	that	 the	presence	of	amphiphilic	

molecules	such	as	surfactants	can	drive	the	assembly	of	3D	flower	like	microcrystals	at	the	

liquid-liquid	interface.		Surfactants	resemble	surface-active	molecules	that	adsorb	at	the	air-

liquid	interface,	altering	the	interfacial	free	energy	of	the	solvent	system.37	In	this	work,	the	

growth	of	C60	nanotubes	at	the	interface	of	the	binary	solvent	system	was	dominated	by	the	
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presence	of	these	surface-active	molecules	preferably	adsorbed	in	the	central	regions	of	the	

nanotubes	 of	 the	 fullerene,	 thereby	 facilitating	 radial	 growth.37	 Iyer	 et	 al.	 demonstrated	

another	well	established	bottom	up	assembly	with	the	use	of	fullerene-based	superstructures	

using	 silver	 nanoparticles	 as	 ‘nanoreactors’.38	 	 Interestingly,	 all	 these	 micron	 and	 nano	

structures	 of	 C60	 molecules	 have	 not	 only	 maintained	 but	 could	 also	 exhibit	 enhanced	

electrical	and	optical	properties	relative	to	the	bulk	pristine	C60.	

	

Thus,	there	has	been	considerable	effort	towards	developing	novel	methods	of	self	assembly	

of	fullerene	C60	to	obtain	exquisite	control	over	the	micron	architectures	of	the	material,	with	

a	view	of	tailoring	their	properties	for	specific	applications.	The	next	section	of	this	chapter	

will	describe	a	novel	method	of	controlling	the	self-assembly	of	C60	molecules	using	a	binary	

solvent	system	devoid	of	surfactants,	using	a	VFD.	The	key	concept	was	to	design	and	develop	

a	 simple	 method	 to	 afford	 micron-structured	 nanotubules	 of	 the	 C60	 in	 high	 yield	 with	

scalability,	 economic	 and	 environmental	 sustainability	 incorporated	 into	 the	 process.	 The	

method	was	devised	to	control	the	growth	of	the	C60	molecules	without	chemical	stabilizers	

and	surfactants.	The	method	was	also	extended	to	controlling	the	growth	of	 fullerene	C70	

into	novel	self	assembled	arrays.		
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4.2 VFD-mediated	self	assembly	of	C60	molecules	

This	section	was	adapted	from	a	publication	entitled	'Surfactant	free	fabrication	of	fullerene	

C60	 nanotubules	 under	 shear,'	 authored	 by	Kasturi	 Vimalanathan,	 Rekha	 G.	 Shrestha,	 Zhi	

Zhang,	Tomonobu	Nakayama	and	Colin	L.	Raston,	which	has	been	submitted	to	Angiewandte	

Chemie	and	is	currently	under	review.		

	

Abstract:	A	method	for	controlling	the	self-assembly	of	fullerene	C60	into	nanotubules	in	the	

fcc	phase,	devoid	of	entrapped	solvent	has	been	established	in	a	thin	film	vortex	fluidic	device.	

The	 micron	 length	 C60	 nanotubules	 with	 individual	 hollow	 diameters	 100	 to	 400	 nm	 are	

formed	 under	 continuous	 flow	 processing	 during	 high	 shear	 micromixing	 of	 water	 and	 a	

toluene	 solution	 of	 the	 fullerene,	 in	 the	 absence	 of	 surfactant,	 and	without	 the	 need	 for	

further	down	stream	processing.	HRTEM	revealed	pores	on	the	surface	of	the	nanotubules,	

and	 the	 isolated	 material	 has	 much	 higher	 response	 to	 small	 molecule	 sensing	 than	 for	

analogous	material	formed	using	multistep	batch	processing.	

	

Fullerene	(C60)	can	assemble	into	a	variety	of	architectures	which	have	potential	in	electronic,	

magnetic	and	photonic	applications.3,39-40	A	number	of	different	methods	for	their	synthesis	

have	been	developed	including	the	vapour	driven	crystallization,	solution	driven	self-assembly	

and	 liquid-liquid	 interfacial	 precipitation	 (LLIP).	 Well	 defined	 morphologies	 of	 C60	

nanowhiskers/nanorods,30,	 41-44	 nanowires,45	 nanobowls,46	 fullerene	 flowers,36,37	

nanotubes47,48,49	and	nanosheets	of	various	shapes34,50	have	been	extensively	studied.	Most	of	

the	methods	use	supersaturated	solutions	of	C60	in	solvent	systems,	amphiphilic	surfactants	

to	control	crystal	growth,37	and	toxic	solvents	such	as	benzene37,44	and	dichlorobenzene.48	

	

In	 this	 work	 we	 establish	 the	 ability	 to	 organize	 C60	 into	 hollow	 micron	 sized	 crystalline	

nanotube	structures	 (nanotubules)	under	shear.	This	 is	within	an	 immiscible	benign	binary	

solvent	system,	toluene	and	water,	and	in	the	absence	of	any	surfactant,	which	is	important	

for	surface	responsive	applications	of	the	materials.		The	formation	of	the	nanotubules	was	

amplified	by	the	mechanoenergy	within	dynamic	thin	films	 in	a	vortex	fluidic	device	(VFD),	

Figure	 20.	 	 This	 microfluidic	 platform	 can	 operate	 under	 the	 so-called	 confined	 mode	 of	

operation	for	a	finite	volume	of	liquid	or	under	continuous	flow,	Figure	20,	where	scalability		

of	the	process	is	addressed	up	front.	The	shear	stress	within	the	VFD,	under	either	mode	

of	 operation,	 is	 effective	 in	 controlling	 chemical	 reactivity	 and	 selectivity,52,53	 exfoliating	
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graphene	 and	 boron	 nitride,53	 protein	 folding,54	 fabricating	 toroidal	 arrays	 of	 SWCNTs,55		

laterally	 ‘slicing’	single	and	multiple	shell	CNTs,56	other	materials	proceesing,58	probing	the	

structure	of	self	organised	systems,58,59	and	accelerating	enzymatic	reactions.6	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	20	(a)	Schematic	of	a	VFD	at	the	optimized	conditions	for	fabricating	C60	nanotubules	

(θ	45°	and	ω	7000	rpm)	using	a	toluene	solution	of	C60	(2	mg/L)	and	water	in	a	1:1	ratio,	under	

(b)	the	confined	mode	for	a	finite	volume	of	the	two	liquids	in	the	rapidly	rotating	tube,	or	

continuous	flow	where	water	and	a	toluene	solution	of	C60	are	delivered	to	the	bottom	of	the	

tube.	

	

Stable	nanotubules,	with	pores	of	uniform	size	on	the	surface,	Figure	21	and	22,	rapidly	form	

at	room	temperature	within	minutes	of	processing	time,	with	the	product	readily	collected.	

For	continuous	flow,	the	processing	time	is	for	a	finite	volume	of	liquid	delivered	to	the	bottom	

of	the	tube	to	whirl	up	the	tube	and	exit	at	the	top.	The	direct	formation	of	face	centered	

cubic	 (fcc)	 C60	 devoid	 of	 included	 solvent	 is	 particularly	 noteworthy,	 and	 while	 related	

nanotubules	have	been	reported,	they	required	heating	to	remove	included	solvent,50	and	can	

involve	the	use	of	surfactants.37	The	choice	of	solvent	mixture,	the	level	
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	of	supersaturation	difference	of	C60	in	toluene,	the	ratio	of	toluene	to	water,	the	rotational	

speed	and	flow	rate	(continuous	flow)	were	systematically	optimized	for	exclusive	formation	

of	hollow	nanotubules.	Their	size	and	shape	were	established	using	SEM,	Figure	21,	being	ca	

0.4	to	3	μm	in	length,	with	a	hollow	inner	diameter	ca	100	to	400	nm.	

Figure	21	SEM	images	of	C60	nanotubules	~0.4	to	3	μm	long	with	a	hollow	inner	diameter	~100	

to	400	nm.	
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Figure	22	(a-f)	TEM	images,	SAED	patterns	and	HRTEM	images	of	C60	nanotubules	afforded	in	

the	VFD.	The	distance	marked	in	the	HRTEM	of	figure	(e)	is	0.88	nm.	
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Raman	 spectra	 (Figure	 23)	 have	 characteristic	 peaks	 for	 pristine	 C60	 corresponding	 to	 the	

typical	Ag	and	Hg	vibrational	modes.	The	major	bands	at	500	and	1471	cm-1	correspond	to	the	

Ag	vibrational	modes,	which	are	comparable	to	those	of	as	received	C60,	at	495	and	1467	cm-1	

respectively.	Other	distinct	bands	at	271,	431,	712,	770,	1431,	and	1569	cm-1,	correspond	to	

the	active	Hg	vibrational	modes.	There	was	no	distinct	red	shift	for	the	band	centered	at	1467	

cm-1,	which	corresponds	to	the	Ag	mode,	and	unequivocally	confirms	that	the	nanotubules	are	

comprised	of	self	assembled	C60	molecules.61,62	Any	significant	downshift	of	the	pentagonal	

pinch	mode	 (the	 peak	 at	 ~	 1467	 cm-1)	would	 be	 indicative	 of	 polymerized	 C60,	 as	 a	 [2+2]	

cycloaddition	product.37,45	

	

	

Figure	 23	 Raman	 spectra	 for	 as-received	 pristine	 C60	 and	 the	 nanotubules	 respectively,	

obtained	using	a	532	nm	laser	at	room	temperature.	

The	powder	XRD	patterns,	Figure	24,	of	the	nanotubules	and	as	received	C60	are	in	agreement.	

The	major	peaks	at	2θ	10.8°,	17.7°	and	20.8°	correspond	to	the	 (111),	 (220)	and	the	(311)	

planes	respectively,	and	the	calculated	lattice	constant,	a,	is	14.18	±	0.01	Å	which	corresponds	

to	fcc	C60.30,44		The	SAED	pattern,	Figure	22f,	of	the	nanotubules	can	be	indexed	to	the	(022),	

(224)	and	(202)	crystallographic	planes	along	the	(111)	zone	axis	of		
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the	fcc	structure	which	is	devoid	of	included	solvent48	and	is	consistent	with	the	XRD	data.	

This	is	in	contrast	to	the	need	for	annealing	to	remove	or	allow	for	the	evaporation	of	included	

solvent	for	tubules	prepared	using	conventional	batch	processing.37,43,49	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	24	XRD	patterns	of	the	nanotubules	(and	pristine	C60)	establishing	the	fcc	phase.	

	

Thermogravimetric	analysis	(TGA)	(Appendix	G)	 in	air	showed	a	slight	~4.3	wt%	weight	 loss	

between	60°	 to	200°C	which	 could	be	due	 to	 the	presence	of	physisorbed	 toluene	and/or	

water.	The	XRD	and	SAED	results	unequivocally	establish	fcc	C60	for	which	the	interstices	are	

too	small	to	accommodate	toluene	molecules.	A	significant	weight	loss	of	~83.4	wt,	occurred	

at	650°C	which	corresponds	with	the	expected	sublimation	of	C60,	with	a	final	residual	weight	

of	approximately	3.6%	of	the	starting	mass	at	950°C.	

	

SEM	and	the	HRTEM	images	(Figure	21	and	22)	establish	that	the	majority	of	the	nanotubules	

are	connected	 into	flower-like	structures,	with	small	amounts	of	 freestanding	nanotubules.	

The	 growth	of	C60	nanorods	has	been	extensively	 studied	using	 the	 LLIP	method,	with	 the	

growth	 self	 assembled	 1D	 structured	 rods/whiskers	 at	 the	 interface	 of	 a	 variety	 of	 binary	

solvent	 systems.30,36,37,41-49	Depending	 on	 the	 nature	 and	 concentration	 of	 surfactants,	 the	

growth	of	hollow	C60	nanotubes	at	the	interface	under	ultrasonication	also	affords	flower-like	

structures.37	Here	formation	arises	from	adsorption	of	surfactants,	particularly	in	the	middle	
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regions	of	the	nanotubes	rather	than	in	the	ends,	which	controls	the	direction	of	growth.11	In	

the	present	study	the	growth	of	the	nanotubules	is	in	the	absence	of	surfactants.	Presumably	

the	interfacial	tension	between	toluene	and	water	plays	an	important	role.	Under	shear	the	

otherwise	immiscible	liquids	in	the	VFD	appear	uniformly	mixed,	but	post	VFD	processing	they	

spontaneously	 phase	 separate,	 a	 feature	 which	 has	 been	 established	 for	 a	 number	 of	

immiscible	 systems	 post	 VFD	 processing.63,64	 We	 propose	 that	 micelles	 of	 water	 provide	

templates	for	the	growth	of	the	toluene	around	them,	noting	that	the	 inner	surface	of	the	

tubules	are	smooth	 rather	 than	 faceted,	unlike	 the	outer	edges,	which	approximate	 to	 flat	

surfaces	intersecting	in	hexagonal	rods.		

	

Although	much	work	 is	 still	 to	be	done	 to	 further	 confirm	 this	 occurrence,	 the	hypothesis	

remains	 that	 these	structures	 that	 form	at	 the	 interface	carry	hydrophobic	and	hydrophilic	

characteristics.	 Thus,	 the	 hydrophobicity	 of	 carbon	 nanomaterials	 causes	 selective	 growth	

around	 such	 templates	 at	 the	 van	 der	Waals	 limit.	 The	Raston	 research	 group	 is	 currently	

working	 on	 real-time	 SANS	 experiments	 to	 establish	 and	 confirm	 the	 formation	 of	 such	

nanostructures	at	the	interface	of	toluene	and	water	which	would	then	further	corroborate	

our	findings.	This	is	a	major	research	project	in	its	own	right.	

	

The	use	of	an	immiscible	toluene/water	solvent	system	at	a	1:1	volume	ratio	relates	to	our	

previous	 work	 on	 the	 formation	 of	 stable	 self	 assembled	 toroids	 of	 single	 walled	 carbon	

nanotubes	(SWCNTs)	rings	with	controllable	diameter.55	This	also	involves	the	use	of	the	VFD,	

with	 the	 shear	 resulting	 in	 tightly	 coiled	 toroids.	 The	 concentration	 of	 the	 solvated	 C60	

molecules	in	toluene,	close	to	2	mg/mL	and	the	1:1	volume	ratio	of	toluene/water	was	critical	

for	 their	 formation	 with	 other	 concentrations	 and	 volume	 ratios	 resulting	 in	 mixtures	 of	

nanostructures	with	no	control	over	their	morphologies	(Appendix	E).	The	shear	generated	

within	the	VFD	was	effective	in	generating	uniform	nanotubules	for	a	rotational	speed	of	7000	

rpm	with	the	tube	inclined	a	45°.	Other	rotational	speeds	and	inclination	angles,	other	than	

the	 optimized	 conditions	 for	 the	 formation	 of	 the	 nanotubules,	 resulted	 in	 a	 mixture	 of	

nanostructures	with	no	control	over	the	morphologies	(Appendix	E).	The	optimized	conditions	

are	 in	accordance	with	 the	presence	of	a	mechanical	 resonance	present	within	 the	device	

around	6950	rpm.52	This	mechanical	resonance	is	a	driving	force	towards	the	generation	of	

Faraday	wave	 like	 fluidic	 responses,	which	 can	 dramatically	 increase	 the	 yields	 of	 organic	

reactions.51,52	 The	 operating	 condition	 critical	 towards	 the	 formation	 of	 these	 C60	
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nanotubules	in	high	yield	was	the	residence	time	of	the	fluid	in	the	hemisphere	at	the	bottom	

of	the	tube	which	is	governed	by	the	rotational	speed,	inclination	angle	and	flow	rate.	At	high	

shear	 rates,	 a	 helical	wave	 is	 formed	within	 dynamic	 thin	 films,	which	 is	 likely	 to	 provide	

additional	shearing	from	the	viscous	drag	as	the	liquid	whirls	up	the	tube,	in	forming	the	C60	

nanotubules,	which	is	in	high	yield.	Interestingly	the	use	of	ultrasonication	as	another	form	of	

mechanical	energy	is	effective	for	the	formation	of	similar	nanotubules,37,49	but	this	requires	

the	use	of	 surfactants	and	heating	post	processing	 to	 remove	 included	 solvent	molecules.		

Overall	the	VFD	is	efficient	in	controlling	the	radial	growth	of	the	nanotubules,	directly	into	

the	fcc	phase	of	C60.	

Figure	25	(a)	QCM	frequency	shifts	of	C60	nanotubules	with	uniform	pores	coated	electrode	

upon	 exposure	 to	 different	 solvent	 vapors,	 (b)	 repeatability	 test	 of	 the	 electrode	 upon	

exposure	and	removal	of	methanol	vapors,	(c)	number	of	molecules	adsorbed	with	time,	and	

(d)	the	legends	common	for	figures	(a)	to	(c)	shown	in	the	order	of	their	molecular	sizes	that	

are	estimated	by	considering	molecular	structure	and	atomic	radii	of	the	solvents.	
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These	C60	nanotubules	with	relatively	uniform	pores	have	potential	for	vapour	entrapment	

and	effective	sensing.	To	this	end,	we	measured	their	vapour-sensing	capacities	for	different	

solvent	molecules	 using	 the	 quartz	 crystal	microbalance	 (QCM)	 technique,	 Figure	 25,	 and	

compared	the	sensing	capacities	with	nanotubules	fabricated	using	the	previously	published	

LLIP	 method	 (Appendix	 E).49	 Results	 of	 typical	 time	 dependent	 frequency	 shifts	 for	 the	

nanotubules	(prepared	in	the	VFD)	coated	QCM	electrode	upon	exposure	to	water,	methanol,	

ethanol,	acetone,	benzene,	toluene,	mesitylene,	xylene	and	chloroform	are	shown	in	Figure	

25a.	The	results	show	that	upon	exposure	of	electrode	to	different	solvent	vapors,	frequency	

shifts	occur	at	a	fast	rate	and	the	magnitude	of	frequency	shifts	depends	on	the	nature	of	the	

molecules.	Smaller	organic	solvent	molecules	such	as	chloroform	and	methanol	gave	a	large	

decrease	 in	 frequency	arising	 from	strong	physical	adsorption	whereas	water	 resulted	 in	a	

relatively	lower	change	in	the	frequency;	the	frequency	shifts	for	the	electrode	are	80	Hz	for	

water,	1380	Hz	for	methanol,	700	Hz	for	ethanol,	645	Hz	for	acetone,	530	Hz	for	toluene,	220	

Hz	for	benzene,	360	Hz	for	xylene,	610	Hz	for	mesitylene,	and	240	Hz	for	chloroform	(Figure	

25a).	 The	 repeatability	 of	 the	 fullerene	 nanotube	 coated	 electrode	 was	 investigated	 by	

recording	 frequency	 shifts	 upon	 alternate	 exposure	 and	 removal	 of	 the	methanol.	 	 Good	

repeatability	 and	 reproducibility	 upon	 alternate	 exposure	 and	 removal	 of	methanol	 vapor	

have	been	demonstrated	for	the	electrode	(Figure	25b).	Figure	25c	shows	that	smaller	the	

molecule	 of	 solvent	 higher	 is	 the	 adsorption.	However,	water	 and	 chloroform	 show	 some	

discrepancies.	Considering	the	polar	nature	of	water	and	chloroform	(comparing	other	organic	

solvents),	these	molecules	find	hard	to	enter	the	voids	present	inside	the	crystals	of	fullerene,	

showing	 less	adsorption.	These	values	 for	water	and	chloroform	are	very	close	 to	 that	 for	

without	voids	(Appendix	E)	confirming	that	whatever	the	adsorption	occurs	that	occurs	on	to	

the	surface	only.	This	establishes	a	higher	selectivity	of	the	fullerene	tubes	towards	smaller	

aromatic	solvents	and	less	selectivity	towards	polar	solvents.	The	change	in	frequencies	for	

the	 nanotubules	 with	 and	 without	 pores	 (Appendix	 E)	 as	 a	 result	 of	 solvent	 adsorption	

indicates	 that	 the	 presence	 of	 pores	 on	 the	 surface	 enhances	 the	 physi-adsorption.	 The	

formation	of	these	pores	was	only	possible	in	dynamic	thin	films	in	the	VFD.		

	

We	have	established	a	facile	one	step	method	for	the	controlled	growth	of	stable	nanotubules	

of	fullerene	C60	within	a	vortex	fluidic	device,	as	a	thin	film	microfluidic	platform.	Importantly,	

fcc	material	is	obtained	directly	in	the	absence	of	surfactants	in	the	conventional	sense,	and	

without	 the	 incorporation	 of	 solvent	molecules.	 This	 avoids	 the	 need	 for	 post-processing	
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heating	to	remove	the	solvent,	and	the	material	is	more	suitable	for	various	applications,	in	

the	absence	of	surface	contaminating	surfactants.		The	use	of	an	immiscible	solvent	system	in	

the	 presence	 of	 shear	 in	 controlling	 the	 growth	 of	 complex	 nanostructures	 is	 without	

precedent,	and	the	scene	 is	set	to	use	this	bottom	up	strategy	for	the	growth	of	a	diverse	

range	of	materials,	with	the	likelihood	of	accessing	different	morphologies,	and	size	and	shape	

of	 the	particles	of	 the	materials.	 This	 is	 further	encouraged	by	 the	application	of	 the	 self-

assembled	material	 in	 a	 sensor,	 with	 the	 presence	 of	 pores	 on	 the	 surface	 being	 able	 to	

enhance	the	physic-adsorption	of	solvent	vapours		

compared	to	traditional	methods	of	processing.		

	

4.2.1 Experimental	design	of	the	fabrication	of	surfactant	free	fullerene	C60	nanotubules	

In	a	typical	experiment	C60	(99685-96-8,	99+%,	BuckyUSA)	was	added	to	toluene	(2	mg/mL)	

and	the	mixture	was	allowed	to	stand	overnight,	whereupon	it	was	filtered	to	remove	any	

undispersed	C60	and	impurities.	A	mixture	of	a	toluene	solution	of	C60	(0.5	mL)	with	water	(0.5	

mL)	was	placed	in	a	glass	tube	(as	a	readily	available	borosilicate	nuclear	magnetic	resonance	

(NMR)	tube	(ID	16.000	±	0.013	mm),	which	was	spun	for	30	minutes	at	an	optimized	speed	of	

7000	rpm	and	inclination	angle	of	45	degrees.	For	the	confined	mode	of	operation,	a	finite	

volume	 of	 total	 liquid	 is	 required	 which	 was	 set	 at	 1	 mL.	 This	 ensures	 that	 a	 vortex	 is	

maintained	to	the	bottom	of	the	tube	for	moderate	rotational	speeds	to	avoid	different	shear	

regimes,	and	without	any	liquid	exiting	at	the	top	the	tube.	Stewartson/Ekman	layers	prevail	

in	 the	 dynamic	 thin	 films,	 which	 arise	 from	 the	 liquid	 accelerating	 up	 the	 tube	 with	

gravitational	force	acting	against	them.52	The	scalability	of	the	process	was	then	investigated	

under	continuous	flow,	using	two	jet	feeds,	one	delivering	the	above	toluene	solution	of	C60	

and	 the	other	water,	both	at	 the	combined	optimised	 flow	 rate	of	1	mL/min	with	 intense	

micromixing	 resulting	 in	 the	 formation	 of	 what	 appears	 to	 be	 a	 single	 phase	 with	 then	

spontaneous	phase	separation	as	the	liquid	exits	the	tube.	A	systematic	evaluation	of	the	flow	

rates	 was	 carried	 out	 with	 1mL/min	 affording	 the	 highest	 yield	 (~	 85	 %)	 of	 hollow	 C60	

nanotubules.	 The	 formation	 of	 the	 nanotubules	 is	 facilitated	 initially	 at	 the	 hemispherical	

bottom	of	the	tube	where	there	is	instability	of	the	liquid	boundary	layer.52	The	viscous	drag	

as	the	liquid	whirls	up	the	tube	creates	shear	and	facilitates	micromixing,	along	with	that	from	

the	Stewartson/Ekman	layers.		
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4.2.2 	Quartz	Crystal	Microbalance	(QCM)	Test			

Sample	preparation	for	quartz	crystal	microbalance	studies	

QCM	electrode	was	prepared	as	follows:	2.0	mg	of	C60	nanotube	was	dispersed	in	toluene	(1	

mL).	The	mixture	was	then	sonicated	for	3	minutes	(mild	intensity)	in	a	bath	sonicator,	and	

the	integrity	of	the	nanotubules	was	confirmed	using	SEM.	3	μL	of	this	dispersion	was	drop	

casted	on	the	QCM	Au	electrodes.	The	electrode	was	dried	at	60	°C	in	vacuum	for	24	hours	

before	 measurements.	 The	 modified	 QCM	 electrode	 then	 was	 attached	 to	 the	 QCM	

instrument	and	exposed	to	the	solvent	in	a	sealed	space	to	prevent	the	escape	of	the	vapors	

during	the	adsorption	measurements.	Between	measurements,	the	electrode	was	exposed	to	

air	to	desorb	the	solvent	vapor.	The	recovery	of	the	initial	frequency	value	was	taken	as	an	

indication	of	complete	desorption.	The	change	in	mass,	m	(g.cm-2)	of	the	material	deposited	

on	the	surface	of	the	QCM	electrode	(due	to	adsorption	and	desorption	of	solvent	molecules)	

is	 related	 to	 the	 change	 in	 the	 oscillating	 frequency	 of	 the	 quartz	 electrode.	 A	 resonance	

frequency	of	 9	MHz	 (AT-cut)	was	used	and	 the	 frequency	of	 the	modified	QCM	electrode	

(fullerene	coated	on	Au	QCM	electrode)	was	 recorded	upon	exposure	 to	different	 solvent	

vapors	at	25	°C.	

The	 frequency	 change	 (Δf)	 corresponds	 to	 the	 sample	 amount	 loaded	 (m)	 on	 the	 QCM	

electrodand	can	be	calculated	from	Sauerbrey	equation65	

																																																	

	

Equation	1	

where	ƒo	(Hz)	is	the	natural	frequency	of	the	quartz	crystal,	ρ	is	the	quartz	density	(2.649	g	cm-

3),	and	µQ	is	the	shear	modulus	(2.947	×	1011	g	cm-1s-2).	
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5 GRAPHENE	
___________________________________________________________________________	

5.1 Introduction	

Graphene	 is	 the	most	 recently	 isolated	 carbon	nanostructure,	 representing	a	 conceptually	

new	class	of	materials	 that	 is	only	one	atom	thick	and	 is	a	building	block	 for	other	carbon	

nanomaterials	 with	 different	 dimensionalities.	 Graphene	 can	 be	 wrapped	 up	 into	 1D	

nanotubes	 or	 stacked	 into	 3D	 graphite.1	 In	 2004,	 Andre	 Geim	 and	 Konstantin	 Novoselov	

mechanically	exfoliated	single	layered	graphene	sheets	from	bulk	graphite	using	the	‘scotch	

tape’	 method.2	 Since	 then	 graphene	 has	 been	 the	 most	 enticing	 nanomaterial,	 being	

extensively	explored	in	terms	of	developing	new	techniques	to	exfoliate	single	layered	sheets,	

precisely	 control	 the	 	morphology	 of	 the	 nanomaterial,	 the	 formation	 of	 hybrid	materials	

amongst	 others,	 to	 be	 used	 in	 a	 wide	 range	 of	 applications.	 Its	 extraordinary	 properties	

include	excellent	electrical,	thermal,	mechanical,	electronical	and	optical	properties,	with	a	

high	specific	surface	area,	high	chemical	stability,	high	optical	transmittance,	high	elasticity,	

high	porosity,	biocompatibility	and	it	has	a	tuneable	band	gap.1,3-5		

	

Graphene	 has	 other	 remarkable	 properties	 including	 (i)	 half-integer	 room	 temperature	

quantum	Hall	effect,	(ii)	long	range	ballistic	transport,	(iii)	almost	ten	times	greater	electron	

mobility	than	of	silicon	(Si),	(iv)	behaves	as	a	massless	relativistic	quasi	particle	charge	carrier	

(Dirac	fermion),	and	(v)	quantum	confinement	giving	rise	to	a	finite	band	gap	and	Coulomb	

blockade	effect.2,6-9	Graphene	is	an	example	of	a	zero-bandgap	conductor	with	approximately	

linear	electron	dispersion	at	the	vicinity	of	the	Fermi	level	at	two	points	in	the	Brillouin	zone	

(BZ).	The	negligible	fraction	of	single	layered	graphene	sheets	was	experimentally	confirmed	

to	consist	of	charge	carriers	that	were	indeed	massless	Dirac	fermions,	with	carrier	mobilities	

up	to	200,000	cm2	V-1	s-1.	10-12	Applications	of	graphene	are	many	and	varied,	including	high	

frequency	electronics,	conductive	coatings,	composite	fillers,	energy	generation	and	storage	

and	bioapplications.7,13-20	Graphene	is	also	an	ideal	material	for	low	cost	electrode	material	in	

solar	cells,	batteries	and	sensors	and	as	a	transparent	electrode	in	a	liquid	crystal	device.1,21-28	
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Figure	 26	 (a)	 Graphene,	 a	 flat	 monolayer	 of	 carbon	 atoms	 tightly	 packed	 into	 a	 two-

dimensional	 (2D)	 honeycomb	 lattice,	 (b)	 high	 resolution	 transmission	 electron	microscopy	

(HRTEM)	of	graphene,	and	(c)	Physical	properties	of	graphene.5	

	

Mechanical	exfoliation	was	the	first	method	discovered	to	generate	single	layer	graphene,	as	

a	form	of	micromechanical	cleavage.2	This	so	called	‘Scotch	tape’	method,	uses	cellophane	

tape	to	peel	off	graphene	layers	from	highly	oriented	pyrolytic	graphite	flakes,	as	defect	free	

single	layered	graphene	sheets.	Defect	free	single,	and	also	bi-layer,	graphene	sheets,	have	

been	fabricated	using	‘top	down’	and	‘bottom	up’	approaches.	The	latter	involves	chemical	

and	physical	processes	to	form	the	2D	networks	from	small	molecular	blocks	used	in	chemical	

vapour	deposition	method	(CVD),29,30	molecular	beam	epitaxy31,32	or	anodic	bonding.33,34	The	

‘top	 down’	 approach	 involves	 breakdown	of	 bulk	 graphitic	material	 into	 graphene	 sheets,	

usually	 achieved	 by	mechanical	 exfoliation,35	 ball-milling,36	 electrochemical	 exfoliation,37,38	

oxidative	intercalation	exfoliation,39-41	liquid		
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phase	 exfoliation42-47	 and	 the	 reduction	 of	 graphene	 oxide.48	 Although,	 the	 'bottom	 up'	

approach	 has	 made	 significant	 contributions	 towards	 producing	 graphene	 sheets,	 the	

processes	are	high	costing	with	the	issue	of	scalability	still	a	major	challenge.	On	the	contrary,	

the	 ‘top	 down’	 approach	 using	 liquid	 phase	 exfoliation	 (LPE)	 shows	 greater	 potential	 to	

produce	large	quantities	of	defect	free	graphene.	Overcoming	the	non	covalent	van	der	Waals	

interactions	arising	from	the	overlap	of	π	orbital	is	required	for	exfoliation,	and	for	a	single	

sheet	this	has	a	high	energy	requirement.	The	ability	to	achieve	this	depends	on	a	number	of	

factors	 including	the	choice	of	solvent	system	coupled	with	shear	forces	to	provide	energy	

sufficient	 to	 balance	 the	 solvent-graphene	 interaction	 and	 intercalation	 of	 molecules	 or	

functionalization	 of	 the	 bulk	 graphite.49	 For	 exfoliation	 in	 a	 liquid	medium,	 the	 choice	 of	

solvent	 is	 pivotal,	 in	 enhancing	 the	 affinity	 towards	 the	 carbon	 surface.	 	 Taking	 this	 into	

consideration,	only	a	number	of	solvents	are	effective,	namely	N-methyl-pyrollidinone	(NMP),	

N,N-dimethylformamide	(DMF),	benzyl	benzoate	and	Υ-butyrolactone.44	Avoiding	restacking	

of	 graphene	 sheets	 post	 exfoliation,	 arising	 from	 the	 strong	π-π	 interactions	 between	 the	

layers	of	the	bulk	material	is	a	common	challenge	to	overcome.	It	can	be	circumvented	using	

surface-active	 molecules	 or	 intercalation	 molecules	 such	 as	 phosphonated	 calixarenes,50	

lignin	molecules,51	and	porphyrins.52,53		

	

Graphite	is	most	often	intercalated	with	oxidizing	acids	or	molecular	oxidants	as	an	interlayer	

of	 both	 neutral	 and	 ionized	 guest	 species.41	 The	 energetics	 of	 intercalation	 describes	 the	

complementing	nature	of	both	molecules	with	the	energy	required	for	exfoliation,	balanced	

by	the	electron	affinity	and	lattice	energy	of	the	ionic	guest	molecule.	Neutral	molecules	such	

as	Br2,	AsF5	or	FeCl3	stabilize	the	exfoliated	sheets	by	screening	the	repulsion	between	the	

negative	 charged	guest	 species.	Although	 the	exfoliation	 via	oxidization	methods	has	high	

yielding	 outcomes,	 the	 functionalization	 of	 hydroxyls	 and	 epoxides	 on	 the	 surface	 of	 the	

sheets	 and	 intercalation	molecules	 disrupts	 the	 electronic	 structure;	 defects	 on	 the	 basal	

planes	also	disrupts	its	electronic	properties.41	

	

Thus,	 it	 is	without	 a	doubt	 that	 research	on	producing	high	 yielding	 synthetic	methods	 to	

produce	suspensions	of	pristine	defectless	single	and	bi-layer	graphene	sheets	has	been	a	key	

area	 of	 research.	 Such	 a	 focus	 on	 the	 production	 of	 high	 quality	 graphene,	 is	 driven	 by	 a	

commercial	need	for	this	2D	material	to	be	used	in	applications	in	varying	fields.	The	next		
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section	of	this	chapter	will	describe	a	novel	and	facile	templated	method	of	simultaneously	

exfoliating	and	scrolling	of	graphene	sheets	in	the	presence	of	controllable	mechanoenergy	in	

the	VFD,	to	facilitate	the	lifting	and	bending	of	the	2D	sheets.	

	

5.2 VFD	mediated	graphene	scrolls	formation	from	graphite	

This	section	is	the	basis	of	a	manuscript	to	be	submitted	for	publication	entitled,	'VFD	induced	

templated	 graphene	 scroll	 formation	 from	 graphite,'	 authored	 by	 Kasturi	 Vimalanathan,	

Christopher	Gibson,	Xianjue	Chen	and	Colin	L.	Raston.		

	

Abstract:	This	section	of	the	thesis	describes	the	use	of	mechanoenergy	within	dynamic	thin	

films	whereby	graphene	scrolls	are	accessible	directly	 from	graphite	 flakes	 in	a	mixture	of	

toluene	 and	water	 in	 the	 absence	 of	 surfactants,	 in	 ca.	 30%	 yield.	 Their	 formation	 occurs	

within	dynamic	thin	films	in	a	microfluidic	vortex	fluidic	device	where	a	uniform	mixture	of	

the	 otherwise	 immiscible	 solvents	 prevails.	 The	 simultaneous	 exfoliation	 and	 scrolling	 of	

individual	sheets	of	graphene	arises	from	the	expected	interfacial	surface	tension	between	

toluene	and	water	under	high	 shear.	 Intra-layer	 spacing	 in	 the	 scrolls	 is	3.40	nm,	which	 is	

beyond	the	van	der	Waals	limit	of	graphene	sheets,	and	it	is	consistent	with	unprecedented		

nano-dimensional	solvent	structures	in	the	intensely	mixed	solvents	acting	as	template.	

	

Two	 dimensional	 (2D)	 graphene	 sheets	 have	 captured	 the	 attention	 of	 the	 research	

community	due	to	their	exquisite	electrical,	thermal	and	mechanical	properties,54-58	having	

promising	capabilities	of	the	material	in	many	and	diverse	applications.59-65	Graphene	has	a	

high	Young’s	modulus	(~	1.100	GPa)54	yet	in	some	cases	it	can	roll	up	to	form	graphene	scrolls	

of	 varying	 compactness.66-71	 Less	 extreme	 flexibility	 is	 evident,	 for	 example,	 in	 wrapping	

graphene	around	fullerene	C60	molecules,72	the	direct	formation	of	3D	fullerenes	from	single	

layered	graphene	sheets73	in	the	presence	of	magnetic	nanoparticles,74	and	the	inclusion	of	

self-assembled	 molecules	 inside	 the	 scrolls.75	 Access	 to	 rolled	 up	 1D	 graphene	 scrolls	 is	

important	given	they	can	take	on	properties	of	both	carbon	nanotubes	and	graphene	sheets,	

as	well	 as	 exhibiting	more	 enhanced	 carrier	mobility	 and	mechanical	 strength.71	Although	

graphene	scrolls	possess	a	tubular	structure	as	for	carbon	nanotubes,	they	have	more	specific	

applications,	especially	in	hydrogen	storage76,77	and	in	supercapacitors,78	with	the	interlayer	

spacing	 within	 the	 scrolled	 graphene	 sheets	 being	 tunable,	 depending	 on	 the	 scrolling	

mechanism.70	A	variety	of	methods	have	been	reported	for	exfoliating	graphene	sheets	and	
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their	conversion	to	graphene	scrolls	of	various	lengths,	depending	on	the	dimensions	of	the	

precursor	 graphite	 flakes.66-71	 However,	 these	 either	 afford	 composite	materials	 or	 afford	

scrolls	in	low	yield	in	bulk	samples.	

	

The	challenge	is	to	be	able	yet	to	gain	access	to	graphene	scrolls	in	high	yield,	ideally	avoiding	

the	 use	 of	 damaging	 forms	 of	 mechanoenergy	 which	 can	 occur	 using	 long	 periods	 of	

sonication	 for	 example,	 avoiding	 the	 use	 of	 surfactants,	 the	 use	 of	 scroll	 enhancing	

nanoparticles	 such	 and	 fullerene	 (C60)73	and	magnetite,74	 and	 the	 growth	 and	 inclusion	 of	

other	molecules.75	 	These	methods	can	 limit	potential	application	of	graphene	scrolls	with	

potential	 damage	 to	 the	 surface	 and	 limited	 sustainability	metrics	 given	 they	 are	 likely	 to	

generation	waste	streams	or	require	post	processing	and	purification.	

	

We	have	developed	a	 simple	high	yielding	one	step	method	under	ambient	conditions	 for	

fabricating	stable	graphene	scrolls	directly	from	graphite	flakes,	which	are	7	to	10	μm	in	cross	

section	in	the	basal	plane.	This	involves	the	use	of	a	mixture	of	water	and	toluene	under	shear,	

in	 the	 absence	 of	 surfactants	 and	 other	 auxiliary	 reagents	 such	 as	 scroll	 directing	

nanoparticles.	 Scroll	 formation	 arises	 from	 the	 expected	 liquid-liquid	 interfacial	 tension	

created	from	a	mixture	of	immiscible	liquids,	which	is	amplified	by	the	‘soft’	mechanoenergy	

in	 dynamic	 thin	 films	 in	 the	 recently	 developed	 energy	 efficient	microfluidic	 vortex	 fluidic	

device	 (VFD)	 (Figure	 27).	 It	 is	 noteworthy	 that	 although	 the	 toluene/water	 nanorods	 are	

essential	towards	the	fabrication	of	the	graphene	scrolls,	 they	would	be	easily	removed	to	

obtain	pristine	scrolls	and	thus	reducing	the	amount	of	wastes	produced	post	processing	
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Figure	27	(a)	Photograph	image	of	the	graphite	toluene/water	dispersion.	Inset:	photograph	

of	the	toluene	water	droplets,	and	TEM	image	of	the	toluene	water	nano-rod	templates	at	the	

interface	of	the	solvent	mixture,	(b)	Schematic	of	the	vortex	fluidic	device,	which	is	at	a	45°	

inclination	angle	and	at	the	optimised	rotational	speed,	7500	rpm	in	the	20	mm	OD	glass	tube,	

for	the	formation	of	graphene	scrolls,	and	(c)	Cartoon	of	the	proposed	composite	structure	

involving	the	intercalation	of	nano-rod	templates	within	the	successive	layers	of	the	graphene	

scroll.	

	

The	 VFD	 has	 a	 rapidly	 rotating	 tube	 with	 variable	 orientation	 relative	 to	 the	 horizontal	

position,	θ,	within	which	 liquids	 form	dynamic	thin	 films	for	 finite	sub-millilitre	volumes	of	

liquid,	as	the	so-called	confined	mode	of	operation	of	the	device.	The	shear	intensity	in	the	

films	depends	on	a	number	of	parameters,	including	the	inclination	angle	θ	and	the	rotational	

speed,	which	 collectively	define	 the	 interplay	between	 centrifugal	 and	gravitational	 forces	

within	the	films.	The	confined	mode	of	operation	of	the	VFD	results	in	the	formation	of	a	thin	

film	 for	 a	 specific	 volume	 of	 liquid	 within	 the	 tube,	 which	 is	 1	 mL	 in	 the	 present	 study.	

Importantly	there	is	a	minimum	threshold	speed,	which	is	required	to	maintain	a	vortex	to	the	

bottom	of	the	tube,	otherwise	there	are	different	regimes	of	shear	within	the	liquid.79	The	

VFD	can	also	operate	under	continuous	flow	where	jet	feeds	deliver	solutions	to	the	bottom	

of	the	tube	which	results	in	intense	micro	mixing,	and	collectively	with	the	confined	mode	of	

operation,	a	number	of	applications	of	the	device	have	been	established.	These	operations	of	
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the	VFD	is	effective	for	a	diversity	of	applications	of	the	device.	These	include	formation	of	

toroidal	 arrays	 of	 SWCNTs,80	 controlling	 chemical	 reactivity	 and	 selectivity	 in	 organic	

synthesis,79,81,82	 exfoliation	 of	 graphene	 and	 h-BN	 in	 N-methylpyrollidinone	 (NMP),47	

generating	 mesoporous	 silica	 at	 room	 temperature	 with	 control	 of	 pore	 size	 and	 wall	

thickness,83	controlling	the	polymorphs	of	calcium	carbonate,84	protein	folding,85	and	probing	

the	structure	of	self	organized	processes.86,87		

	

The	scrolls	were	stable	in	solution	with	reduced	amount	of	graphite	flakes	remaining,	with	an	

estimated	 percent	 conversion	 of	 ca	 30.0%.	 Control	 experiments	 established	 that	 the	

concentration	of	the	starting	materials	was	critical	for	effective	and	highest	yield	of	formation	

of	the	scrolls	of	graphene	sheets,	with	the	minimal	concentration	of	graphite	set	at	0.1	mg/mL.	

The	maximum	concentration	of	the	initial	graphene/toluene	dispersion	was	optimised	to	be	

of	 0.5	 mg/mL	 with	 higher	 concentrations	 affording	 much	 lower	 yields	 or	 with	 no	 scrolls	

observed.	This	could	be	related	to	the	high	concentration	of	starting	material	perturbing	the	

complex	fluid	dynamics,	which	is	effective	for	scroll	 formation	and/or	the	formation	of	the	

nano-rod	structures	which	appear	to	template	the	formation	of	the	scrolls	(Appendix	F).	

	

The	 formation	 of	 graphene	 scrolls	 was	 established	 using	 atomic	 force	 microscopy	 (AFM)	

(Figure	28),	transmission	electron	microscopy	(TEM)	and	scanning	electron	microscopy	results	

(Figure	 29).	 The	 lengths	 of	 the	 scrolls	 are	 seemingly	 determined	 by	 the	 cross	 section	

dimensions	of	the	precursor	graphite	flakes,	with	no	evidence	for	lateral	slicing	of	the	scrolls.	

Indeed,	 the	 scrolls	 resemble	 the	 structural	 appearance	 of	multi-walled	 carbon	 nanotubes	

(MWCNT)	(Figure	30),	which	can	be	sliced	in	the	VFD,	but	this	requires	additional	energy	from	

a	pulsed	Nd:YAG	 laser	operating	at	1064	nm.88	Lateral	 slicing	 for	 the	scrolls	would	 require	

breaking	a	continuous	array	of	 carbon-carbon	bonds	across	a	micron	or	more,	as	a	higher	

energy	 process	 relative	 to	 breaking	 a	 limited	 number	 of	 such	 bonds	 in	 slicing	 carbon	

nanotubes.	The	ratio	of	the	two	solvents	was	optimized,	with	an	equal	volume	ratio	of	toluene	

and	water	yielding	the	aforementioned	30%	yield	(Figure	28	and	29).	

	

The	van	der	Waals	interactions	(tip/sample	convolution	effects)	between	the	graphene	scrolls	

and	the	AFM	tip	is	likely	to	cause	substantial	deformations	to	the	material	being	imaged.		This	

is	well	known	for	CNTs,	and	such	elastic	deformation	is	expected	for	the	scrolls.	In	addition,	

the	 relatively	 strong	 interactions	 between	 the	 scrolls	 and	 the	 substrate	 as	 well	 as	 the	
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reciprocal	pressure	from	the	bundled	graphene	scrolls	stacked	on	each	other	is	expected	to	

contribute	to	their	radial	and	axial	deformations	(Figure	28).	The	larger	the	diameter	of	the	

scroll	the	larger	the	expected	deformation	due	to	the	high	binding	energies	between	the	AFM	

tip	 and	 sample,	 which	 has	 been	 experimentally	 determined	 for	 CNTs,	 and	 is	 expected	 to	

decrease	the	width	and	height	of	the	scrolls.89-91	

	

	

Figure	28	(a)	–	(d)	AFM	images	of	the	graphene	scrolls,	and	(e)	associated	height	profile,	with	

each	scrolls	having	a	height	of	ca	6-10	nm.	
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Figure	29	TEM	and	SEM	images	of	the	graphene	scrolls;	 (a-e)	SEM	images,	 (f)	TEM	and	(g)	

HRTEM	of	the	area	indicated	in	(f).	

	

Previously,	 tightly	scrolled	graphene	sheets	were	fabricated	using	shear	 forces	 in	a	related	

microfluidic	spinning	disc	processor	(SDP).	However,	the	challenge	endured,	besides	the	low	

yield	of	scrolls,	was	the	shredding	and	ripping	of	the	graphene	sheets	resulting	in	much	shorter	

length	 scrolls	 regardless	 of	 the	 dimensions	 of	 the	 starting	 material.66	 The	 mechanism	 of	

exfoliation	and	simultaneous	scrolling	of	graphene	sheets	 in	 the	present	work	 relates	 to	a	

combination	of	both	the	controllable	mechanoenergy	generated	within	the	dynamic	thin	films	

in	 the	VFD	and	 the	presence	of	 the	 interfacial	 tension	arising	 from	 the	 immiscible	 solvent	

system	under	diffusion	control.	The	shear	forces	would	enable	the	dispersed	graphite	flakes	

to	accelerate	rapidly	up	the	tube	by	the	large	centrifugal	force	and	then	downwards	creating	

Stewartson/Ekman	 layers	within	the	dynamic	thin	 films.47	Besides	providing	the	energy	for	

exfoliating	the	graphene	sheets,	the	large	shear	forces	within	the	VFD	is	likely	to	result	in	local	

bending	of	graphitic	material	in	the	presence	of	toluene	and	water.	This	relates	to	our	previous	

work	 of	 the	 formation	 of	 stable	 self	 assembled	 toroids	 of	 single	walled	 carbon	 nanotube	

(SWCNTs)	 rings	 of	 controllable	 diameter	 under	 shear,	 using	 the	 same	 VFD	 microfluidic	

platform	in	confined	mode	of	operation.80		
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Drop	casting	the	interfacial	graphite	material	onto	a	silicon	wafer	resulted	in	the	formation	of	

toluene	 water	 rod-like	 nanostructures,	 as	 established	 using	 AFM	 and	 TEM	 (Appendix	 F).	

Although	the	formation	of	these	rod-like	nanostructures	has	yet	to	be	reported	and	needs	

further	investigation,	they	are	possibly	acting	as	templates	in	assisting	in	the	scroll	formation.	

Control	experiments	established	that	changing	the	volume	ratio	of	toluene	to	water	resulted	

in	either	the	formation	of	higher	amounts	of	the	toluene/water	rod-like	nanostructures	with	

partial	 scroll	 formation	 or	 no	 scrolls,	 with	 evidence	 of	 exfoliation	 of	 the	 graphene	 sheets	

(Appendix	F).	Thus,	we	propose	that	the	lifting/bending	of	the	graphene	sheets	into	scrolls	

involves	 intercalation	of	 these	 rod	 templates,	Figure	27c,	 forming	a	close	contact	with	 the	

inner	surface	of	the	graphene	sheets,	overcoming	the	large	van	der	Waals	forces	between	the	

sheets.47	 This	 relates	 to	 water	 nanodroplets	 on	 the	 surface	 of	 graphene	 nanostructures	

facilitating	bending/folding	of	graphene	nanostructures.92		

	

HRTEM	(Figure	29)	established	the	inside	void	of	the	scrolls	to	be	approximately	~30	nm	in	

diameter	with	 the	 interlayer	 distance	 between	 the	 layers	within	 each	 scroll	 ca	 ~3.40	 nm,	

which	is	much	larger	than	the	typical	interlayer	distance	of	graphitic	material	(0.33	nm).	This	

is	consistent	with	intercalation	of	these	toluene	water	rod	present	in	solution	after	processing,	

which	act	as	 templates	within	the	 lattice	spacing	of	 the	scrolls.	The	toluene	water	rod-like	

nanostructures	were	of	approximately	200-300	nm	in	length	and	~4-6	nm	in	height	(Appendix	

F).	 Residual	 traces	 of	 the	 solvents	 (toluene/water)	 surrounding	 the	 scrolls	 as	 well	 as	

physisorbed	 on	 the	 surface	 of	 the	 scrolls	 was	 observed,	 as	 established	 using	 Raman	

spectroscopy	(Figure	30).		
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Figure	30	Raman	spectroscopy	of	(a)	he	as	received	graphite	flakes,	and	(b,c)	of	the	graphene	

scrolls	

	

Conformal	Raman	mapping	(Figure	30)	of	the	individual	nanoscrolls	deposited	on	SiO2/silicon	

substrates	confirmed	the	presence	of	the	carbon	nanoscroll	structures,	rather	than	unlikely	

MWCNTs	for	which	they	resemble	in	lateral	length	and	cross	section.	The	Raman	spectra	of	

these	carbon	nanoscrolls	 show	a	 typical	graphitic	 spectrum,	D	band	 (1338.2	cm-1),	G	band	

(1574.7	cm-1)	and	a	2D	band	(2678.4	cm-1).	A	significant	increase	in	the	averaged	Raman	ID/IG	

ratio	(corresponding	to	the	D-band	and	G-band	intensities)	of	the	nanoscrolls	compared	to	

the	as	received	graphite	flakes	were	observed	to	be	approximately	0.99	and	0.58	respectively,	
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suggesting	a	significant	increase	in	the	density	defects	of	the	scroll	structures	which	can	be	

well	 attributed	 to	 the	 scrolled	 edges.93,94,95	 A	 red	 shift	 of	 the	 G	 band	 (~20.8	 cm-1)	 was	

prominently	observed	for	the	nanoscrolls	which	is	often	related	to	the	increasing	number	of	

graphene	 layers	 and	 disoriented	 stacked	 layers	 of	 graphene	within	 the	 structures.	 As	 the	

graphene	sheets	scroll	up,	the	changes	of	the	C-C	bond	and	phonon	dispersion	shifts	the	G	

band.70	A	broadening	of	the	G	band	from	the	activation	of	the	doubly	degenerate	zone	centre	

E2g	phonon	mode	was	also	consistent	with	scroll	formation,	having	a	broader	full	width	of	half	

maximum	 (FWHM)	 observed	 within	 a	 range	 of	 40	 cm-1	 to	 90	 cm-1	 compared	 to	 pristine	

graphite	 flakes,	 which	 was	 approximately	 20	 cm-1.	 The	 broadening	 of	 the	 G	 band	 was	

consistent	with	 the	 blue	 shift	 of	 the	 2D	 band	which	 also	 coincides	with	 the	 formation	 of	

graphene	scrolls,	which	are	presumably	made	up	of	a	number	of	graphene	sheets	rolled	up.70	

The	Raman	spectra	of	the	carbon	nanoscrolls	were	easily	distinguishable	from	small	diameter	

CNTs	(SWCNT)	from	the	absence	of	splitting	of	the	G	peaks	into	2	degenerate	modes,	G+	and	

G-.	 This	 indicates	 that	 regardless	 of	 the	 high	 tensile	 strain	 of	 the	 carbon	 nanoscrolls,	 the	

confinement	and	curvature	of	these	scroll	structures	have	no	significant	effect	on	the	carbon-

carbon	intra-atomic	force	constants.70	Other	that	the	prominent	peaks	corresponding	to	the	

graphitic	material,	additional	peaks	were	observed	 in	 the	Raman	spectra	at	approximately	

1436	cm-1	and	2870	cm-1.	Control	experiments	were	able	assign	the	position	and	the	shape	of	

peaks	to	the	silicon	substrate	and	the	toluene/water	solvent	used	respectively	(Appendix	F).		

The	presence	of	small	amounts	of	exfoliated	graphene	sheets	other	than	the	high	quantities	

of	 the	 scrolls	were	noticed	within	 the	post	 processed	 sample	 indicating	 the	 conversion	of	

exfoliated	graphene	as	scrolls	was	high	yield	but	not	of	100%	(Appendix	F).		

	

In	conclusion,	we	have	developed	a	 facile	one-step	method	of	 fabricating	graphene	scrolls	

with	large	interlayer	spacing	between	the	successive	layers,	which	are	formed	under	intense	

shear	 generated	within	 dynamic	 thin	 films	 in	 a	 vortex	 fluidic	 device.	 The	 stable	 graphene	

scrolls	were	produced	in	high	yield,	 in	the	absence	of	auxiliary	surfactants,	nano-materials,	

and	other	chemicals,	and	with	minimal	processing	times.	The	larger	interlayer	distance	of	the	

scrolls	is	foreseen	to	have	potential	in	a	number	of	fields,	specifically	in	hydrogen	and	other	

gas	 storage	 purposes,	 especially	 given	 the	 possibility	 of	 scaling	 up	 the	 processing	 under	

continuous	flow	mode	of	operation	of	the	VFD.		
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5.2.1 Experimental	design	for	the	fabrication	of	graphene	scrolls.	

In	a	typical	experiment,	graphite	flakes	(1	mg,	particles	size	7-10	μm	in	lineal	dimension	of	the	

planar	flakes)	was	dispersed	in	toluene	(0.5	mg/mL).	MilliQ	water	(0.5	mL)	was	then	added	to	

the	graphite/toluene	dispersion	(0.5	mL)	in	the	borosilicate	glass	tube	(10	mm	OD,	7.100	±	

0.013	mm	ID).	The	volume	ratio	of	the	graphite/toluene	dispersion	to	water	was	optimised	to	

a	1:1	ratio.	The	optimum	confined	mode	VFD	operating	parameters	for	generating	high	yield	

graphene	scrolls	were	inclination	angle,	θ	at	45	o	for	a	rotational	speed	of	7500	rpm	with	a	

reaction	time	of	30	minutes.	Centrifugation	(g=3.22)	of	the	post-processed	material	removed	

any	residual	graphite	flakes	and	contaminants	present	in	the	sample.	
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6 MANIPULATING	CARBON	NANOTUBES	
___________________________________________________________________________	

6.1 Structure	and	Properties	of	Carbon	Nanotubes	

Carbon	nanotubes	(CNTs)	were	discovered	by	Iijima1-3	and	offer	exciting	pathways	towards	

developing	 novel	 and	 facile	 methods	 of	 other	 unique	 nanostructures	 with	 complexity	 in	

morphology	and	excellent	properties.	Thereafter,	various	other	methods	were	used	to	grow	

CNTs	utilizing	the	 ‘bottom	up’	approach,	which	 includes	the	 initial	arc-discharge4	and	 laser	

ablation5	method	followed	by	the	chemical	vapour	deposition	(CVD)	approach.6	Both	the	arc	

discharge	and	the	laser	ablation	method	involved	condensation	of	carbon	atoms	generated	

from	 the	 evaporation	 of	 solid	 carbon	 sources	 at	 the	 high	 melting	 point	 temperature	 of	

graphite	3000-4000	°C.	The	CVD	approach	then	established	the	ability	to	grow	bulk	SWCNTs	

at	much	lower	temperatures	compared	to	the	former.	The	growth	process	involved	the	use	

of	 a	 catalyst	 at	 temperature	 of	 about	 550-750	 °C	 in	 a	 tube	 furnace	 in	 the	 presence	 of	 a	

hydrocarbon	gas	flowing	through	the	tube	reactor.	Commercially	available	CNTs	grown	using	

the	 CVD	method	 includes	 the	 HiPCO	 and	 CoMoCAT.	 These	methods	 typically	 afford	 CNTs	

millimetres	in	length	with	high	degrees	of	bundling	and	aggregation	of	the	strands	through	

van	der	Waals	forces.4,7,8	Their	explicit	chemical	and	physical	properties	such	as	high	surface	

area,	chemical	stability	and	high	electrical	conductivity	make	them	an	ideal	material	for	many	

applications	specifically	for	hydrogen	storage,	electronic	devices,	hybrid	material,	biomedicine	

and	device	technology,	including	high	performance	transistors.9-15		

	

Among	the	many	properties,	the	most	enticing	property	compared	to	other	nanomaterials	is	

its	excellent	electrical	characteristics	which	is	highly	dependent	on	a	few	factors	such	as	the	

synthetic	 method	 of	 production,	 defects	 on	 the	 surface	 of	 the	 nanotubes	 and	 degree	 of	

crystallinity.16	 A	 few	 limitations	 that	 over	 ride	 their	 excellent	 properties	 for	 specific	

applications	are	the	structural	heterogeneity	of	the	CNTs	grown	using	these	methods	and	the	

strong	van	der	Waals	 interactions	between	the	long	bundled	ropes.	 	CNTs,	molecular	scale	

tubes	of	graphite	carbon,	are	the	strongest	and	stiffest	materials	with	a	Young’s	modulus	of	1	

TPa	and	a	maximum	tensile	strength	of	63	GPa.17-19		
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Depending	on	the	method	of	growth	and	the	experimental	conditions,	CNTs	can	be	thought		

of	 as	 a	 concentric	 arrangement	of	 single	or	multi	 layered	 stacked	 graphene	 sheets	with	 a	

hexagonal	lattice	of	sp2	carbon	atoms	wrapped	up	into	seamless	cylindrical	structures	along	

an	(n,m)	lattice	vector	in	the	graphene	plane.9		It	is	this	(n,m)	lattice	vector	that	determines	

the	diameter	and	chirality	of	the	resulting	nanotubes.	The	number	of	sheets	rolled	up	to	form	

CNTs	defines	 the	number	of	consisting	coaxial	concentric	 layers	and	are	accordingly	called	

single	 (SWCNT),	double	 (DWCNT)	or	multi	walled	 (MWCNT).	There	 is	a	 constant	 interlayer	

spacing	between	the	graphene	sheets	of	3.40	Å,	which	is	in	agreement	with	the	interlaying	

spacing	of	graphite.		

	

CNTs	with	two	concentric	layers	are	known	as	double	walled	(DWCNT)	possessing	properties	

of	both	the	SWCNT	and	MWCNT	making	it	ideal	for	applications	that	require	more	than	one	

concentric	layer	but	not	requiring	multiple	layers.	With	close	structural	resemblance	to	the	

SWCNTs,	DWCNTs	also	possess	unique	capabilities	and	properties.	For	example,	they	exhibit	

a	much	higher	mechanical	stability	compared	to	SWCNTs	and	most	importantly	they	allow	for	

functionalization	of	the	outer	tube	ensuring	the	pristine	nature	of	the	inner	tube	to	exploit	its	

mechanical	and	electrochemical	properties.20,21		
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Figure	31	Electron	micrographs	of	the	microtubules	of	graphitic	carbon	discovered	by	Iijima	

et	al.	Illustration	of	each	figure	corresponds	to	a	cross	section	of	the	nanotubes	made	up	of	a	

particular	number	of	graphene	sheets;	(a)	CNT	consisting	of	five	(5)	graphitic	sheets	(6.7	nm	

diameter),	 (b)	 CNT	 consisting	 of	 two	 (2)	 graphene	 sheets	 (2.2	 nm	 diameter),	 and	 (c)	 CNT	

consisting	of	seven	(7)	graphene	sheets	(6.5	nm	diameter).	Being	made	up	of	a	number	of	

concentric	layers,	the	nanotube	in	figure	(c)	has	the	smallest	hollow	core,	corresponding	to	a	

diameter	of	2.2	nm.3	

	

(c)$(a)$ (b)$
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Although	CNTs	consisting	of	multiple	numbers	of	shells	are	used	for	a	variety	of	applications,	

SWCNTs	stand	out,	having	attracted	significant	attention	due	to	their	excellent	electronic	and	

optical	properties.	The	typical	experimentally	observed	SWCNT	diameter	is	between	0.6	nm	

and	2.0	nm.22	

	

Figure	 32	 SWCNT	 formed	 by	 rolling	 up	 a	 graphene	 sheet	 along	 a	 chiral	 vector	 to	 form	 a	

cylindrical	shaped	1D	structure.	The	different	chiralities	(n,m)	are	defined	by	rolling	angle	and	

the	diameter,	affording	either	semiconducting	or	metallic	configuration.23	
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a = 3ac−c 3ac−c

6.2 Geometric	structure	

As	previously	noted,	cylindrical	shaped	CNTs	are	derived	from	graphene	sheets	consisting	of	

a	hexagonal	planar	network	of	carbon	atoms.	One	of	the	most	unique	features	of	SWCNTs	is	

related	to	their	electronic	and	optical	properties	which	are	strongly	dependent	on	the	how	

the	graphene	sheet	is	rolled	up	to	form	the	the	one-dimensional	structure.24	Thus,	depending	

on	 the	 rolling	 angle	 (θ)	 and	 diameter	 (dt),	 CNTs	 can	 exhibit	 either	 semiconducting	 (S)	 or	

metallic	(M).25	Upon	rolling	up,	the	circumference	of	a	carbon	nanotube	is	determined	by	a	

chiral	vector,	Ch	,	which	 is	used	to	 identify	 the	 two	equivalent	 lattices	 that	meet	 to	 form	a	

nanotube	of	a	particular	helicity.	The	chiral	vector	is	defined	by	equation	2,	

			

	 Equation	2	

	

whereby	(n,m)	are	a	pair	of	integers	corresponding	to	the	number	of	steps	along	the	zig-zag	

carbon	bonds	and	a1	and	a2	are	graphene	lattice	vectors.	The	pair	of	integers	and	the	graphene	

lattice	vectors	is	used	to	identify	the	two	equivalent	lattices	that	meet	to	form	a	nanotube	of	

a	 particular	 helicity.	 Each	 point	 on	 the	 lattice	 represents	 a	 unique	 (n,m)	 assignment	

corresponding	to	a	nanotube	structure	(armchair,	zigzag	and	chiral)	and	the	bandgap	of	the	

SWCNT.	 This	 nanotube	 structure	 and	 diameter	 with	 a	 unique	 assignment	 of	 (n,m)	 is	

determined	by	equation	3,	

	

	

	 Equation	3	

	

where																					,																	,		corresponds	to	the	carbon-	carbon	bond	length	of	approximately	

1.42	Å.26		

	

For	example,	nanotubes	with	chiral	vectors	of	 (n,	0)	are	defined	as	zigzag	nanotubes,	 (n,n)	

vectors	are	defined	as	armchair	nanotubes,	and	(n,m)	vectors	where	m≠n,	0,	are	defined	as	

chiral	 nanotube	 vectors.	 9,27-31	 Zigzag	 nanotubes	 can	 be	 categorised	 as	 either	 a	 zero	 gap	

semiconductor	(quasi	metallic	nanotube)	or	a	finite	bandgap	semiconductor.	Armchair		

	

dt =
|Ch |
π

=
a(n2 +m2 + nm)1/2

π

Ch = na1 +ma2
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nanotubes	however	exhibit	metallic	characteristics.	All	other	integer	pairs	(n,m)	are	defined	

as	chiral	nanotubes,	whereby	those	in	agreement	with	|n-m|	=3q	is	quasi	metallic	and	have	a	

small	band	gap	and	all	other	chiral	nanotubes	are	semiconducting	(whereby	q	is	a	non	zero	

integer).			

	

	

	

	

	

	

	

	

	

	

	

	

Figure	33	Chirality	map	of	semiconducting	and	metallic	SWCNTs.	The	three	(3)	typical	types	of	

SWCNTs	are	the	zigzag,	chiral	and	armchair	corresponding	to	a	unique	(n,m)	chiral	indices.	The	

example	provided	in	this	figure	include	zigzag	(13,0),	chiral	(9,5)	and	armchair	(7,7).32,33	
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6.3 Fluid	dynamic	lateral	slicing	of	high	tensile	strength	carbon	nanotubes		

This	section	is	based	on	a	publication	published	in	Nature’s	Scientific	Reports	entitled	‘Fluid	

dynamic	 lateral	 slicing	 of	 high	 tensile	 strength	 carbon	 nanotubes,’	 authored	 by	 Kasturi	

Vimalanathan,	Jason	R.	Gascooke,	Irene	Suarez-Martinez,	Nigel	Marks,	Harshita	Kumari,	Chris	

J.	Garvey,	Jerry	L.	Atwood,	Warren	D.	Lawrance	and	Colin	L.	Raston.		

	

Abstract:	 Lateral	 slicing	 of	 micron	 length	 carbon	 nanotubes	 (CNTs)	 is	 effective	 on	 laser	

irradiation	of	the	materials	suspended	within	dynamic	liquid	thin	films	in	a	microfluidic	vortex	

fluidic	device	(VFD).		The	method	produces	sliced	CNTs	with	minimal	defects	in	the	absence	

of	any	chemical	stabilizers,	having	broad	length	distributions	centred	at	ca	190,	160	nm	and	

171	nm	 for	 single,	double	and	multi	walled	CNTs	 respectively,	as	established	using	atomic	

force	microscopy	and	supported	by	small	angle	neutron	scattering	solution	data.		Molecular	

dynamics	 simulations	 on	 a	 bent	 single	walled	 carbon	 nanotube	 (SWCNT)	with	 a	 radius	 of	

curvature	≤	12	nm	results	 in	 tearing	across	 the	tube	upon	heating,	highlighting	the	role	of	

shear	 forces	which	bend	the	 tube	 forming	strained	bonds	which	are	 ruptured	by	 the	 laser	

irradiation.		CNT	slicing	occurs	with	the	VFD	operating	in	both	the	confined	mode	for	a	finite	

volume	of	liquid	and	continuous	flow	for	scalability	purposes.	

	

The	processing	of	cylindrical	carbon	nanotubes	(CNTs)	for	exploiting	their	exceptional	thermal,	

mechanical,	 and	 electrical	 properties34	 poses	 a	 number	 of	 challenges.	 This	 includes	

overcoming	a	high	degree	of	bundling	and	aggregation	arising	from	their	high	aspect	ratio	and	

strong	inter-tube	van	der	Waals	interactions.	The	CNTs	are	microns	to	millimetres	in	length,	

and	may	have	single	or	multiple	layers,	described	as	single	walled	(SWCNTs),	double	walled	

(DWCNTs)	 or	multi	walled	 (MWCNTs).	 They	 have	 low	density,	 and	high	 stiffness	 and	 axial	

strength35	with	an	exceptionally	high	Young’s	modulus,	1.0	to	1.28	TPa.17-19	CNTs	are	produced	

using	a	number	of	 techniques,	 including	arc-discharge,	 laser	ablation	and	chemical	 vapour	

deposition	(CVD),4,7,8	typically	affording	arrays	of	nanotubes	in	various	lengths.	However,	the	

availability	 of	 shorter	 lengths	 without	 compromising	 quality	 is	 important	 for	 many	

applications,	for	example,	in	incorporating	them	into	lipid	bilayers	for	molecular	sensing2,	and	

for	enhancing	the	efficiency	of	electronic	devices,17,18,36	 for	solar	cell	applications10	and	for	

chirality	separation.38-40	There	has	thus	been	considerable	work	directed	at	shortening	CNTs	

towards	sub-micron	lengths,	but	this	has		
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proved	challenging,	currently	requiring	the	use	of	high-energy	sonication,	lengthy	processing	

times	and	the	use	of	toxic	chemicals.41-51	Moreover,	such	conditions	can	chemically	alter	the	

surface	 of	 the	 CNTs	 with	 consequential	 change	 in	 their	 properties,	 thereby	 limiting	 their	

applications.	 Controlling	 the	 shortening	 of	 CNTs	 requires	 the	 use	 of	 a	 suitable	 processing	

medium	 in	overcoming	 their	 tendency	 to	 aggregate,	with	 some	common	 solvents	 such	N-

methyl-2-pyrollidone	(NMP)	and	N,N-dimethylformamide	(DMF)	being	effective	dispersants	

for	such	purpose.	The	colloidal	stability	of	individual	CNTs	usually	requires	polymer	wrapping	

agents52	and	surfactants,53	and	covalent	end	and/or	sidewall	functionalization.54,55		

	

We	have	established	a	new	means	to	achieve	shortening	of	CNTs	that	avoids	many	of	these	

problems.	 Despite	 their	 high	 tensile	 strength,	 CNTs	 can	 be	 laterally	 sliced	 in	 solution	 by	

applying	 intense	 shear	 within	 dynamic	 thin	 films	 in	 a	 vortex	 fluidic	 device	 (VFD)	 while	

irradiating	at	1064	nm	using	a	pulsed	Q-switch	Nd:YAG	laser	(Figure	34).	The	VFD	microfluidic	

platform	 generates	 controllable	 mechanoenergy	 within	 the	 liquid	 medium,	 as	 thin	 films	

around	the	internal	walls	of	a	rapidly	rotating	tube,	which	for	practical	purposes	was	a	20	mm	

diameter	(ID	16.000	±	0.013	mm)	borosilicate	nuclear	magnetic	resonance	(NMR)	glass	tube.	

In	general,	the	optimal	performance	of	the	VFD	occurs	at	high	rotational	speeds	(2000	rpm	to	

9000	rpm)	and	inclination	angles,	θ	>	0°,	with	a	45°	tilt	angle	corresponding	to	the	maximum	

cross	vector	of	centrifugal	force	and	gravity,	being	the	optimum	setting	for	a	diverse	number	

of	applications	of	the	device.56-62	
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Figure	34	VFD	laser	processing	and	mixing	time	data.	(a)	Schematic	of	the	vortex	fluidic	device	

(VFD).	(b)	Experimental	set	up	for	laser	Nd:YAG	processing	operating	at	1064	nm	wavelength,	

for	confined	and	continuous	flow	modes	of	operation	of	the	VFD.	(c)	Variation	of	mixing	times	

of	pure	NMP,	water	and	NMP/water	at	a	1:1	ratio.	Mixing	times	were	measured	by	placing	1	

mL	of	the	solvent	in	the	VFD	operating	at	an	inclination	angle	of	45°	and	varying	the	rotational	

speed	(2000-9000	rpm)	and	then	measuring	the	time	taken	for	a	drop	of	dye	to	uniformly	mix	

with	the	bulk	liquid	(measured	in	triplicates).	

	

Both	the	confined	and	continuous	modes	of	operation	of	the	VFD	are	effective	in	slicing	of	the	

CNTs.	In	the	confined	mode	a	finite	volume	of	liquid	is	wholly	contained	within	the	tube	during	

processing	while	ensuring	that	a	vortex	is	maintained	to	the	bottom	of	the	tube	for	moderate	

rotational	 speeds,	 and	without	 any	 liquid	 exiting	 at	 the	 top	 the	 tube.	 This	minimises	 the	

formation	of	different	shear	regimes.		In	this	mode,	Stewartson/Ekman	layers	prevail	in	the	

resulting	 dynamic	 thin	 films,	 which	 arise	 from	 the	 liquid	 accelerating	 up	 the	 tube,	 with	

gravitational	 force	acting	against	 them.57	 In	 the	continuous	 flow	mode	of	operation	of	 the	

VFD,	jet	feeds	deliver	one	or	more	solutions	(normally)	to	the	bottom	of	
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	the	tube	where	there	is	intense	micromixing,	with	instability	of	the	liquid	boundary	layer	in	

the	hemispherical	sphere	at	the	bottom	of	the	tube.	The	viscous	drag	as	the	liquid	whirls	up	

the	 tube	creates	shear,	 in	addition	 to	 that	 from	the	Stewartson/Ekman	 layers.	For	 the	 the	

purpose	 of	 slicing	 CNTs,	 the	 continuous	 flow	 mode	 of	 operation	 was	 employed	 to	 show	

scalability	of	the	work,	affording	a	yield	of	~95%.	Both	modes,	confined	and	continuous	flow	

modes	of	operation	yielded	CNTs	of	similar	lengths	~160-170	nm.	Yes,	there	is	drag	for	both	

modes	of	operation,	but	it	follows	that	it	must	be	greater	under	continuous	flow,	for	the	liquid	

to	exit	the	tube.	

These	unique	 fluidic	properties	of	 the	VFD	have	 led	 to	a	number	of	 applications	 including	

control	of	chemical	reactivity	and	selectivity	in	organic	synthesis,56,57	exfoliating	graphene	and	

boron	 nitride,58	 protein	 folding,59	 fabricating	 toroidal	 arrays	 of	 SWCNTs,60	 forming	

mesoporous	silica	at	room	temperature	with	control	of	pore	size	and	wall	 thickness61,	and	

probing	the	structure	of	self	organised	processes.62,63	

	

6.3.1 Experimental	design	of	the	lateral	slicing	of	CNTs	

The	volume	of	liquid	for	confined	mode	studies	was	set	at	1	mL	with	the	speed	and	tilt	angle	

varied	to	establish	the	lowest	time	for	two	liquids	to	homogenously	mix.	This	was	important	

to	optimise	exposure	of	the	CNTs	in	the	solution	to	the	8	mm	diameter	laser	beam	used	in	the	

‘slicing’	experiments,	as	well	as	providing	the	maximum	shear	for	debundling	of	the	tubes.	

The	minimum	time	taken	for	a	homogenous	mixture	of	water	and	NMP	(1:1	ratio)	to	uniformly	

mix	(visually	estimated	for	solutions	containing	a	dye,	in	the	range	2000	to	9000	rpm,	was	for	

a	rotational	speed	of	7500	rpm	(Figure	34)	for	θ		45°.	The	choice	of	a	1:1	ratio	of	water	and	

NMP	was	based	on	overcoming	the	low	mixing	time	for	NMP,	in	which	the	CNTs	are	readily	

dispersed,	versus	the	fast	mixing	times	in	water,	 in	which	there	is	 little	dispersion	of	CNTs.		

These	VFD	parameters	 (θ	45o,	 7500	 rpm	 rotational	 speed)	 also	 correspond	 to	 the	optimal	

processing	parameters	(vide	infra).	

	

Energy	absorption	from	the	pulsed	laser	source	was	essential	to	laterally	slice	the	CNTs.	The	

laser	produces	1064	nm	pulses	of	5	ns	duration	and	operates	at	a	repetition	rate	of	10Hz.		In	

the	confined	mode,	the	optimised	irradiation	conditions	were	found	to	be	at	laser	power	of	

260	mJ/pulse	for	30	minutes	of	processing.	This	was	established	by	determining	CNT	length	

distributions	using	AFM	on	isolated	samples	(Appendix	G).	At	high	laser	powers,	≥400	mJ,	only	

small	amounts	of	 sliced	nanotubes	were	evident,	along	with	bundled	and	aggregated	 long	
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nanotubes.	Here	the	extra	heat	provided	by	the	laser	pulse	disturbs	the	fluid	flow,	with	a	clear	

band	which	is	presumably	largely	devoid	of	CNTs	at	the	point	of	laser	irradiation.	Decreasing	

the	laser	power	to	<200	mJ	for	30	minutes	was	ineffective	in	slicing	the	CNTs	and	no	clear	

band	was	observed	at	the	irradiation	site.	(Appendix	G).	

	

The	 optimal	 VFD	 processing	 parameters	 (inclination	 angle	 θ	 and	 rotational	 speed)	 were	

determined	 following	a	number	of	 control	experiments.	 For	 rotational	 speeds	below	6000	

rpm,	the	as-received	aggregated	bundles	of	CNTs	(SWCNTs,	DWCNTs	and	MWCNTs)	remained	

unaffected	in	both	the	presence	and	absence	of	laser	irradiation.	At	6000	rpm	and	45°	tilt,	a	

significant	 amount	 of	 debundling	 of	 the	 nanotubes	 occurred	 (as	 shown	 through	 AFM	

observations),	 but	 laser	 irradiation	 led	 to	 non-uniformity	 of	 the	 sliced	 CNTs,	 and	 the	

persistence	of	longer	tubes.	Uniform	slicing	of	the	CNTs	occurred	between	7500	rpm	and	8000	

rpm	when	irradiated	by	the	pulsed	laser.	A	tilt	angle	of	45°	angle	was	found	to	be	optimal,	

with	minimal	 lateral	 slicing	 at	 other	 angles	 between	 0	 and	 90°.	 For	 these	 optimised	 VFD	

processing	parameters	(θ	45°,	rotational	speed	7500	rpm),	in	the	absence	of	the	laser	pulses	

there	was	no	evidence	for	slicing,	with	the	length	of	the	CNTs	unchanged,	although	there	was	

significant	 debundling	 (Appendix	 G).	 In	 decoupling	 the	 effect	 of	 the	 VFD	 and	 the	 laser	

irradiation,	a	pulsed	laser	beam	of	the	same	optimised	power	was	directed	towards	the	CNTs	

in	a	1:1	mixture	of	water	and	NMP	in	a	glass	cuvette	rather	than	in	a	VFD.	This	resulted	in	

fragmentation	of	the	CNTs	nanotubes	into	(i)	large	and	irregular	shapes	for	the	SWCNTs,	(ii)	

large	 bundles	 and	 aggregates	 for	 the	 DWCNTs,	 and	 (iii)	 irregular	 slicing	 of	MWCNTs	with	

bundles	and	aggregates	present	(Appendix	G).	In	addition,	there	was	no	evidence	of	slicing	

the	 CNTs	 with	 the	 laser	 wavelength	 set	 to	 532	 nm	 (Appendix	 G).	 Thus,	 the	 optimised	

parameters	for	laterally	slicing	the	different	CNTs	to	lengths	below	ca	450	nm	are	established	

as	a	45°	tilt	angle	of	the	VFD	tube	rotating	at	7500	rpm	under	confined	mode	for	30	minutes,	

with	the	10	Hz	pulsed	laser	operating	at	a	wavelength	of	1064	nm	and	260	mJ	per	5	ns	pulse.	

These	conditions	were	found	to	be	independent	of	the	concentration	of	CNTs	in	the	solution	

up	to	a	maximum	concentration	of	0.1	mg/mL,	above	which	presumably	the	dynamics	in	the	

thin	film	are	affected	by	the	CNTs.	

	

A	time	dependant	study	taking	samples	at	10	minute	intervals	during	1064	nm	laser	irradiation	

at	260	mJ/pulse,	and	the	VFD	operating	in	the	confined	mode,	was	also	undertaken	for	the	

three	 types	of	 CNTs.	Over	 time,	more	 slicing	 and	debundling	was	observed,	with	 SWCNTs	
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resulting	in	a	narrower	length	distribution,	but	not	so	for	DWCNTs	and	MWCNTs	(Figure	35),	

although	here	slightly	higher	yields	of	sliced	CNTs	were	evident.	

	

	

	

	

	

	

	

	

	

	

Figure	35	Slicing	of	SWCNTs,	DWCNTs	and	MWCNTs	at	θ	=	45°	and	rotational	speed	of	7500	

rpm.	AFM	height	images	of	laterally	sliced	CNTs	with	its	associated	length	distribution	plots	

for	reaction	times	of	(i)	10	minutes,	(ii)	30	minutes	and	(iii)	1	hour	for	SWCNTs	(a),	DWCNTs	

(b)	and	MWCNTs	(c).	The	NanoScope	Atomic	Force	Microscopy	software	was	used	to	measure	

the	dimensions	of	the	nanotubes.	An	average	of	200-300	nanotubes	were	measured	for	each	

length	distribution	plot.		

	

Experiments	under	confined	mode	established	the	potential	for	laser	irradiation	of	CNTs	in	a	

VFD	 to	 produce	 unbundled,	 short	 CNTs,	 but	 for	 generating	 practical	 quantities	 of	 the	

materials,	continuous	flow	processing	is	desirable.		Here	a	jet	feed	of	CNTs	dispersed	in	a	1:1	

mixture	of	water	and	NMP	was	directed	into	the	bottom	of	the	rapidly	rotating	20	mm	tube	

at	a	low	flow	rate	of	0.45	mL/min,	using	the	same	concentration	of	CNTs	as	for	the	confined	
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mode.	The	low	flow	rate	was	necessary	for	sufficient	exposure	time	of	the	CNTs	to	the	8	mm	

diameter	laser	beam,	while	ensuring	droplets	of	the	suspension	of	the	CNTs	were	striking	the	

hemispherical	bottom	of	the	tube	rather	than	a	continuous	stream	of	the	liquid.	Such	droplets	

result	in	instability	of	the	resulting	thin	film,	which	imparts	additional	shear	compared	to	the	

confined	mode	of	operation	of	the	VFD.57	Under	continuous	flow	there	is	a	dramatic	increase	

in	yield	of	the	sliced	CNTs,	typically	95%,	with	a	length	distribution	of	100-400	nm,	for	SWCNTs,	

DWCNTs	and	MWCNTs	(Figure	38b).	Also	noteworthy	is	that	all	the	samples	are	devoid	of	long	

bundled	nanotubes,	unlike	the	outcome	for	confined	mode	of	operation	of	the	VFD.	

	

6.3.1.1 Characterization	techniques	

Raman	analysis		

Raman	 spectroscopy	 (Figure	 36a)	 established	 that	 any	 damage	 to	 the	 walls	 of	 the	 CNT	

products	is	minimal	for	confined	mode	and	continuous	flow	operation	of	the	VFD,	irrespective	

of	 the	 number	 of	 shells	 of	 cylindrical	 graphene.	 Distinct	 peaks	 for	 CNTs	 include	 the	 radial	

breathing	mode	region	(RBM),	the	tangential	mode	G	band,	its	second	harmonic	Gʹ	band	and	

the	disorder-induced	D-band.	The	average	ratio	of	intensities	of	the	G	and	D	bands	(ID/IG)	of	

the	sliced	SWCNT,	DWCNT	and	MWCNT	was	~0.2,	~0.3	and	1.2,	respectively,	which	are	similar	

to	 that	 of	 the	 starting	 pristine	 nanotubes	 which	 were	 ~0.2,	 ~0.2	 and	 ~1.3,	 respectively,	

confirming	that	tube	damage	was	minimal.	
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Figure	36	Raman	spectroscopy	and	length	distribution	plots.	(a)	Raman	spectra	of	SWCNTs,	

DWCNTs	and	MWCNTs,	respectively,	and	the	corresponding	as	received	nanotubes	(black),	

and	 (b)	 Length	 distribution	 plots	 of	 the	 sliced	 SWCNTs,	 DWCNTs	 and	 MWCNTs	 under	

continuous	flow	operation	of	the	VFD	at	a	flow	rate	of	0.45	mL/min.	

	

Small	angle	neutron	scattering	analysis		

The	 average	 size	 of	 the	 sliced	 CNTs	 in	 solution	 was	 analysed	 using	 small	 angle	 neutron	

scattering	 (SANS).	 The	 radius	 of	 SWCNTs	 treated	 with	 the	 laser	 alone	 and	 laser	 and	 VFD	

(confined	mode,	10,	30	and	60	min)	was	0.7	±	0.2	nm,	which	is	consistent	with	AFM	results	

(0.7	to	1.4	nm).	For	shorter	treatment	times	the	nanotubes	were	longer,	and	in	the	absence	of	

VFD	processing	there	is	either	complete	disruption	of	SWCNTs	or	no	slicing,	with	the	results	

consistent	with	the	AFM	data	(Appendix	G).	Overall,	SWCNTs	irradiated	and	subject	to	shear	

are	 broken	 down	 to	 smaller	 length	 scales	 (Appendix	 G),	 as	 is	 the	 case	 for	 the	 DWCNTs	

(Appendix	G)	and	MWCNTs	(Appendix	G),	to	160	nm	and	171	nm	respectively	(Appendix	G),	

which	is	again	consistent	with	AFM	data.		
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Theoretical	calculations		

CNTs	subjected	to	the	shear	forces	created	in	the	VFD	result	in	local	bending,	as	established	

by	the	observation	that	toroidal	arrays	of	SWCNTs	are	produced	in	a	mixture	of	toluene	and	

water	in	the	VFD	in	the	absence	of	laser	irradiation.60	Bending	is	not	surprising	given	the	very	

high	aspect	ratio	for	SWCNTs,	and	when	combined	with	heating	from	the	laser	it	is	likely	to	

result	in	rupture	of	multiple	bonds.	To	explore	this	further	in	understanding	the	mechanism	of	

slicing,	molecular	 dynamics	 simulations	were	 carried	 out	 for	 SWCNTs,	with	 hairpin-shaped	

tubes	created	to	mimic	the	bending	occurring	in	the	VFD.		Figure	37a	shows	a	(10,0)	nanotube	

with	a	bending	radius	R	of	2.5	nm	and	an	arm-length	L	of	10	nm.	When	relaxed	near	room	

temperature	(Figure	37b	&	Movie	S1)	(Appendix	G),	the	hairpin	unfolds	and	no	defects	are	

created.	However,	when	the	system	is	raised	to	a	high	temperature	(Figure	37c	and	d	&	Movie	

S2)	(Appendix	G)	a	large	tear	occurs	in	the	bent	region	and	other	defects	appear	nearby.		The	

damage	is	produced	by	the	extra	energy	provided	by	the	elevated	temperature	resulting	in	

breaking	of	bonds	that	are	already	strained.		

	

The	number	of	defects	induced	has	been	explored	for	different	bending	radii	as	a	function	of	

temperature.	Figure	37e	shows	data	for	the	same	(10,0)	chirality	with	four	bending	radii,	R=3,	

6,	8	and	10	nm.	Ten	simulations	were	performed	at	each	temperature	and	radius	to	gather	

statistics.	Defects	are	counted	as	atoms	with	a	potential	energy	10%	higher	than	the	cohesive	

energy	 of	 graphene	 or	 with	 a	 coordination	 number	 other	 than	 three.	 Below	 a	 critical	

temperature	few	defects	are	created,	and	in	many	instances	no	damage	is	created	at	all.	As	

the	radius	increases,	the	critical	temperature	above	which	many	defects	are	created	becomes	

higher,	as	the	bonds	are	less	strained	and	require	additional	thermal	activation	to	damage	the	

nanotube.	At	large	radii	few	defects	are	observed	(Figure	37f),	even	at	high	temperatures.	
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Figure	 37	 Theoretical	 calculations.	 (a)	 Initial	 bent	 structure	 of	 geometrical	 model	 of	 a	

nanotube	showing	the	bending	radius,	R.	and	an	arm-length,	L,	and	nanotube	diameter,	D.	(b)	

and	(c)	Snapshots	of	a	(10,0)	nanotube	model	after	annealing	at	400K	and	3000K	respectively,	

with	inset	(d)	showing	a	zoom-in	of	the	defected	sliced	part	of	the	nanotube.	(e)	Plot	of	the	

number	of	defects	as	a	function	of	temperature	for	the	(10,0)	nanotube	with	different	bending	

radii.	 (f)	Plot	of	the	number	of	defects	as	a	 function	of	radius	for	the	(10,0)	nanotube	at	a	

constant	temperature	of	3200	K,	and	(g)	Plot	of	number	of	defects	at	constant	temperature	

as	a	function	of	diameter	for	different	chiralities.	

	

These	observations	explain	the	experimental	result	that	slicing	occurs	in	the	VFD	with	the	laser	

irradiation	but	not	with	laser	irradiation	alone.	Without	the	shear	forces	provided	by	the	VFD,	

there	is	no	localized	bending	or	strained	bonds	for	the	laser	to	rupture.	The	simulations	also	

suggest	that	the	diameter	D	of	the	nanotube	plays	a	role.	Experimentally,	this	varies	between	

1	 and	 2	 nm	 for	 the	 SWNTs.	 Figure	 37g	 shows	 defect-vs-diameter	 data	 for	 three	 different	

bending	radii.	Chiralities	of	(10,0),	(15,0),	(20,0)	and	(25,0)	were	chosen		
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with	diameters	spanning	0.78	to	2.0	nm.	For	all	 three	bending	radii	shown,	the	number	of	

defects	increases	for	nanotubes	with	larger	diameter.	This	behaviour	is	quite	distinct	from	the	

radius	effect	in	Figure	37f	and	occurs	because	the	larger	diameter	tubes	are	much	more	easily	

deformed.	We	expect	that	these	simulations	of	SWCNTs	are	also	applicable	to	DWCNTs	and	

MWCNTs,	 and	 we	 note	 that	 once	 the	 outer	 tube	 of	 the	 MWCNT	 is	 breached	 then	 the	

mechanical	force	either	side	would	provide	a	point	for	the	spontaneously	slicing	through	the	

inner	tubes.		

It	is	noteworthy	that	more	in	depth	experimental	details	on	the	complex	shear	stress	in	the	

liquid,	 the	 actual	 heat	 absorbed	 by	 the	 CNTs,	 and	 how	 they	 dissipate	 the	 heat	 are	 being	

currently	 studied	 using	 real	 time	 neutron	 imaging	 and	 small	 angle	 neutron	 scattering	 at	

ANSTO,	which	is	also	a	major	research	project	in	their	own	right.	

	

6.3.2 Conclusion	

In	summary,	we	have	established	the	ability	to	laterally	slice	carbon	nanotubes	within	dynamic	

thin	 films,	 irrespective	 of	 the	 number	 of	 concentric	 layers	 in	 the	material.	 This	 is	without	

precedent,	 and	 further	highlights	 the	unique	 capabilities	 of	 the	 recently	 developed	 vortex	

fluidic	 device.	 Importantly,	 the	method	minimizes	 the	 generation	 of	 defects	 on	 the	 CNTs,	

producing	pristine	material	devoid	of	chemical	stabilizers,	and	we	have	demonstrated	that	

there	is	potential	for	scalability	of	the	process	under	continuous	flow	mode	of	operation	of	

the	VFD.	In	this	work,	chemical	stabilizers	are	referred	to	as	other	chemicals/solvents	that	are	

added	in	addition	to	the	existing	organic	solvent	to	facilitate	the	slicing	process.	Controlling	

the	lengths	of	the	shorter	nanotubes	is	more	significant	for	SWCNTs,	under	confined	mode,	

affording	a	narrow	size	distribution	at	a	length	scale	suitable	for	drug	delivery	applications.	In	

general,	 the	 availability	 of	 short	 single,	 double	 or	 multi-walled	 CNTs	 is	 poised	 for	 the	

advancement	of	their	applications	where	specific	length	scale	is	paramount.	
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6.4 VFD-mediated	chirality	enriched	single	walled	carbon	nanotubes	

The	 remarkable	electrical	 and	optical	properties	of	 SWCNTs	are	 strongly	dependent	on	 its	

geometrical	 parameters.	 As	 previously	 noted,	 the	 chiral	 angle	 and	 the	 diameter	 of	 the	

cylindrical	shaped	1D	structures	are	defined	by	the	direction	and	magnitude	of	rolling	vector	

of	graphene	sheets,	affording	either	the	semiconducting	(S)	or	metallic	 (M)	configurations.	

Typically,	 bulk	 as	 received	 SWCNTs	 consist	 of	 a	 mixture	 of	 metallic	 and	 semiconducting	

configurations	whereby	their	respective	properties	contribute	to	the	use	in	diverse	range	of	

applications,	ranging	from	electronic	and	device	technology	to	biomedical	applications.	For	

optimum	exploitation	of	their	remarkable	properties,	high	purity	monostructured	SWCNTs	of	

a	 specific	 configuration/chirality	 are	 ideal,	 specifically	 for	 applications	 in	 sensors,	 optical	

devices,	 high	 performance	 field	 effect	 transistors,	 conductive	 films,	 nanoscale	 circuit,	

biological	 imaging	 and	 others.65-74	 For	 most	 of	 these	 applications,	 the	 use	 of	 highly	 pure	

semiconducting	 or	 metallic	 CNTs	 is	 required	 and	 for	 this	 purpose	 they	 need	 to	 be	

separated/purified	 from	 the	 bulk	 mixture.	 Over	 the	 past	 decade,	 numerous	 studies	 have	

focused	on	the	separation	and	purification	of	bulk	as	received	SWCNTs	based	on	its	electronic	

configuration.	The	current	methods	employ	 the	use	of	complex	chromatographic	methods	

using	 various	 surfactants	 and	 chemical	 stabilizers,75,76,77-80	 DNA	wrapping	 chromatography	

methods,75-85	density	gradient	ultracentrifugation,74,86-88	the	synthesis	of	metal	coordination	

complexes,89	the	use	of	copolymers,90-93	polymers	using	weak	field	ultracentrifugation94	and	

dielectrophoresis.95		In	addition	to	overcoming	the	issues	of	low	dispersibility	of	SWCNTs	in	

organic	solvents	and	the	high	degree	of	bundling	and	aggregation	of	the	up	to	millimetre	long	

strands,	 chirality	 separation	 of	 bulk	 SWCNTs	 has	 been	 another	 issue	 that	 has	 sparked	

significant	 amounts	 of	 interest	 in	 the	 research	 arena.	 This	 is	 because	 of	 the	 exceptional	

properties	of	the	individual	chiralities.		

	

Although	the	abovementioned	methods	have	been	well-established,	the	major	concerns	with	

these	protocols	are	the	complex	and	tedious	methods	involved,	the	need	for	the	destruction	

of	metallic	CNTs	in	order	to	separate	the	semiconducting	configuration,	the	need	for	the	use	

of	a	variety	of	surfactants	of	different	concentrations	which	is	high	costing,	and	the	issues	of	

scalability	and	purity	of	sample.	These	are	actively	being	addressed.	Although	there	is	much	

hype	 with	 the	 advanced	 potentials	 of	 semiconducting	 SWCNTs	 specifically,	 in	 device	

technology	and	other	electronic	applications,	what	is	yet	to	be	realized	is	the	importance	and	

the	properties	 that	metallic	 SWCNTs	 also	 exhibit.	 Thus,	 it	 is	 important	 to	 ensure	 that	 any	
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process	or	method	developed	to	separate	and	purify	SWNCTs	based	on	their	diameter	and	

chirality	should	allow	for	the	metallic	SWCNTs	to	also	be	separated	and	collected	instead	of	

being	destructively	eliminated	during	the	separation	process.	There	are	a	number	of	studies	

to	date,	 focused	on	the	separation	of	metallic	CNTs	 from	a	bulk	mixture,	mostly	using	 the	

density	gradient	ultracentrifugation	 (DGU)	and	the	gel	column	chromatography	method	to	

selectively	separate	either	single	chirality	armchair	metallic	SWCNTs	of	specific	chiralities,	in	

particular	(6,6)	and	(7,7)	or	the	non-armchair	single	chirality	as	in	(7,4).	These	methods	have	

established	the	ability	to	separate	these	specific	chiralities	using	wrapping	DNA	sequences96	

and	an	aqueous	two	phase	separation	process.97		

	

With	 the	 various	 current	methods	 of	 growth	 consisting	 of	 a	 complex	mixture	 of	 both	 the	

semiconducting	and	metallic	chiralities,	there	is	a	need	to	separate	or	convert	(interconvert)	

them,	to	accordingly	manipulate	their	properties.	Thus,	to	avoid	the	need	for	surfactants	and	

other	 chromatographic	 methods	 of	 separation	 that	 are	 low	 yielding	 and	 high	 costing,	

feasibility	 studies	 illustrate	 a	 simple	 and	 novel	 method	 to	 enrich	 sliced	 SWCNTs	 into	 the	

metallic	and	semiconducting	configuration	on	a	large	scale.		

	

6.4.1 Experimental	design		

The	method	involves	the	use	of	controllable	mechanoenergy	within	dynamic	thin	films	in	the	

VFD	while	the	tube	is	irradiated	with	a	pulsed	Nd:YAG	laser	operating	at	a	wavelength	1064	

nm	 at	 a	 laser	 power	 of	 ~260	 mJ.	 The	 experimental	 conditions	 are	 similar	 to	 the	 slicing	

experiments	in	Section	6.3.	SWCNTs	are	dispersed	in	solvent	mixture	of	NMP	and	water	at	a	

1:1	ratio.	Under	both	confined	mode	and	continuous	flow	modes	of	operation	of	the	device,	

as	 received	 SWCNTs	 comprising	 of	 a	 mixture	 of	 semiconducting	 and	 metallic	 chiralities	

undergoes	lateral	slicing	and	in	situ	conversion	(interconversion)	to	afford	metallic	enriched	

SWCNTs.	For	the	confined	mode	of	operation,	a	finite	volume	of	total	liquid	is	required	which	

was	 set	 at	 1	mL.	 This	 ensures	 that	 a	 vortex	 is	maintained	 to	 the	 bottom	 of	 the	 tube	 for	

moderate	rotational	speeds	to	avoid	different	shear	regimes,	and	without	any	liquid	exiting	

at	the	top	the	tube.	Stewartson/Ekman	layers	prevail	in	the	dynamic	thin	films,	which	arise	

from	 the	 liquid	 accelerating	 up	 the	 tube	with	 gravitational	 force	 acting	 against	 them.	 The	

effectiveness	 of	 the	 process	was	 then	 investigated	under	 continuous	 flow,	 using	 jet	 feeds	

delivering	the	SWCNT	dispersion	into	the	rapidly	rotating	tube	at	a	flow	rate	of	0.45	mL/min.	

These	preliminary	experiments	used	similar	optimised	conditions	to	what	was	established	for	
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the	lateral	slicing	of	CNTs.	The	VFD	was	at	an	inclination	angle		of	45°	and	a	rotational	speed	

of	7500	rpm.	

	

6.4.2 Characterization	techniques	and	discussion	

Figure	38a	depicts	the	optical	absorption	spectra	of	the	separated	SWCNT	fraction	after	one	

pass	 under	 the	 continuous	 flow	 operation	 in	 the	 VFD	 with	 a	 simultaneous	 1064	 nm	

wavelength	pulsed	laser	operating	at	a	power	of	260	mJ.	The	absorption	peaks	around	850-

1350	nm,	500-850	nm,	330-450	nm	and	300-400	nm	are	derived	from	first	(S11),	second	(S22),	

third	 (S33)	 and	 fourth	 (S44)	 optical	 transitions	of	 semiconducting	 SWCNTs	 respectively.	 The	

absorbance	 peaks	 around	 400-650	 nm	 represents	 the	 first	 optical	 transition	 of	 metallic	

SWCNTs	(M11).	Absorption	at	shorter	wavelengths	(200-300	nm	corresponds	to	the	ultraviolet	

optical	absorption	characteristics	of	the	nanotubes.98	Although	the	ultraviolet	region	of	the	

spectra	was	not	clearly	identified	in	this	study,	for	the	purpose	of	future	optimization	work,	

the	 UV	 region	 can	 play	 a	 pivotal	 role	 in	 determining	 the	 intensity	 of	 the	 semiconducting	

configuration	 of	 nanotubes	 present	 in	 the	 sample.	 Theoretical	 calculations	 by	 Takagi	 and	

Okada	highlight	that	the	intensity	of	the	peaks	within	this	UV	region	is	strongly	dependent	on	

the	diameter	and	the	chirality	of	the	nanotubes	present	post	separation.98	It	is	theoretically	

understood	that	the	UV	spectral	features	characteristics	of	the	interband	transitions	near	the	

M	point	of	the	hexagonal	Brillouin	zone	of	graphene.98		

	

Thus,	in	the	case	of	confirming	chirality	separation,	the	UV	optical	absorption	feature	can	be	

considered	as	an	additional	technique	to	determine	the	electronic	and	optical	properties	of	a	

highly	enriched	sample	of	monochiral	nanotubes.98	The	optical	absorption	spectra	of	both	the	

pristine	SWCNT	and	the	sliced	SWCNTs	demonstrate	the	disappearance	of	the	semiconducting	

S11	 (900-1350	 nm)	 and	 S22	 (600-900	 nm)	 peaks	 and	 the	 emergence	 of	 a	 M11	 peak	

(approximately	400-600	nm).	The	absence	of	semiconducting	peaks	in	the	optical	absorption	

spectra	 of	 the	 sliced	 SWCNTs	 sample	 was	 intriguing	 and	 provides	 an	 	 indication	 that	 the	

sample	is	enriched	with	SWCNTs	with		metallic	chirality.		
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Figure	 38	 Optical	 absorption	 spectra	 and	 Raman	 analysis.	 (a)	 Ultraviolet-visible-infrared	

absorption	spectra	of	as	received	semiconducting	and	metallic	SWCNTs	(black	line)	and	the	

separated	SWCNTs	with	the	majority	of	the	tubes	of	metallic	chirality	and	the	semiconducting	

S22	chirality	 (blue	 line),	 (b)	 The	G-mode	 region	of	 as	 received	SWCNTs	 (black	 line)	 and	 the	

separated	metallic	SWCNTs	(blue	line),	and	(c)	Radial	breathing	mode	(RBM)	analysis	of	the	as	

received	SWCNTs	(black	line)	and	the	separated	metallic	SWCNTs	(blue	line).	

	

Raman	 spectroscopy	 was	 then	 employed	 to	 confirm	 that	 the	 sample	 was	 enriched	 with	

metallic	SWCNTs.	Raman	spectra	(Figure	38b	and	c)	were	measured	using	the	532	nm	laser	

excitation	wavelength.	A	comparison	of	the	G	band	regions,	of	the	as	received	SWCNTs	and	

the	separated	metallic	SWCNTs.	For	both	semiconducting	and	metallic	configurations,	there	

are	 characteristic	 differences	between	 the	G	bands,	with	 two	dominant	 features	between	

1500	and	1600	cm-1	corresponding	to	the	vibrations	along	the	circumferential	direction	(ωG-)	

and	a	high	frequency	component	attributed	to	vibrations	along	the	direction	of	the	nanotube	

axis	 (ωG+).101	 The	 as	 received	 SWCNTs	 show	 both	 the	 ωG-	 and	 ωG+	 peaks	 in	 a	 Lorenzian	

lineshape	with	the	ωG+	being	stronger	in	intensity	compared	to	the	ωG-	peak.		

	

Upon	 slicing,	 both	 of	 these	 peaks	merge	 and	 exhibit	 a	much	 broader	 band,	 exhibiting	 an	

asymmetric	 Breit-Wigner-Fano	 line	 shape,	 which	 is	 in	 agreement	 with	 the	 presence	 of	
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enriched	metallic	nanotubes	in	the	sample	(Figure	38b).	The	frequency	of	the	radial	breathing	

mode	(RBM)	is	proportional	to	the	inverse	diameter	of	the	CNTs,	with	the	diameter	and	the	

chiral	angle	used	 to	define	 the	 (n,m)	 integers	of	 the	CNTs.	All	metallic	 SWCNTs	have	RBM	

frequencies	 in	 the	 range	 between	 200-280	 cm-1	 while	 the	 semiconducting	 SWCNTs	 range	

between	160-200	cm-1.	The	RBM	peaks	of	the	sliced	SWCNTs	were	analysed	and	the	peaks	

corresponding	 to	 the	 semiconducting	 CNTs	 (~186	 cm-1)	 disappear	 with	 an	 additional	

prominent	metallic	peak	(~248	cm-1)	observed	(Figure	38c).		

	

The	 sliced	 SWCNT	 sample	 was	 also	 characterized	 using	 photoluminescence	 (PL)	 contours	

(Figure	39).	The	results	 indicated	 that	although	there	was	evidence	 that	 the	sliced	SWCNT	

sample	 were	 enriched	 with	 the	 metallic	 configuration	 (optical	 absorbance	 and	 Raman	

analysis),	the	PL	contour	plots	established	that	process	 induced	the	adsorption	of	the	(9,4)	

chirality	 in	 specific	with	 the	other	 semiconducting	 chiralities	 losing	 their	 adsorbability	 and	

diminishing	within	the	sample.		These	results	are	observed	just	after	a	single	pass	in	the	VFD	

under	continuous	flow	in	the	presence	of	a	pulsed	laser	at	~260	mJ.	This	demonstrates	the	

ballistic	pulses	from	the	pulsed	laser	at	260	mJ	 laser	power	overcomes	the	 large	barrier	of	

energy	 for	 interconverting	 different	 configurations	 of	 SWCNTs.	 This	 process	 is	 effectively	

changing	 the	 magnitude	 and	 rolling	 vector	 of	 the	 semiconducting	 nanotubes	 affording	

SWCNTs	enriched	with	metallic	 characteristics	with	 a	 specific	 semiconducting	 chirality	 still	

present.		

	

This	 section	of	 the	 thesis	 is	 still	 in	 the	preliminary	stages.	Although	the	mechanism	of	 this	

interconversion	is	not	yet	clearly	understood,	our	findings	at	this	stage	show	that	the	laser	

energy	not	only	facilitates	the	breaking	of	the	C-C	bonds	at	points	of	defect,	but	also	provides	

sufficient	energy	to	convert/interconvert	the	CNTs	to	obtain	monochiral	CNTs.	At	this	stage,	

we	 assume	 that	 interconverting	 the	 remaining	 semiconducting	 chiralities	 to	metallic	 via	 a	

second	or	additional	passes	in	the	VFD	under	continuous	flow	will	eventually	be	effective	in	

converting	all	semiconducting	tubes	to	metallic	tubes.		This	is	for	future	studies.	
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Figure	39	Photoluminescence	excitation	spectra	of	(a)	pristine	as	received	SWCNTs	and	(b)	

separated	SWCNTs	after	a	single	pass	in	the	VFD	while	simultaneous	pulsed	with	a	Nd:YAG	

laser	operating	at	1064	nm	and	260	mJ.	

	

In	 summary,	 although	 these	 results	 are	 still	 preliminary,	 the	 method	 developed	 thus	 far	

creates	a	new	avenue	for	research	in	materials	science,	with	the	ability	to	interconvert	one	

configuration	to	another	via	a	simple	and	novel	step,	devoid	of	the	use	of	surfactants,	and	

using	long	and	tedious	chromatographic	methods	and	chemical	stabilizers.	One	of	the	most	

interesting	features	of	this	non-destructive	method	is	that	it	avoids	the	use	of	toxic	chemicals,	

high	temperature	processing	and	tedious	and	complex	chromatographic	methods	to	facilitate	

the	separation	and	purification	of	monochiral	SWCNTs.	These	preliminary	results	open	new	

pathways	 towards	 optimizing	 the	 conditions	 to	 be	 able	 to	 interconvert	 metallic	 CNTs	 to	

semiconducting	as	well	as	the	ability	to	afford	monochiral	SWCNTs	under	continuous	flow.		
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6.5 VFD	mediated	dethreading	of	DWCNT	and	MWCNT/	removing	the	inner	

shells	

DWCNTs	and	MWCNTs	are	made	up	of	multiple	coaxial	cylindrical	layers	with	a	high	aspect	

ratio	(103-108).99	Each	layer	is	geometrically	unique,	exhibiting	different	electrical	properties,	

being	either	semiconducting	or	metallic.	The	electronic	complexity	that	is	often	a	limitation	

using	SWCNTs	is	the	inability	to	grow	SWCNTs	of	a	specific	diameter	and	chirality	with	a	view	

of	controlling	their	respective	electronic	properties.	Bulk	SWCNTs	grown	using	a	bottom	up	

approach	 consists	 of	 a	 mixture	 of	 diameters	 and	 chirality	 making	 use	 for	 some	 specific	

applications	problematic.		

	

Thus,	besides	developing	a	novel	method	to	separate	or	convert	 (interconvert)	SWCNTs	of	

different	chiralities,	as	presented	in	Section	6.4	in	this	chapter,	an	alternative	method	would	

be	to	selectively	displace	the	different	shells	as	a	dethreading	process.	Selectively	removing	

the	 inner	 shells	 from	 the	 outer	 shells	 would	 enable	 the	 ability	 to	 exquisitely	 tailor	 the	

properties	of	the	resulting	SWCNTs.	DWCNTs	and	MWCNTs	are	composed	of	more	than	one	

shell,	which	are	held	together	by	van	der	Waals	interactions	with	non	local	nature	of	the	π-π	

dispersion	 forces.100	 The	 extremely	 low	 friction	 between	 the	 shells,	 indeed	 super-lubricity	

offers	scope	for	sliding	or	rotating	the	inner	shells	with	respect,	in	removing	the	inner	shells	

from	 the	 outer	 shells	 and	 exploit	 the	 individual	 properties	 of	 now	 SWCNTs	 of	 specific	

diameters	and	chirality.101-104		

	

A	number	of	methods	have	been	developed	for	the	purpose	of	removing	the	inner	shells	of	

multi	layer	CNTs,	including	using	a	scanning	bias	voltage,105	complex	electrical	procedures,106	

the	use	of	solution	phase	extraction	facilitated	by	cavitation	energy	and	surfactants	107	or	by	

nanomanipulation	using	atomic	force	microscopy.100	However,	these	methods	have	limited	

practicality	 in	 terms	of	making	 viable	 quantities	 of	 dethreaded	CNTs,	 although	 theoretical	

considerations	suggest	 that	 removing	 the	 inner	 shells	 from	the	outer	 shells	would	provide	

great	 avenues	 in	 materials	 science	 for	 a	 diverse	 range	 of	 applications.100,101,108-111	 	 For	

example,	 the	 “sword-in-sheath”	method	 involves	 the	breaking	of	 the	outer	most	 shells	 to	

analyse	the	sliding	of	the	inner	shells.101,108,111-113	Significant	progress	in	the	sliding	behaviour	

of	MWCNTs	has	 recently	been	demonstrated	with	centimetres	 long	DWCNTs	whereby	 the	

inner-shell	pull-out	was	determined	to	be	independent	of	the	pull-out	length.114		

As	part	of	the	research	undertaken	in	this	thesis,	a	novel	and	facile	method	of	dethreading	of	
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DWCNTs	during	 in	situ	slicing	in	the	presence	of	shear	stress	in	the	VFD	and	a	pulsed	laser	

operating	at	a	wavelength	of	1064	nm	and	a	designer	surfactant,	or	post	VFD	processing	on	

addition	of	the	same	surfactant.	The	dethreading	of	sliced	DWCNTs	and	MWCNTs	is	likely	to	

be	more	favoured	than	for	long,	as	received	material,	on	the	basis	that	the	evidence	suggests	

that	laser	processing	in	the	VFD	limits	the	defects	present	in	the	material,	and	any	defects	may	

circumvent	 dethreading.	 Moreover,	 shorter	 CNTs	 are	 less	 likely	 to	 have	 defect	 limited	

dethreading	sites	relative	to	long	CNTs.		

	

In	 this	work,	 the	 focus	was	on	micron	 length	DWCNTs	 in	 the	 first	 instance	as	 the	simplest	

dethreading	scenario,	for	then	translating	the	processing	to	MWCNTs.	The	method	developed	

involves	the	spontaneous	removal	of	the	inner	shells	to	gain	access	to	single	walled	carbon	

nanotubes	of	progressively	larger	diameters.	Spontaneous	removal	of	the	inner	shells	in	small	

quantities	was	observed	from	the	sliced	sample	CNT	sample.	A	 large	hydrophobic	designer	

surfactant,	 p-H2O3	 phoshonated-calix[8]arene,	 was	 employed	 to	 further	 facilitate	 the	

dethreading	(and	maintain	colloidal	stability)	of	the	CNTs.	The	choice	of	calixarene	was	based	

on	 the	 use	 of	 the	 same	 calixarene	 and	 phosphonated	 calixarenes	 in	 general	 to	 separate	

different	diameter	SWCNTs.115	

	

6.5.1 Calixarenes	

Since	their	discovery	in	the	1940’s	by	Zinke	and	Ziegler,	the	unique	3D	surface	of	calixarenes	

has	attracted	considerable	amounts	of	attention	due	to	their	diverse	applications,	including	

acting	 as	 surfactants	 and	 chemoreceptors.116	 Calixarenes	 are	 a	 class	 of	 cyclooligomers,	

typically	 formed	 via	 an	 oligomerisation	 reaction	 involving	 a	 phenol-formaldehyde	

condensation	reaction.	The	molecular	structure	of	these	macrocyclic	receptors	resembles	a	

‘cup’	like	shape,	divided	into	three	main	segments,	the	upper	rim,	the	central	annulus	and	the	

lower	 rim	 (Figure	 40).	 The	 central	 annulus	 is	made	of	 cyclic	 arrays	 of	 [n]	 phenol	moieties	

bridged	 by	 methylene	 groups,117	 with	 both	 the	 upper	 and	 lower	 rim	 accessible	 for	

functionalization,	widening	 their	 potential	 applications.	 The	 unique	molecular	 structure	 of	

calixarenes,	having	a	rigid	conformation,	n	=	4,	or	 flexible	conformation	as	n	 increase,	and	

highly	hydrophobic	nature	of	the	varying	cavity	size	of	the	macrocycle,	makes	them	candidates	

as	 host	molecule	 in	 host-guest	 chemistry	 and	 supramolecular	 chemistry	 in	 general.118	 For	

example,	the	calix[8]arene	bearing	Bu-t	moieties	in	the	p-positions	is	effective	in	selectivity	

binding	 and	 purifying	 fullerene	 C60.119	 Indeed,	 the	 versatility	 of	 these	 macromolecules	 in	
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molecular	 recognition	 is	 almost	 limitless,	 featuring	 in	 ion	 sensitive	 electrodes	 or	 sensors,	

optical	sensors,	chiral	recognition	devices	for	solid	phase	extraction	as	a	stationary	phase	and	

modifiers.116,120,121		

	

In	targeting	more	benign	methods	to	the	processing	of	carbon	nanomaterials,	water	soluble	

calixarenes	bearing	water-soluble	functional	groups	at	the	lower	and	upper	rims	have	been	

developed.	The	most	widely	investigated	class	of	such	macrocycles	are	the	sulfonic	acids122,123	

or	phosphonic	acid	moieties	on	the	upper	rim.124,125	Solubilisation	of	carbon	nanomaterial	in	

water	rather	than	in	organic	solvents	has	resulted	in	a	number	of	novel	and	facile	methods	to	

fabricate	and	manipulate	hydrophobic	carbon	nanomaterials	to	enhances	the	green	chemistry	

metrics	of	the	processing,	with	economic	and	environmental	sustainability,	minimizing	energy	

usage,	 reduction	 in	 down	 stream	 processing	 and	 dramatically	 reduction	 in	 the	 cost	 of	

processing	 with	 scope	 for	 scaling	 up	 the	 the	 process.	 The	 high	 level	 of	 conformational	

flexibility	 of	 functionalized	 water-soluble	 calix[8]arenes	 offers	 the	 opportunity	 to	 process	

carbon	nanomaterial	in	water	devoid	of	any	other	chemical	stabilizers,	without	compromising	

the	quality	of	the	nanocarbon	product	targeted.	Although	p-sulfonated	calixarenes	and	other	

sulfonated	calixarenes	will	be	explored	in	future,	this	section	of	the	chapter	will	focus	on	the	

addition	of	p-phosphonated	calix[8]arenes,	to	facilitate	the	removal	of	inner	shells	from	the	

outer	shells	of	multi	walled	CNTs.	

Figure	40	(a)	General	formula	of	calix[n]arenes,	R	can	be	a	wide	range	of	substituents,	and	

(b)	cone	conformation	of	the	Bu-t-calix[4]arene.	

	

	

R

OH
n

n= 4,5,6,7,8,….
OHOH HOOH

(a)	 (b)	
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6.5.2 p-Phosphonated	calixarenes	

The	versatility	of	p-phosphonated	calix[n]arenes	(n=	4,	5,	6	and	8)	(Figure	41)	with	different	

lower	and	upper	 rim	functionalization	 is	highlighted	by	a	number	of	 recent	 reports	on	the	

processing	of	nano-carbon.126		p-Phosphonated	calix[n]arenes	are	effective	in	facilitating	the	

exfoliation	graphene	and	also	stabilising	the	individual	graphene	sheets.127		Other	recent	work	

have	established	the	use	of	these	macrocycles	to	efficiently	solubilized	SWCNTs	in	water	and	

selectively	 afford	 enriched	 SWCNTs	 based	 on	 diameter,115	 as	 surfactants	 facilitating	 the	

exfoliation	and	stabilising	of	2D	material	over	a	wide	pH	range,127	facilitating	the	decoration	

of	palladium	(Pd)	and	platinum	(Pt)	nanoparticles	on	graphene	sheets128-130	and	on	carbon	

nano	onions	(CNO).131	This	relates	to	its	simple	method	of	synthesis	and	biocompatibility.	In	

this	section	of	the	chapter,	the	focus	is	on	the	use	of	p-phosphonated	calix[8]arene,	for	which	

a	 robust	 synthesis	was	developed	much	 later,	 in	2008,	and	 like	 the	other	members	of	 the	

family	of	calixarenes,	n	=	4,	5	and	6,	it	is	non-toxic.126	

	

	

	

	

	

	

	

	

	

	

Figure	41	General	structure	of	p-phosphonic	acid	calix[n]	arenes	

	

6.5.3 Experimental	design	

A	novel	and	 facile	method	of	 removing	 the	 inner	shells	of	DWCNTs	 in	water	 is	developed,	

noting	earlier	studies	established	that	it	is	effective	in	solubilizing	and	stabilising	nanocarbon	

material	 in	 general.115,127-131	 Indeed	 the	 p-phosphonated	 calix[8]arenes	 is	 effective	 in	

overcoming	the	inter-shell	interplay	involving	van	der	Waals	interactions,	as	a	simple	method	

to	easily	remove	the	inner	shells	from	the	outer	shells,	under	the	shear	stress	in	dynamic	thin	

film	son	the	VFD.	The	inner	shells	of	the	DWCNTs	are	dethreaded	from	the	outer	walls	in	water	

by	applying	shear	stress	within	dynamic	thin	 films	 in	 the	VFD	while	 irradiating	at	1064	nm	

P

O

OHOH

OH
n

n= 4,5,6 or 8

R= H, CnH2n+1
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using	a	pulsed	Q-switch	Nd:YAG		laser,	in	the	presence	of	the	calixarene	(Figure	42).	The	VFD	

is	a	microfluidic	platform	that	generates	controllable	mechanoenergy	within	a	liquid	medium,	

as	thin	films	are	formed	around	the	internal	walls	of	a	rapidly	rotating	tube,	which	for	practical	

purposes	was	a	20	mm	diameter	(ID	16.000	±	0.013	mm)	borosilicate	glass	tube.	In	general,	

the	optimal	performance	of	the	VFD	occurs	at	high	rotational	speeds	(2000	rpm	to	9000	rpm)	

and	inclination	angles,	θ	>	0°,	with	a	45°	tilt	angle	corresponding	to	the	maximum	cross	vector	

of	centrifugal	force	and	gravity.	For	this	work,	the	optimized	conditions	for	removing	the	inner	

shells	from	the	outer	shells	was	θ	45°	for	a	rotational	speed	of	7500	rpm.		

	

Preparation	 of	 aqueous	 suspensions	 of	 CNTs.	 DWCNTs	 were	 purchased	 from	 Carbon	

Allotropes	with	an	as	received	purity	>99%.	p-Phosphonic	acid	calix[8]	arene	(p-H2O3	P-calix[8]	

arene)	 (Figure	42b)	was	 synthesized	 following	 the	 literature	method129.	Millli-Q	water	was	

used	for	preparing	the	10	mL	aqueous	suspensions	of	CNTs.		Aqueous	dispersions	of	DWCNT	

(1mg)	in	water	(6mL)	were	prepared	in	the	presence	of	p-phosphonic	acid	calix[8]	arene	(1	

mg/mL).	 Each	 solution	mixture	was	 ultrasonicated	 for	 5	minutes,	 affording	 a	 black	 stable	

dispersion.	Under	the	confined	mode	of	operation	of	the	VFD,	the	solution	mixture	(1	mL)	was	

then	 placed	 in	 the	 glass	 tube	 and	 rotated	 at	 7500	 rpm,	 at	 a	 tilt	 angle	 of	 45	 degrees.		

Simultaneously,	 a	 nanosecond	 pulsed	 laser	 processing	 system	 with	 an	 energy	 of	

approximately	 260	 mJ	 was	 applied	 to	 the	 rapidly	 rotating	 system	 for	 30	 minutes.	 Under	

continuous	flow	mode,	jet	feeds	with	a	flow	rate	at	0.45	mL/min	(optimized)	deliver	the	CNT	

suspension	(similar	concentration,	as	for	the	confined	mode)	into	the	rapidly	rotating	tube.	

Centrifugation	(g=	3.22)	of	the	resulting	dispersion	for	the	confined	mode	of	operation	was	

required	to	remove	any	large	agglomerates,	bundled	CNTs	and	impurities	in	the	sample.	The	

suspension	 of	 DWCNTs	was	 then	 further	 ultracentrifugated	 (g	 ~16900)	 for	 30	minutes	 to	

remove	the	excess	calixarene.	The	centrifuge-washing	step	was	repeated	3	times	to	ensure	

there	 was	 no	 excess	 calixarenes	 present.	 The	 above	 method	 was	 then	 repeated	 using	 a	

mixture	of	NMP	and	water	(6	mL)	at	a	1:1	ratio.	
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Figure	 42	 Schematic	 of	 the	 vortex	 fluidic	 device	 and	 chemdraw	 of	 p-phosphonated	

calix[8]arene.	

		

6.5.4 Characterization	techniques	and	discussion	

The	results	establish	that	the	inner	shell	has	been	removed	from	the	outer	shells,	based	mainly	

using	Raman	spectroscopy	measurements.		Thus	under	the	experimental	conditions	of	shear	

stress	coupled	with	irradiation	with	a	pulsed	laser	in	the	presence	of	the	calixarene	there	is	

dethreading	of	the	inner	SWCNT.	For	the	purpose	of	characterization,	the	CNTs	solubilized	by	

the	 calixarene	were	 ultra	 centrifuged	 (refer	 to	 experimental	 design)	 and	 the	 supernatant	

solution	was	drop	casted	on	a	glass	slide.	The	radial	breathing	mode	(RBM)	frequencies	(100-

300	cm-1)	of	the	Raman	spectra	provides	detailed	information	with	regards	to	the	diameter	of	

CNTs	present	within	a	sample.133	In	order	to	precisely	determine	the	diameter	of	CNTs,	the	

frequencies	of	the	radial	breathing	mode	of	the	as	received	multi	walled	CNTs	were	compared	

with	RBM	frequencies	obtained	upon	the	addition	of	the	p-H2O3	phosphonated	calix	[8]arene.		
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The	relationship	between	the	RBM	frequency	and	the	inverse	nanotube	diameter	has	been	

well	explored	and	is	determined	using	the	mathematical	formula	below:	

	

	

	

Equation	4	

where	νRBM 	is	the	RBM	frequency	in	cm-1,	 dt 	is	the	tube	diameter	in	nm	and	the	parameters	

A=	 223.5	 cm-1	 and	 B=	 12.5	 cm-1	 were	 experimentally	 determined.131	 A	 summary	 of	 the	

calculated	diameters	of	CNTs	present	in	the	as	received	sample	and	the	sample	upon	removing	

the	 shells	were	 systematically	 tabulated	 in	 Figure	 43	 (DWCNT	 dispersed	 in	water)	 and	 44	

(DWCNT	dispersed	in	a	mixture	of	NMP	and	water).	It	is	noteworthy	that	Raman	spectra	were	

obtained	for	control	experiments	consisting	of	just	the	p-H2O3	phosphonated	calix[8]arene,	

establishing	that	the	calixarenes	are	not	Raman	active	and	this	is	in	agreement	with	previously	

reported	work.115	The	RBM	frequencies	with	the	highest	intensities	after	dethreading	are	at	

129.8	cm-1	(1.91	nm),	148.9	cm-1	(1.64	nm),	182.2	cm-1	(1.31nm),	271.7	cm-1		(0.86nm),	304.5	

cm-1		(0.77	nm),	309.2	cm-1	(0.75nm),	and	323.0	cm-1		(0.72	nm)	(Figure	43).	Broad	RBM	bands	

were	observed	with	the	as	received	DWCNT	compared	to	the	narrow	sharp	peaks	observed	

with	 the	 sample	 post	 processing.	 The	 broad	 bands	 observed	 are	 possibly	 due	 to	 a	

superposition	 of	 a	 few	 Lorentzian	 components	 related	 to	 CNTs	 consisting	 of	 different	

diameters.115	
	

νRBM =
A
dt
+B
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Figure	43	Raman	analysis	of	the	radial	breathing	mode	(RBM)	region	of	SWCNTs	in	water:	(a)	

as	 received	 DWCNTs,	 (b-e)	 DWCNT	 after	 dethreading,	 (f-g)	 AFM	 height	 images	 of	 sliced	

SWCNTs	in	water.	

Thus,	 we	 established	 a	 method	 whereby	 the	 addition	 of	 p-phosphonated	 calix[8]arene	

effectively	removes	the	inner	shells	from	the	outer	shells	in	water	and	with	low	yields	of	slicing	

observed,	ca	200	nm	in	length	(Figure	43).		Using	a	mixture	of	water	an	NMP	as	used	in	the	

original	slicing	work	reported	earlier	in	this	chapter	allowed	for	in	situ	dethreading	and	high	

yield	of	slicing,	with	an	average	length	of	ca	370	nm	(Figure	44).		
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Figure	44	Raman	analysis	of	the	radial	breathing	mode	(RBM)	region	of	SWCNTs	in	a	mixture	

of	NMP/water:	(a)	as	received	DWCNTs,	(b-c)	DWCNT	after	dethreading	in	situ,	and	(d)	length	

distribution	plot	of	sliced	SWCNTs	with	an	average	length	of	ca	370	nm.	
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6.5.5 Conclusion	

The	method	 established	 is	 an	 in	 situ	 dethreading	 and	 slicing	 of	 DWCNTs	 in	 water	 in	 the	

presence	 of	 the	 calixarene.	 Other	 solubilising	 surfactants	 may	 also	 be	 effective,	 in	 also	

avoiding	the	use	organic	solvents.	Removing	the	inner	shells	from	the	outer	shells	of	DWCNTs,	

and	in	future	MWCNTs,	provides	a	novel	pathway	towards	gaining	access	to	larger	diameter	

SWCNTs	with	potential	use	for	drug	delivery	and	as	protein	delivery	vehicles.135	The	feasibility	

studies	establishes	that	 the	dethreading	 is	solvent	dependent	with	the	designer	calixarene	

facilitating	the	rotation	and	sliding	of	the	outer	shells	from	the	inner	shells.	It	is	also	important	

to	 note	 that	 shortening	 of	 the	 nanotubes	 could	 somewhat	 have	 an	 effect	 on	 the	 ease	 of	

intertube	sliding	relative	to	long,	bundled	nanotubes.		
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6.6 VFD	mediated	fabrication	of	intertwined	single	walled	carbon	nanotube	

rings.		

This	section	is	based	on	a	publication	published	in	Chemical	Communication	entitled,	‘Shear	

induced	fabrication	of	intertwined	single	walled	carbon	nanotube	rings,’	authored	by	Kasturi	

Vimalanathan,	Xianjue	Chen	and	Colin	L.	Raston.		

	

Abstract:	 Thin	 film	 microfluidic	 shearing	 of	 a	 mixture	 of	 toluene	 dispersed	 single	 walled	

carbon	nanotubes	(SWCNTs)	and	water	in	a	vortex	fluidic	device	results	in	SWCNT	nanorings	

(and	 related	 structures),	 diameters	 100	 to	 200	 nm	 or	 300	 to	 700	 nm	 in	 diameter,	 for	

respectively	10	mm	or	20	mm	diameter	rotating	tubes.	

	

Single	walled	carbon	nanotubes	(SWCNTs)	continue	to	attract	attention,	having	exceptional	

mechanical	and	electrical	properties	 in	high	performance	electronics136	and	applications	 in	

scanning	 probe	 microscopy,137	 fuel	 cells,17	 composites,34	 chemical,138	 biological,139	 and	

physical	sensors.140	They	are	available	as	long	fibres,	centimetres	in	length	and	beyond,	and	

tend	to	aggregate	 into	 large	bundles	because	of	the	relatively	strong	 inter-SWCNT	van	der	

Waals	interactions.	Indeed,	difficulties	in	generating	individual	strands	of	SWCNTs	are	an	issue	

in	optimizing	 their	mechanical,	 thermal,	and	electronic	properties.141,142	Carbon	nanotubes	

have	 in	 general	 extremely	 high	 flexural	 rigidity,17,34	 and	 permanently	 bending	 them	 in	 a	

controlled	 way	 into	 well-ordered	 nanorings/toroidal	 structures	 is	 challenging,143	 with	 the	

potential	 to	 circumvent	 or	 control	 the	 aforementioned	 aggregation	 and	 impart	 different	

functionality.	A	variety	of	techniques	have	been	reported	on	generating	such	structures	with	

control	over	their	diameters.144-148	However,	they	mostly	involve	long	periods	of	high-energy	

sonication,	chemical	modifications	and	lengthy	physical	processing	as	well	as	the	use	of	highly	

reactive	 chemicals	 such	 as	 concentrated	 sulphuric	 acid	 and	 hydrogen	 peroxide,	which	 are	

potentially	 damaging	 to	 the	 SWCNTs.	 	 In	 this	 context,	 the	 development	 of	 more	 benign	

methods	is	warranted,	as	is	the	ability	to	scale	up	the	conversion	of	SWCNTs	in	particular,	into	

the	 nanorings,	 with	 control	 over	 their	 diameter	 while	 maintaining	 a	 high	 level	 of	 purity.	

Hydrophobic	 carbon	 nanotubes	 and	 hydrophilic	 palladium	 nanowires	 form	 coils	 in	 the	

presence	 of	 a	 water/oil	 mixture,	 and	 this	 establishes	 the	 utility	 of	 an	 immiscible	 solvent	

mixture	 and	 the	 associated	 interfacial	 surface	 tension	 as	 an	 important	 consideration	 in	

overcoming	high	flexural	rigidity	of	these	one	dimensional		

materials.146	
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We	now	report	a	simple	and	novel	one-step	method	to	produce	nanorings	of	SWCNTs	in	high	

yield,	where	liquid-liquid	interfacial	area	involving	a	mixture	of	water	and	toluene	is	amplified	

using	mechanoenergy	from	a	recently	developed	energy	efficient	microfluidic	vortex	fluidic	

device	 (VFD),	 Figure	45.149	Well-defined	nanorings	of	 SWCNTs	with	 the	average	diameters	

depending	on	the	diameter	of	the	tube,	being	accessible	down	to	ca	100	nm.	The	ability	to	

control	the	diameter	of	such	rings,	and	the	ability	to	scale	up,	has	implications	for	applications	

in	electronic	devices.143	

	

The	VFD	has	a	rapidly	rotating	tube,	within	which	liquids	form	dynamic	thin	films	for	finite	

sub-millilitre	volumes	of	liquid,	as	the	so-called	confined	mode	of	operation	of	the	device.149	

The	 shear	 intensity	 in	 the	 films	depends	on	a	number	of	parameters,	 including	 inclination	

angle	 relative	 to	 the	 horizontal	 position,	 θ,	 and	 the	 rotational	 speed,149	which	 collectively	

define	 the	 interplay	 between	 centrifugal	 and	 gravitational	 forces	 within	 the	 films.64	 The	

confined	mode	of	operation	of	the	VFD	results	in	the	formation	of	a	thin	film	for	a	defined	

volume	of	liquid	(herein	1	mL)	within	the	tube,	at	least	above	a	threshold	speed	such	that	a	

vortex	is	maintained	to	the	bottom	of	the	tube,	otherwise	there	are	different	regimes	of	shear	

within	the	liquid.149		

	

The	VFD	 can	 also	 operate	 under	 continuous	 flow	where	 jet	 feeds	 deliver	 solutions	 to	 the	

bottom	of	the	tube	which	results	in	intense	micro	mixing,	and	collectively	with	the	confined	

mode	 of	 operation,	 a	 number	 of	 applications	 of	 the	 device	 have	 been	 established.	 These	

include	 controlling	 chemical	 reactivity	 and	 selectivity	 in	 organic	 synthesis,149	 exfoliation	of	

graphene	and	boron	nitride,64	controlling	the	decoration	of	palladium	nanoparticles	on	carbon	

nano-onions	 and	 graphene	 sheets,128-131,150	 generating	 graphene	 algae	 hybrid	material	 for	

nitrate	removal,151	generating	mesoporous	silica	at	room	temperature	with	control	of	pore	

size	and	wall	thickness,67	and	more.	

	

6.6.1 Experimental	design	

SWCNTs	produced	by	a	catalytic	chemical	deposition	synthesis	method	with	>	90%	purity	were	

purchased	from	Thomas	Swan	and	Co.	 (UK),	and	used	as	received.	Toluene	was	purchased	

from	Sigma	Aldrich	and	also	used	as	received.	SWCNTs	(1.0	mg)	were	dispersed	in	toluene	(3	

mL)	and	added	to	MilliQ	water	(3	mL).	Sonication	for	10	minutes	afforded	a	stable	two-phase	

dispersion	with	the	top	phase	black	and	the	bottom	phase	milky	(Figure	1(a)).	A	1	mL	portion	
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of	the	mixture	under	sonication	was	collected	to	ensure	that	it	was	a	uniform	mixture	of	the	

three	components,	and	was	placed	in	a	20	mm	(I.	D=	20.000	±	0.013	mm)	or	10	mm	(I.	D=	

7.100	±	0.013	mm)	diameter	VFD	tube,	as	standard	borosilicate	glass	NMR	tubes.		

	

A	systematic	evaluation	of	the	operating	parameters	of	the	VFD	was	carried	out	to	ascertain	

the	optimal	 parameters	 for	 the	 formation	of	 the	nanorings.	 These	were	established	as	 an	

inclination	angle	of	45°	with	the	20	mm	VFD	tube	rotating	at	7500	rpm,	for	a	reaction	time	of	

20	minutes.	At	other	 rotational	speeds	and	 inclination	angles,	 ie.	higher	or	 lower	 than	the	

optimized	conditions,	the	formation	of	the	nanorings	was	either	in	low	yield	or	not	evident	

(Appendix	H).	The	diameters	of	the	rings	produced	were	within	the	range	of	300	to	700	nm,	

as	established	using	atomic	 force	microscopy	 (AFM)	and	 transmission	electron	microscopy	

(TEM).	Optimisation	of	the	operating	parameters	were	also	established	for	a	10	mm	diameter	

tube,	which	resulted	in	the	formation	of	nanorings	with	a	significantly	smaller	diameter	range,	

100	to	200	nm.	
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Figure	 45	 (a)	 Synthesis	 and	 proposed	 templated	mechanism	 of	 formation	 of	 nanorings	 of	

SWCNTs	 from	 a	 sonicated	 mixture	 of	 toluene	 and	 water,	 (b)	 photograph	 of	

SWCNT/toluene/water	 mixture	 post-VFD	 processing,	 θ	 45o	 and	 pre-VFD	 processing	 AFM	

phase	image,	(c)	height	image,	(d)	and	associated	height	profile,	(e)	of	a	toroidal	structure	with	

radiating	SWCNTs,	formed	on	drop	casting	the	mixture	from	(a).	

	

Overall	 the	 nanorings	 formation	 (Figure	 46	 and	 47)	 is	 at	 a	 high	 conversion.	 There	was	 no	

evidence	 of	 non-coiled	 SWCNTs,	 with	 some	 different	 morphologies	 generated,	 namely	

nanorings,	figure	of	“8”	shaped	rings	and	crossed	lattice	rings.141		
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Figure	46	SWCNT	nanorings	300	to	700	nm	in	diameter,	generated	using	a	20	mm	VFD	tube:	

(a-c)	AFM	height	images	of	the	rings,	(d-f)	TEM	images	of	the	different	nanoring	structures.	

	

Processing	 in	 the	 smaller	 internal	 diameter	 tube	afforded	 smaller	 rings,	 100	 to	200	nm	 in	

diameter,	Figure	47,	for	a	reaction	time	of	an	hour	under	the	same	VFD	operating	parameters	

(namely	45	degree	inclination	angle,	7500	rpm	rotational	speed).	Small	amounts	of	toroidal	

structures	 based	 on	 a	 single	 SWCNT	 are	 also	 present	 (Figure	 47f),	 where	 it	 appears	 that	

SWCNTs	 ‘bite’	 their	 tail,	 with	 the	 diameter	 of	 the	 toroid	 at	 approximately	 100	 nm.	 This	

corresponds	to	a	length	of	314	nm	for	a	straight	SWCNT,	from	which	the	toroid	presumably	

originates,	Figure	46f,	and	this	has	 implications	on	the	nature	of	processes	 involved	 in	 the	

dynamic	thin	films	in	the	VFD.	It	is	noted	that	the	initial	lengths	of	these	as-received	SWCNTs	

were	approximately	1-2	μm	in	length,	and	thus	in	forming	these	structures	based	on	a	single	

SWCNT	there	has	been	some	lateral	slicing	in	generating	shorter	lengths.	
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Figure	47	SWCNT	nanorings	100	to	200	nm	in	diameter	(10	mm	diameter	VFD	tube):	(a-b)	TEM	

images	of	the	nanorings,	(c-d)	HRTEM	images.	AFM	height	images	(e)	nanoring,	and	(f)	single	

SWCNT	‘biting’	its	tail	(lower	left)	along	with	some	short	SWCNTs,	ca	120	nm	in	length.	

	

Shear	forces	in	the	VFD	are	effective	under	both	confined	mode	and	continuous	flow	modes	

of	operation	in	controlling	the	fabrication	of	nanomaterials,64,67,150,151	including	exfoliation	of	

carbon	nanomaterials	such	as	graphite.64	In	the	confined	mode	at	θ	>	0o,	centrifugal	forces	

accelerate	the	emulsion	droplets	and	nanotubes	to	the	bottom	of	the	tube.	The	ensuing	shear	

can	 overcome	 the	 large	 van	 der	Waals	 forces	 between	 the	 bundles	 of	 SWCNTs	 and	 thus	

facilitate	 exfoliation	 of	 individual	 SWCNTs,	 with	 the	 shear	 then	 also	 responsible	 for	 their	

lateral	slicing.		

	

Drop	casting	the	interfacial	SWCNT	laden	material	in	Figure	45(a)	affords	toroids	with	radiating	

SWCNTs,	as	established	using	AFM,	Figure	45(c)	–	(e).	This	suggests	that	toroids	of	toluene	
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containing	 hydrophobically	 matched	 SWCNTs	 are	 present	 pre-VFD	 processing,	 and	 under	

shear	 nanorings	 of	 compact	 intertwined	 SWCNTs	 at	 their	 van	 der	Walls	 limit	 are	 formed,	

drawing	in	the	radiating	SWCNTs.	These	nanorings	were	characterised	using	AFM	and	TEM,	

Figure	 46	 and	47.	 They	have	 smaller	wall	 thickness	 (differences	 between	 the	 internal	 and	

external	 diameter)	 relative	 to	 the	 toroids	 formed	 from	 drop	 casting	 pre-VFD	 processing	

mixture.	For	10	mm	diameter	VFD	tubes,	the	external	diameter	of	the	nanorings	dramatically	

reduces	relative	to	the	size	of	the	toluene	toroids,	and	thus	there	is	greater	curvature	in	the	

SWCNTs.		

	

Interestingly,	the	long	axis	of	the	figure	of	“8”	structures	is	approximately	twice	the	external	

diameter	of	the	nanorings,	and	possibly	arise	from	two	toroids	of	SWCNT	laden	toluene	 in	

contact	 through	 common	 SWCNTs,	 at	 their	 limiting	 size	 under	 intense	 shear.	 Previous	

researchers	have	noted	that	the	different	structures	of	nanorings	depend	on	the	method	of	

sample	 preparation,	 with	 rings	 collapsing	 at	 the	 edge	 of	 the	 substrate	 prior	 to	 solvent	

evaporation	in	forming	the	figure	of	“8”	structure.146	Formation	of	these	structures	has	also	

been	ascribed	as	resulting	from	further	coiling	and	twisting	of	the	toroid	rings,	as	a	secondary	

structure.148		

	

As	a	 control,	 sonication	of	a	 suspension	of	SWCNTs	 in	 toluene	showed	de-bundling	of	 the	

nanotubes	with	occasional	 ring	 structures.	However,	 these	 rings	were	unstable	and	slowly	

collapsed	back	post-sonication	(Appendix	H).	Also	SWCNTs	in	toluene,	in	the	absence	of	water,	

and	 without	 the	 application	 of	 sonic	 energy,	 undergo	 aggregation/restacking.	 Clearly,	

sonication	is	essential	to	obtain	a	well-dispersed	SWCNT	toluene/water	dispersion,	generating	

templating	toroids	of	toluene	en	route	to	forming	the	compact	nanorings	of	SWCNTs	under	

shear.	 In	 the	absence	of	 the	 liquid-liquid	 interface,	 the	SWCNTs	dispersed	 in	pure	 toluene	

under	shear	using	similar	VFD	processing	conditions	does	not	afford	nanorings	of	SWCNTs,	

thereby	 establishing	 that	 the	 surface	 tension	 between	 the	 otherwise	 immiscible	 liquids	 is	

essential	for	generating	nanorings	of	SWCNTs	(Appendix	H).	

	

High-resolution	TEM	(HRTEM)	images	show	that	the	nanorings	are	comprised	of	SWCNTs	of	

diameters	in	the	range	1	to	2	nm	(Figure	47c	and	47d).	These	results	are	consistent	with	micro-

Raman	spectroscopy	(Figure	48),	at	an	excitation	wavelength	of	532	nm	(≤	5	mW).	

The	radial	breathing	mode	(RBM)	(Figure	48	inset)	as	well	as	the	G-	and	D-band	on	the	spectra	
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are	markers	for	determining	the	diameters	of	the	SWCNTs.152	The	peaks	at	1353	cm-1	and	the	

peak	at	1593	cm-1	correspond	to	the	D-	and	the	G-bands	respectively	(Figure	48).	The	D-band	

is	the	disorder-induced	band	which	provides	information	regarding	amorphous	impurities	and	

is	a	measure	of	the	amount	of	disorder	and	defects	on	the	walls	of	the	nanotubes,	whereas	

the	G-band	 (graphite	band)	 corresponds	 to	 the	 graphite	 E2g	symmetry	band,	 affirming	 the	

structural	integrity	of	the	sp2	hybridized	carbon	atoms	of	the	nanotubes.115	Focusing	on	the	

RBM	of	the	spectra,	the	frequencies	at	ca	97.3	cm-1,	164.1	cm-1,	182.1	cm-1	and	277.8	cm-1	

respectively,	νRBM	=	A/dt+	B,	where	the	RBM	frequency	is	in	cm-1,	dt	is	the	diameter	of	the	CNT,	

and	A=	223.5	cm-1	and	B=	12.5	cm-1	which	have	been	determined	experimentally,134	enable	

the	determination	of	the	diameter	of	the	SWCNTs	forming	the	rings.	Thus,	the	frequencies	of	

the	RBM	region	correspond	to	SWCNTs	present	approximately	2.64	nm,	1.47	nm,	1.32	nm	and	

0.86	nm	in	diameter	respectively,	in	accordance	with	HRTEM	data.		

	

The	irregular	thicknesses	(Figure	46	and	47)	of	the	ring	walls	relate	to	aggregation	of	more	

than	 one	 nanotube,	 consisting	 of	 semiconducting	 and	 metallic	 nanotubes	 of	 a	 range	 of	

diameters,	stacked	at	the	van	der	Waals	limit.	The	rings	produced	in	the	20	mm	VFD	had	a	

nanoring	wall	 thickness	of	 ca	30	 to	60	nm,	comprised	of	approximately	20	 to	30	stacks	of	

nanotubes	of	diameters	between	1	to	2	nm,	noting	that	some	of	the	nanotubes	are	likely	to	

coil	more	than	once	in	each	nanoring.	The	smaller	diameter	rings,	generated	using	a	10	mm	

diameter	VFD	tube,	have	7.0	to	8.0	nm	thick	walls,	being	similarly	built	up	of	about	3	to	8	

stacks	of	nanotubes	of	1	to	2	nm	in	diameter.	
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Figure	 48	 Raman	 spectra	 of	 SWCNT	 nanorings	 deposited	 on	 a	 glass	 slide.	 Inset:	 Radial	

breathing	mode	region	whereby	the	frequencies	correspond	to	diameter	of	the	SWCNTs.148	

	

6.6.2 Conclusion	

In	summary,	we	have	developed	a	simple	and	novel	one-step	method	to	 fabricate	SWCNT	

nanorings	using	the	shear	generated	in	thin	films	within	a	vortex	fluidic	device.	This	is	under	

ambient	conditions	and	avoids	the	use	of	reactive	chemicals	for	processing,	and	the	need	for	

surfactants	to	stabilize	the	nanorings,	with	the	ability	to	control	the	ring	size,	depending	on	

the	diameter	of	 the	 rapidly	 rotating	 tube.	Nanorings	of	SWCNT	have	promise	 in	a	number	

fields	 including	 in	 polymer	 composites,	 sensing	 devices	 and	 more	 importantly	 electronic	

circuits,142-144	and	this	is	closer	to	a	realization	with	the	availability	of	such	material	herein,	

which	can	be	readily	scaled	up.	
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7 CONCLUSIONS	AND	FUTURE	DIRECTIONS	
___________________________________________________________________________	

The	research	undertaken	using	thin	film	microfluidics	within	the	vortex	fluidic	device	(VFD)	

has	 established	 a	 paradigm	 shift	 in	 materials	 science	 processing	 as	 applied	 to	 carbon	

nanomaterials.	 This	 has	 opened	 new	 possibilities	 of	 fabricating	 carbon	 nanomaterial	 of	

various	 dimensions	 and	 architectures.	 The	 past	 few	 years	 of	 research,	 delving	 into	 the	

development	of	methods	to	control	the	growth	and	self	assembly	of	0D,	1D	and	2D	carbon	

nanomaterials,	has	resulted	in	significant	advances	in	the	field	with	the	ability	to	exquisitely	

tailor	the	chemical	and	physical	properties	for	targeted	applications.	

	

Controlling	the	fabrication	of	carbon	nanomaterials	using	conventional	processing	methods	

has	greatly	influenced	the	field	of	nanotechnology,	in	bridging	the	gap	between	biochemistry	

and	 organic	 chemistry.	 The	 aim	 of	 the	 research	 herein	 was	 to	 develop	 new	methods	 for	

fabricating	 carbon	nanomaterial	 in	 a	more	 benign	way	with	 a	 view	 that	 this	will	 facilitate	

transferring	the	technology	to	the	market	place.	Although	most	of	the	conventional	methods	

are	 significant	 innovations	 in	 science	 and	 in	 their	 respective	 fields,	 the	 main	 issues	 and	

limitations	that	are	yet	to	be	addressed	are	the	generation	of	high	levels	of	waste,	high	energy	

usage,	 often	 the	 need	 for	 down	 stream	 processing,	 and	 limited	 scope	 for	 scaling	 up	 the	

processes.	 The	 use	 of	 chemical	 stabilisers	 and	 surface	 active	 molecules	 in	 many	 of	 the	

methods	is	pivotal	for	controlling	the	growth	and	stabilising	the	structures	within	nanoscale	

dimensions.	 However,	 when	 addressing	 potential	 for	 scalability	 of	 a	 process,	 these	

requirements	 raise	 concerns	 due	 to	 the	 high	 costs	 and	 the	 difficulties	 of	 down	 stream	

processing.	 In	the	present	study,	these	 issues	have	been	addressed	at	the	 inception	of	the	

science.	

	

To	summarize	the	findings	in	this	thesis,	the	use	of	process	intensification	as	an	alternative	

route	 to	 conventional	 processing	 methods	 has	 resulted	 in	 significant	 advancement,	

establishing	 more	 environmentally	 benign	 methods	 of	 processing,	 with	 scalability	

incorporated	into	the	processes.	The	research	provides	an	in-depth	study	on	the	use	of	shear	

stress	 generated	within	 dynamic	 thin	 films	 in	 the	 VFD	 to	manipulate	 and	 process	 carbon	

nanomaterials	with	control	over	the	shapes,	size	and	dimensions	of	the	material.	The	main	

advantage	of	the	VFD	relates	to	controllable	mechanoenergy	within	dynamic	thin	films	(≥	200	
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µm	thick)	to	control	the	fabrication	of	nanomaterials	under	continuous	flow.		

	

A	number	of	significant	advancements	have	been	made	 in	 the	 field	of	materials	chemistry	

herein,	firstly	in	controlling	the	self	assembly	of	fullerene	molecules,	as	detailed	in	Chapter	4.	

Since	the	90’s	there	has	been	extensive	studies	on	controlling	the	self	assembly	of	fullerene	

C60,	with	remarkable	precision	in	manipulating	the	architectures	with	distinct	morphologies	

and	 sizes.1-9	 Thin	 film	 processing	 in	 the	 VFD	 establishes	 a	 new	way	 of	 controlling	 the	 self	

assembly	of	C60	molecules,	forming	nanotubules	using	an	immiscible	solvent	system	of	toluene	

and	 water.	 These	 nanotubules	 are	 stable	 and	 devoid	 of	 surfactants,	 and	 have	 uniform	

nanopores	 on	 their	 surfaces.	 The	 formation	 of	 these	 distinct	 architectures	 devoid	 of	

surfactants	is	without	precedent,	and	their	accessibility	is	directly	related	to	the	high	shear	

forces	in	the	thin	films	in	the	VFD,	which	in	turn	is	related	to	the	optimal	operating	parameters	

of	the	device,	including	rotational	speed,	using	a	saturated	solution	of	C60	in	toluene	and	water	

as	an	immiscible	solvent.		

	

The	 intense	 micromixing	 and	 the	 formation	 of	 what	 appears	 to	 be	 a	 uniform	 phase	 of	

otherwise	immiscible	solvents,	presumable	as	an	antisolvent	effect,	in	dramatically	lowering	

the	 solubility	 of	 the	 fullerene,	 resulting	 in	 controlled	 nucleation	 and	 growth	 of	 the	

nanotubules.	Moreover,	the	shear	stress	created	fcc	C60	directly	which	is	devoid	of	included	

solvent,	rather	than	the	hexagonal	phase	containing	interstitial	toluene	molecules,	thereby	

circumventing	 the	 need	 for	 down	 stream	 processing	 post-VFD	 processing.	 	 The	 dynamic	

nature	of	the	liquid	also	results	in	solvent	evaporation	under	shear	because	of	the	waves	and	

ripples	 in	 the	 thin	 film,	 but	 for	 the	 toluene/water	 mixture,	 such	 evaporation	 would	 be	

minimal.	 Overall,	 the	 ability	 to	 fabricate	 functional	 nanocarbon	 material	 in	 this	 way	 is	

significant	 in	 the	 field	 in	 eliminating	 the	 need	 for	 annealing	 the	 nanostructures	 at	 high	

temperature	for	generating	the	fcc	phase,	and	to	remove	any	surfactants	used	to	control	the	

radial	growth	under	diffusion	controlled	batch	processing.		

	

Reports	on	the	self	assembly	of	C70	are	limited,	which	relates	to	its	ellipsoidal	molecular	shape	

and	 the	 coexistence	 of	 energetically	 similar	 phases	 at	 room	 temperature,	 thus	making	 its	

nucleation	and	growth	inherently	difficult	to	control.10-13		Using	similar	conditions	to	what	was	

achieved	for	the	above	self	assembly	of	C60,	feasibility	studies	show	promising	results	of	being	

able	 to	 employ	 similar	 conditions,	 affording	 hollow	 tubes	 of	 self	 assembled	 C70	molecules	
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generated	under	continuous	flow	conditions.	However	this	was	possible	using	a	mixture	of	

toluene	and	isopropanol	as	the	miscible	solvent	system	(Figure	49),	rather	than	the	immiscible	

water	and	toluene	system	used	for	C60,	which	gave	non-uniform	material.	Unlike	conventional	

methods,10-13	 the	 VFD	 established	 controllable	 self	 assembly	 of	 C70	 molecules	 into	

nanotubules	of	microns	in	length	with	an	orthorhombic	lattice.10	The	phase	transition	from	

the	hexagonal	of	pristine	C70	(Figure	49e)	is	possibly	related	to	mechanism	of	the	nucleation	

and	growth	of	these	molecules,	controlled	by	the	shear	stress	and	the	nature	of	the	miscible	

solvent	 system.	 Is	 the	 phase	 transformation	 observed	 with	 C70	 an	 indication	 of	 trapped	

solvents	within	the	nanostructure	and	could	this	be	related	to	the	ellipsoidal	molecular	shape	

of	C70?	This	will	be	be	explored	further	to	understand	the	mechanism	of	the	self	assembly	and	

how	it	differs	to	that	of	the	C60	molecules,	as	will	be	controlling	the	growth	of	mixed	fullerene	

material,	 ie.	studying	ratios	of	C60	and	C70,	and	the	affect	this	has	on	the	structure	and	the	

properties.		

	

Figure	49	(a-c)	SEM	images	of	C70	micron	length	tubules	formed	in	the	presence	of	a	binary	

solvent	system	of	toluene	and	 isopropanol	at	a	1:1	ratio.	 (d)	TEM	image	of	the	C70	tubules	

(inset:	SAED	pattern),	and	(e)	XRD	pattern	of	both	the	pristine	C70	(hexagonal	phase)	and	C70	

nanotubules	(orthorhombic	phase)	respectively.	

	

Thus,	 it	 is	 evident	 that	 controllable	 mechanoenergy	 generated	 in	 the	 VFD	 shows	 great	

potential	for	the	fabrication	and	self	assembly	of	novel	architectures	based	on	fullerene	C60	

and	higher	 fullerene	molecules.	This	method	now	allows	 for	 translating	 this	novel	process	

towards	affording	novel	hybrid	nanomaterials,	which	includes	composites	of	fullerenes	and	

sliced	CNTs14	and	composites	of	fullerenes	C60	and	higher	fullerenes,	especially	C70.	The	VFD	
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provides	 an	 opportunity	 to	 control	 the	 size,	 shape,	 morphology	 of	 hybrid	 materials,	 for	

example,	in	situ	slicing	of	CNTs	in	the	presence	of	fullerenes.	This	will	provide	a	robust	method	

to	physically	merge	both	nanomaterials,	whereby	the	presence	of	C60	molecules	for	instance	

may	facilitate	the	slicing	process,	simultaneously	forming	covalent	bonds	either	to	the	outer	

surface	of	the	CNTs	or	to	the	dangling	bonds	at	the	ends	of	the	tubes,	arising	from	the	the	

high	 vibrational	 energy	 induced	by	 a	NIR	 laser.	Novel	 hybrid	material	 formed	will	 possess	

properties	beyond	those	for	structures	based	on	fullerenes	and	CNTs	alone.		

	

Another	significant	advance	was	the	ability	to	exfoliate	graphene	and	indeed	exfoliate	with	

simultaneously	 formation	 of	 graphene	 nanoscrolls	 in	 relatively	 high	 yield,	 as	 detailed	 in	

Chapter	5.	Although	there	are	a	number	of	published	methods	for	exfoliating	graphene,15-17	

they	involve	the	use	of	intercalation	molecules,	surfactants	and	toxic	organic	solvent,	which	

limits	the	utility	of	the	material	even	when	scalability	of	the	process	is	addressed.	Similar	to	

graphene	sheets,	exhibiting	exceptional	thermal,	mechanical	and	electrical	properties	for	a	

diverse	 range	of	 applications,	 graphene	nanoscrolls	 have	 also	 emerged	 as	material	 having	

properties	beyond	that	of	carbon	nanotubes,	with	potential	for	use	in	supercapacitors	and	for	

hydrogen	 storage.18-20	 The	 research	 focused	 on	 exploiting	 the	 properties	 of	 graphene	

nanoscrolls	by	means	of	fabricating	directly	from	graphite	flakes	with	the	shear	stress	lifting	

and	facilitating	the	rolling	process.	Conventional	processing	generates	graphene	scrolls	in	low	

yield,	 and	 uses	 contaminating	 surfactant.	 VFD	 scroll	 formation	 featured	 the	 use	 of	 an	

immiscible	 toluene	and	water	 solvent	mixture	within	dynamic	 thin	 films,	 as	 for	 the	 above	

controlling	of	the	fullerene	self	assembly.	Although	a	detailed	mechanism	of	this	process	is	

yet	to	be	realised	with	the	spacing	between	the	layers	at	3.34	nm,	dramatically	larger	than	at	

the	van	der	Waals	limit,	at	0.34	nm.	Nevertheless,	a	remarkable	finding	is	the	formation	of	rod	

shape	structures	at	the	interface	of	the	otherwise	immiscible	solvent	when	subjected	to	mild	

cavitation,	without	the	use	of	the	VFD.	If	such	rod	shape	structures	also	prevail	in	the	VFD,	

they	 could	 act	 as	 templates	 in	 the	 scrolling	 process	 and	 account	 for	 the	 large	 separation	

between	layers	 in	each	scroll.	This	needs	to	be	investigated	in	details	using	real	time	small	

angle	 neutron	 scattering	 (SANS)	 experiments,	 which	 is	 being	 explored	 within	 the	 Raston	

research	group	as	a	major	research	program,	noting	real	time	SANS	under	shear	has	not	been	

reported.	A	number	of	other	issues	also	need	to	be	addressed,	including	characterising	the	

rods	using	other	techniques,	including	AFM,	SEM	and	TEM,	but	this	is	also	is	a	major	research	

program	 in	 its	 own	 right.	 In	 addition,	 upon	 formation	 of	 the	 nanoscrolls,	 is	 there	 rapid	
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evaporation	of	the	solvent(s)	affording	pristine	nanoscrolls,	and	can	they	be	compressed	with	

then	 van	 der	Waals	 contacts	 between	 layers?	 In	 conclusion	 here,	 the	 apparent	 stabilized	

micelle	templates	in	the	presence	of	shear	stress	in	the	liquid	represents	a	new	route	towards	

the	 fabrication	 of	 graphene	 nanoscrolls	 in	 relatively	 high	 yield	 (~30%)	 compared	 to	

conventional	low	yielding	methods	currently	available,	for	then	testing	the	above	applications.	

The	challenges	that	will	be	further	systematically	addressed	for	the	exfoliation	and	scrolling	

of	 graphene	 sheets	 includes	 (i)	 high	 volume	 fabrication	 –scaling	 up,	 (ii)	 further	 direct	

exfoliation	devoid	of	surfactants	and	toxic	and	harsh	chemicals,	(iii)	exquisite	control	over	the	

morphology	 of	 the	 graphene	 sheets	 affording	 tightly	 formed	 scrolls,	 (iv)	 the	 possibility	 of	

lateral	slicing	of	the	graphene	scrolls	using	a	NIR	(1064	nm)	laser.		

	

Chapter	6	provides	a	detailed	study	on	the	use	of	shear	within	dynamic	thin	films	to	process,	

manipulate	and	control	the	chemical	and	physical	properties	of	CNTs.	However,	the	method	

of	 growth	 and	 their	 physical	 complexity	 in	 bulk	 mixture	 can	 limit	 their	 applications.	 VFD	

mediated	processing	of	CNTs	has	advantageous	in	being	able	to	accentuate	certain	properties	

without	compromising	 the	quality	of	 the	material.	The	primary	gap	 in	materials	 science	of	

CNTs	is	applications	specifically	in	the	biological	arena	and	device	technology,21-24	which	is	in	

consequence	of	the	inability	to	avoid	bundling	and	control	their	lengths.	With	dispersibility	in	

solvents	being	critical	for	most	processing,	the	ability	to	overcome	the	high	flexural	rigidity	of	

CNTs	has	been	overcome.	The	controlled	bending	under	intense	shear	was	not	only	essential	

to	 afford	 stabilized	 CNT	 toroids	 of	 varying	 diameters	 and	 morphologies,	 for	 the	 use	 in	

electronic	device	and	sensors,	but	was	 the	primary	step	 towards	developing	a	method	 for	

lateral	slicing.	The	mechanism	is	well	understood	through	high	level	theoretical	calculations	

where	shear	stress	in	the	VFD	provides	sufficient	energy	to	overcome	the	high	flexural	rigidity	

of	SWCNTs	(Figure	50b)	.	The	ability	to	slice	SWCNTs	to	a	length	ca	300	nm	allows	for	the	shear	

to	bend	the	SWCNTs	to	an	extent	that	that	the	ends	come	in	contact	and	fuse	affording	rings	

with	a	diameter	of	ca	120	nm.	The	persistent	current	flow	and	exceptional	magnetic	responses	

of	 such	 novel	 nanostructures	would	 be	 pioneering	work	with	 theoretical	 calculations	well	

understood25	 (Figure	 50c).	 	 These	 SWCNTs	 rings	 have	 interesting	 magnetic	 properties	 as	

determined	 through	preliminary	magnetic	 force	microscopy	measurements	 (MFM)	 (Figure	

50d)	exhibiting	surface	potentials	 that	dependent	on	the	size	and	morphology	of	 the	rings	

(Figure	 50d).	 Surface	 potential	 measurements	 were	 obtained	 using	 the	 Kelvin	 force	

microscopy	technique	(KFM)	(Figure	50d).		
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Figure	50	Schematic	of	feasibility	studies	for	studying	the	use	of	shear	stress	in	the	VFD	to	fuse	

two	ends	of	SWCNTs,	with	surface	potential	and	magnetic	properties	determined	via	Kelvin	

force	microscopy	(KFM)	and	magnetic	force	microscopy	(MFM).	
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Figure	51	Schematic	of	feasibility	studies	for	the	studying	the	use	of	shear	stress	in	the	VFD	to	

induce	chirality	into	the	nano-carbon	structures	

	

With	extended	exposure	 to	 shear	 stress	 in	 the	VFD,	 chiral	 ‘figure	of	8’	nanostructures	are	

observed	(Figure	51).	 	 It	 is	remarkable	that	the	nanostructures,	as	 illustrated	 in	Figure	51b	

appear	to	exhibit	the	same	absolute	chirality,	and	it	is	hypothesized	that	this	arises	from	chiral	

nature	of	the	fluid	flow	in	the	VFD,	which	is	being	explored	within	the	Raston	research	group.	

With	the	recent	use	of	mechanical	vortexes	to	tune	the	chirality	of	nano-carbon	material,26	

the	 above	 observations,	 although	 at	 this	 stage	 still	 preliminary,	 would	 be	 a	 further	 step	

towards	 inducing	 chirality	 into	 the	nano-carbon	 structures,	with	 control	over	 the	absolute	

stereochemistry.	

	

A	pulsed	Nd:YAG	laser	operating	in	the	NIR	was		used	as	an	alternative	to	high	temperature	

processing	in	establishing	a	novel	route	to	break	and	rupture	the	C-C	bonds	at	points	of	high	

curvature	associated	with	the	bending	under	shear.	The	advantage	of	continuous	flow	VFD	

mediated	processing	 is	the	scalability	of	the	process	with	minimal	or	no	significant	defects	

formed	on	the	surface	of	the	nanotubes.	This	has	been	beyond	the	bounds	of	possibility	using	

conventional	methods.	Now	that	an	efficient	means	of	lateral	slicing	single,	double	and	multi	

walled	 carbon	 nanotubes	 has	 been	 established,	 succeeding	 work	 will	 involve	 precisely	

controlling	the	length	to	suit	specific	applications.	For	example,	with	the	understanding	of	the	

slicing	mechanism,	 the	 thin	 films	 allow	 for	 the	 possibility	 of	 controlling	 the	 shear	 thereby	

imparting	different	radii	of	curvature	of	the	CNTs,	which	then	under	optimised	laser	powers	

would	be	an	efficient	route	towards	affording	CNTs	of	controllable	lengths	and	specificity	to	

suit	biomedical,	bioengineering	and	for	device	technology	respectively.		

	

θ 
ω"
toluene/water

SWCNTs
800 nm

(a)
(b)

(c)
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CNTs	are	defined	by	their	varied	diameters	and	chirality,	which	dictate	their	unique	electrical	

and	optical	properties.	Single	chirality	SWCNTs	show	great	promise	in	applications	in	device	

technology,	biomedical	and	other	biological	applications.	Given	that	different	chiralities	have	

different	chemical,	physical	and	electrical	properties,	the	use	of	single	chirality	CNTs	would	

offer	as	a	more	efficient	route	for	different	applications.	After	establishing	the	VFD	mediated	

slicing	 of	 CNTs	 with	 control	 in	 the	 length	 distribution,	 the	 focus	 was	 then	 to	 convert	

(interconvert)	 the	 chiralities	 to	 approach	 single	 chirality	 SWCNTs.	 	 The	 separation	 of	 the	

different	 chiralities	 of	 CNTs	 have	 been	 extensively	 studied,	 as	 monochiral	 SWCNTs	 with	

enhance	 and	 improve	 efficiency.27-34	 The	 aim	of	 this	 part	 of	 the	 research	was	 to	 optimize	

conditions	accordingly	to	(a)	convert	the	bulk	mixture	of	SWCNTs	to	purely	semiconducting	

chiralities,	and	(b)	convert	the	bulk	mixture	of	SWCNTs	to	purely	metallic	chiralities.	At	this	

stage,	 a	 non-destructive	 method	 of	 enriching	 the	 sample	 of	 sliced	 SWCNTs	 with	 metallic	

chiralities	has	been	established.	However,	although	the	majority	of	the	SWCNTs	are	metallic,	

some	semiconducting	chiralities,	predominantly	the		(9,4)	chiraity	and	traces	of	others	namely	

the	 (7,5)	and	(7,6),	albeit	 in	diminished	amounts.	These	results	were	obtained	after	only	a	

single	pass	in	the	VFD	under	continuous	flow,	and	is	a	significant	advancement	in	its	own	right.	

However,	much	needs	to	be	done,	including	recycling	the	liquids	through	the	VFD	to	convert	

all	of	the	metallic	SWCNTs	to	metallic	SWCNTs.		

	

Thin	films	under	continuous	flow	in	the	presence	of	a	pulsed	laser	at	a	1064	nm	wavelength	

convert	 (interconvert)	 the	 semiconducting	 and	 metallic	 chiralities	 of	 SWCNT	 without	

destroying	the	metallic	chiralities,	unlike	for	other	methods,27-34	and	the	method	is	devoid	of	

any	surfactants,	and	most	importantly	the	complexity	of	the	mixture	and	thus	the	separation	

requirements	 are	 diminished.	 What	 is	 the	 mechanism	 towards	 this	 conversion	

(interconversion)?	The	ballistic	wave	from	the	pulsed	laser	operating	at	1064	nm	and	260	mJ	

laser	power	overcomes	the	large	barrier	of	energy,	changing	the	magnitude	and	rolling	vector	

of	the	semiconducting	nanotubes,	affording	the	metallic	configuration.	Even	at	this	stage	of	

the	 research,	 the	 use	 of	 the	 key	 semiconducting	 chiralities,	 namely	 the	 (9,4)	 is	 seemingly	

limitless,	especially	in	biological	imaging	and	for	transparent	flexible	transistors.27	What	is	next	

with	this	technology?	Apart	from	the	abovementioned	aims,	separating	the	(9,4)	chirality	itself	

would	be	worthwhile	for	a	number	of	applications.		
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Besides	 length	 and	 diameter	 specificity,	 the	 research	 proceeded	 to	 establish	 a	method	 to	

afford	CNTs	of	varying	diameters	and	 to	gain	access	 to	 larger	diameter	CNTs.	Upon	slicing	

DWCNTs,	there	is	evidence	of	in	situ	slicing	and	dethreading	(removal	of	inner	shells	from	the	

outer	shells),	but	this	work	simply	establishes	the	feasibility	of	dethreading.	Further	research	

here	is	a	major	focus	in	the	Raston	research	group.	The	designer	surfactants,	p-phosphonated	

calix[n]arenes,	 facilitate	 the	exfoliation	and	stabilization	of	graphene	sheets	 in	an	aqueous	

solution,	 and	 the	 most	 conformational	 flexible	 of	 these	 macrocycles	 was	 used	 for	 the	

dethreading	experiments,	i.e	p-phosphonated	calix[8]arene.	This	in	situ	slicing	of	DWCNTs	is	

in	water,	which	in	its	own	right	is	a	remarkable	innovation.	Future	work	includes	the	use	of	

other	calixarenes	of	varied	sizes	and	different	functional	moieties	on	the	lower	and	upper	rim	

to	further	understand	the	mechanism	of	dethreading.		

	

Thus,	 it	 is	 evident	 that	 VFD	 mediated	 processing	 overcomes	 the	 many	 limitations	 of	

conventional	processing,	specifically	the	low	dispersibility	and	high	degree	entanglement	of	

the	 micron	 length	 CNTs.	 The	 method	 developed	 to	 shorten	 CNTs	 then	 leads	 to	 the	

development	of	sorting	of	the	SWCNTs	based	on	the	specific	chirality	and	diameter,	avoiding	

the	use	of	surface	contaminating	chemicals	and	tedious	chromatographic	methods.	With	the	

knowledge	 from	 previously	 patented	 technology	 within	 the	 Raston	 research	 group35,	 a	

method	was	then	developed	to	slice	and	dethread	CNTs	consisting	of	a	number	of	concentric	

layers	in	situ	using	p-phosphonated	calixarenes.	The	methods	will	then	be	further	extended	

using	the	related	p-sulfonated	calixarenes.	The	method	of	dethreading	will	provide	a	novel	

pathway	 to	 gain	 access	 to	 larger	 diameter	 SWCNTs	 potentially	 for	 use	 in	 drug	 delivery	

applications	and	as	protein	delivery	vehicles.36		
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Figure	 52	 Schematic	 of	 the	 various	 conditions	 and	 parameters	 to	 be	 employed	 as	 future	

directions	of	this	research	

	

What	is	the	future	direction	for	the	processing	and	technology	developed	in	this	thesis?	The	

advancement	of	VFD	mediated	processing	of	nanocarbon	thus	far	is	still	the	'tip	of	the	iceberg'.	

This	 project	 has	 opened	 many	 exciting	 possibilities	 not	 only	 in	 the	 field	 of	 carbon	

nanomaterials	but	also	other	related	2D	laminar	materials,	namely	hexagonal-boron	nitride	

(h-BN),	molybdenum	disulphide	(MoS2)	and	tungsten	disulfide	(WS2),	other	laminar	materials,	

and	carbon	nanoonions	(CNO).		Intensive	shear	within	dynamic	thin	films	in	the	VFD	coupled	

with	 laser	 irradiation	with	 tunable	wavelengths	 or	 indeed	 combinations	 of	wavelengths	 is	

destined	to	create	limitless	opportunities	for	the	fabrication,	manipulation	and	self-assembly	

of	nanomaterials,	developing	methods	and	approaches	without	precedent,	 and	as	 relative	

benign	 processes.	 This	 thesis	 provides	 preliminary	 guidelines	 of	 operating	 conditions	

established	thus	far	for	processing	carbon	nanomaterials,	depending	on	the	properties	and	

applications.	Overall,	the	VFD	is	poised	to	be	revolutionary	in	nanotechnology	and	materials	

chemistry	in	specific,	for	a	large	number	of	applications,	with	potential	of	developing	methods	

that	 are	 environmentally	 and	 economically	 sustainable,	 ensuring	 enhanced	 specificity,	

minimising	energy	usage	and	waste	generation.	 Importantly	VFD	processing	has	 scalability	

addressed	up	 front,	and	 for	 small	niche	applications	of	nanomaterials,	 a	 single	VFD	would	

suffice.		For	large	scale	processing,	then	a	number	of	VFDs	operating	in	parallel	is	envisaged,	

along	 the	 lines	 of	 conventional	 channel	 based	 microfluidic	 processing,	 but	 without	 the	

problems	of	clogging	for	such	processing	
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Fluid dynamic lateral slicing of high 
tensile strength carbon nanotubes
Kasturi Vimalanathan1, Jason R. Gascooke1, Irene Suarez-Martinez2, Nigel A. Marks2, 
Harshita Kumari3,4, Christopher J. Garvey5, Jerry L. Atwood3, Warren D. Lawrance1 & 
Colin L. Raston1

Lateral slicing of micron length carbon nanotubes (CNTs) is effective on laser irradiation of the materials 
suspended within dynamic liquid thin films in a microfluidic vortex fluidic device (VFD). The method 
produces sliced CNTs with minimal defects in the absence of any chemical stabilizers, having broad 
length distributions centred at ca 190, 160 nm and 171 nm for single, double and multi walled CNTs 
respectively, as established using atomic force microscopy and supported by small angle neutron 
scattering solution data. Molecular dynamics simulations on a bent single walled carbon nanotube 
(SWCNT) with a radius of curvature of order 10 nm results in tearing across the tube upon heating, 
highlighting the role of shear forces which bend the tube forming strained bonds which are ruptured by 
the laser irradiation. CNT slicing occurs with the VFD operating in both the confined mode for a finite 
volume of liquid and continuous flow for scalability purposes.

The processing of cylindrical carbon nanotubes (CNTs) for exploiting their exceptional thermal, mechanical, 
and electrical properties1 poses a number of challenges. This includes overcoming a high degree of bundling and 
aggregation arising from their high aspect ratio and strong inter-tube van der Waals interactions. The CNTs are 
microns to millimetres in length, and may have single or multiple layers, described as single walled (SWCNTs), 
double walled (DWCNTs) or multi walled (MWCNTs). They have low density, and high stiffness and axial 
strength2 with an exceptionally high Young’s modulus, 1.0 to 1.28 TPa3–5. CNTs are produced using a number of 
techniques, including arc-discharge, laser ablation and chemical vapour deposition (CVD)6–8, typically afford-
ing arrays of nanotubes in various lengths. However, the availability of shorter lengths without compromising 
quality is important for many applications, for example, in incorporating them into lipid bilayers for molecular 
sensing2, and for enhancing the efficiency of electronic devices3,4,9, for solar cell applications10 and for chirality 
separation11–13. There has thus been considerable work directed at shortening CNTs towards sub-micron lengths, 
but this has proved challenging, currently requiring the use of high-energy sonication, lengthy processing times 
and the use of toxic chemicals14–24. Moreover, such conditions can chemically alter the surface of the CNTs with 
consequential change in their properties, thereby limiting their applications. Controlling the shortening of CNTs 
requires the use of a suitable processing medium in overcoming their tendency to aggregate, with some common 
solvents such as N-methyl-2-pyrollidone (NMP) and N,N-dimethylformamide (DMF) being effective dispersants 
for such purpose. The colloidal stability of individual CNTs usually requires polymer wrapping agents25 and sur-
factants26, and covalent end and/or sidewall functionalization27,28.

We have established a new means to achieve shortening of CNTs that avoids many of these problems. Despite 
their high tensile strength, CNTs can be laterally sliced in solution by applying intense shear within dynamic 
thin films in a vortex fluidic device (VFD) while irradiating at 1064 nm using a pulsed Q-switch Nd:YAG laser 
(Fig. 1a). The VFD microfluidic platform generates controllable mechanoenergy within the liquid medium, as 
thin films around the internal walls of a rapidly rotating tube, which for practical purposes was a 20 mm diameter 
(ID 16.000 ±  0.013 mm) borosilicate nuclear magnetic resonance (NMR) glass tube. In general, the optimal per-
formance of the VFD occurs at high rotational speeds (2000 rpm to 9000 rpm) and inclination angles, θ  >  0°, with 
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a 45° tilt angle corresponding to the maximum cross vector of centrifugal force and gravity, being the optimum 
setting for a diverse number of applications of the device29–35.

Results and Discussion
Both the confined and continuous modes of operation of the VFD are effective in slicing of the CNTs. In the con-
fined mode a finite volume of liquid is wholly contained within the tube during processing while ensuring that 
a vortex is maintained to the bottom of the tube for moderate rotational speeds, and without any liquid exiting 
at the top of the tube. This minimises the formation of different shear regimes. In this mode, Stewartson/Ekman 
layers prevail in the resulting dynamic thin films, which arise from the liquid accelerating up the tube, with grav-
itational force acting against them30. In the continuous flow mode of operation of the VFD, jet feeds deliver one 
or more solutions (normally) to the bottom of the tube where there is intense micromixing, with instability of the 
liquid boundary layer in the hemispherical sphere at the bottom of the tube. The viscous drag as the liquid whirls 
up the tube creates shear, in addition to that from the Stewartson/Ekman layers. These unique fluidic properties 
of the VFD have led to a number of applications including control of chemical reactivity and selectivity in organic 
synthesis29,30, exfoliating graphene and boron nitride31, protein folding32, fabricating toroidal arrays of SWCNTs33, 
forming mesoporous silica at room temperature with control of pore size and wall thickness34, and probing the 
structure of self organised processes35–36.

The volume of liquid for confined mode studies was set at 1 mL with the speed and tilt angle varied to establish 
the lowest time for two liquids to homogenously mix. This was important to optimise exposure of the CNTs in 
the solution to the 8 mm diameter laser beam used in the ‘slicing’ experiments, as well as providing the maxi-
mum shear for debundling of the tubes. The minimum time taken for a homogenous mixture of water and NMP  
(1:1 ratio) to uniformly mix (visually estimated for solutions containing a dye, in the range 2000 to 9000 rpm, 
was for a rotational speed of 7500 rpm (Fig.1) for θ  45°. The choice of a 1:1 ratio of water and NMP was based on 
overcoming the low mixing time for NMP, in which the CNTs are readily dispersed, versus the fast mixing times 
in water, in which there is little dispersion of CNTs. These VFD parameters (θ  45o, 7500 rpm rotational speed) also 
correspond to the optimal processing parameters (vide infra).

Energy absorption from the pulsed laser source was essential to laterally slice the CNTs. The laser produces 
1064 nm pulses of 5 ns duration and operates at a repetition rate of 10 Hz. In the confined mode, the optimised 
irradiation conditions were found to be a laser power of 260 mJ/pulse for, 30 minutes of processing. This was 
established by determining CNT length distributions using AFM on isolated samples (Supplementary Fig. S5). 
At high laser powers, ≥400 mJ, only small amounts of sliced nanotubes were evident, along with bundled and 
aggregated long nanotubes. Here the extra heat provided by the laser pulse disturbs the fluid flow, with a clear 

Figure 1. VFD laser processing and mixing times. (a) Schematic of the vortex fluidic device (VFD). 
(b) Experimental set up for laser Nd:YAG processing operating at 1064 nm wavelength, for confined and 
continuous flow modes of operation of the VFD. (c) Variation of mixing times of pure NMP, water and NMP/
water at a 1:1 ratio. Mixing times were measured by placing 1 mL of the solvent in the VFD operating at an 
inclination angle of 45° and varying the rotational speed (2000–9000 rpm) and measuring the time taken for a 
drop of dye to uniformally mix with the bulk liquid (measured in triplicates).
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band which is presumably largely devoid of CNTs at the point of laser irradiation. Decreasing the laser power to 
< 200 mJ for 30 minutes was ineffective in slicing the CNTs and no clear band was observed at the irradiation site. 
(Supplementary Fig. S5).

The optimal VFD processing parameters (inclination angle θ  and rotational speed) were determined following 
a number of control experiments. For rotational speeds below 6000 rpm, the as-received aggregated bundles of 
CNTs (SWCNTs, DWCNTs and MWCNTs) remained unaffected in both the presence and absence of laser irradi-
ation. At 6000 rpm and 45° tilt, a significant amount of debundling of the nanotubes occurred (as shown through 
AFM observations), but laser irradiation led to non-uniformity of the sliced CNTs, and the persistence of longer 
tubes. Uniform slicing of the CNTs occurred between 7500 rpm and 8000 rpm when irradiated by the pulsed laser. 
A tilt angle of 45° angle was found to be optimal, with minimal lateral slicing at other angles between 0 and 90°. 
For these optimised VFD processing parameters (θ  45°, rotational speed 7500 rpm), in the absence of the laser 
pulses there was no evidence for slicing, with the length of the CNTs unchanged, although there was significant 
debundling (Supplementary Fig. S1). In decoupling the effect of the VFD and the laser irradiation, a pulsed laser 
beam of the same optimised power was directed towards the CNTs in a 1:1 mixture of water and NMP in a glass 
cuvette rather than in a VFD. This resulted in fragmentation of the CNTs nanotubes into (i) large and irregular 
shapes for the SWCNTs, (ii) large bundles and aggregates for the DWCNTs, and (iii) irregular slicing of MWCNTs 
with bundles and aggregates present (Supplementary Fig. S2). In addition, there was no evidence of slicing the 
CNTs with the laser wavelength set to 532 nm (Supplementary Fig. S3). Thus, the optimised parameters for lat-
erally slicing the different CNTs to lengths below ca 450 nm are established as a 45° tilt angle of the VFD tube 
rotating at 7500 rpm under confined mode for 30 minutes, with the 10 Hz pulsed laser operating at a wavelength 
of 1064 nm and 260 mJ per 5 ns pulse. These conditions were found to be independent of the concentration of 
CNTs in the solution up to a maximum concentration of 0.1 mg/mL, above which presumably the dynamics in 
the thin film are affected by the CNTs.

Figure 2. Slicing of SWCNTs, DWCNTs and MWCNTs at θ = 45° and rotational speed of 7500 rpm. AFM 
height images of laterally sliced CNTs using the confined mode of operation of the VFD, with associated length 
distribution plots for reaction times of (i) 10 min, (ii) 30 min and (iii) 1 hour for SWCNTs (A), DWCNTs (B), 
and MWCNTs (C).
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A time dependant study taking samples at 10 minute intervals during 1064 nm laser irradiation at 260 mJ/
pulse, and the VFD operating in the confined mode, was also undertaken for the three types of CNTs. Over time, 
more slicing and debundling was observed, with SWCNTs resulting in a narrower length distribution, but not so 
for DWCNTs and MWCNTs (Fig. 2), although here slightly higher yields of sliced CNTs were evident.

Experiments under confined mode established the potential for laser irradiation of CNTs in a VFD to produce 
unbundled, short CNTs, but for generating practical quantities of the materials, continuous flow processing is 
desirable. Here a jet feed of CNTs dispersed in a 1:1 mixture of water and NMP was directed into the bottom 
of the rapidly rotating 20 mm tube at a low flow rate of 0.45 mL/min, using the same concentration of CNTs as 
for the confined mode. The low flow rate was necessary for sufficient exposure time of the CNTs to the 8 mm 
diameter laser beam, while ensuring droplets of the suspension of the CNTs were striking the hemispherical 
bottom of the tube rather than a continuous stream of the liquid. Such droplets result in instability of the resulting 
thin film, which imparts additional shear compared to the confined mode of operation of the VFD (24). Under 
continuous flow there is a dramatic increase in yield of the sliced CNTs, typically 95%, with a length distribution 
of 100–400 nm, for SWCNTs, DWCNTs and MWCNTs (Fig. 3(b)). Also noteworthy is that all the samples are 
devoid of long bundled nanotubes, unlike the outcome for confined mode of operation of the VFD.

Raman analysis. Raman spectroscopy (Fig. 3(a)) established that any damage to the walls of the CNT prod-
ucts is minimal for confined mode and continuous flow operation of the VFD, irrespective of the number of shells 
of cylindrical graphene. Distinct peaks for CNTs include the radial breathing mode region (RBM), the tangential 
mode G band, its second harmonic G′  band and the disorder-induced D-band. The average ratio of intensities 
of the G and D bands (ID/IG) of the sliced SWCNT, DWCNT and MWCNT was ~0.2, ~0.3 and 1.2, respectively, 
which are similar to that of the starting pristine nanotubes which were ~0.2, ~0.2 and ~1.3, respectively, confirm-
ing that tube damage was minimal.

Small angle neutron scattering analysis. The average size of the sliced CNTs in solution was analysed 
using small angle neutron scattering (SANS). The radius of SWCNTs treated with the laser alone and laser and 
VFD (confined mode, 10, 30 and 60 min) was 0.7 ±  0.2 nm, which is consistent with AFM results (0.7 to 1.4 nm). 
For shorter treatment times the nanotubes were longer, and in the absence of VFD processing there is either com-
plete disruption of SWCNTs or no slicing, with the results consistent with the AFM data (supplementary data). 
Overall, SWCNTs irradiated and subject to shear are broken down to smaller length scales (Fig. S9–S12), as is the 
case for the DWCNTs (Fig. S13) and MWCNTs (Fig. S14), to 160 nm and 171 nm respectively (Table S1), which 
is again consistent with AFM data.

Theoretical calculations. CNTs subjected to the shear forces created in the VFD result in local bending, 
as established by the observation that toroidal arrays of SWCNTs are produced in a mixture of toluene and water 
in the VFD in the absence of laser irradiation33. Bending is not surprising given the very high aspect ratio for 
SWCNTs, and when combined with heating from the laser it is likely to result in rupture of multiple bonds. To 
explore this further in understanding the mechanism of slicing, molecular dynamics simulations were carried out 

Figure 3. Raman spectroscopy and length distribution plots. (a) Raman spectra of SWCNTs, DWCNTs and 
MWCNTs, respectively, and the corresponding as received nanotubes (black). (b) Length distribution plots 
of the sliced SWCNTs, DWCNTs and MWCNTs under continuous flow operation of the VFD at a flow rate of 
0.45 mL/min.
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for SWCNTs, with hairpin-shaped tubes created to mimic the bending occurring in the VFD. Figure 4a shows 
a (10, 0) nanotube with a bending radius R of 2.5 nm and an arm-length L of 10 nm. When relaxed near room 
temperature (Fig. 4b and Movie S1), the hairpin unfolds and no defects are created. However, when the system 
is raised to a high temperature (Fig. 4c,d and Movie S2) a large tear occurs in the bent region and other defects 
appear nearby. The damage is produced by the extra energy provided by the elevated temperature resulting in 
breaking of bonds that are already strained.

The number of defects induced has been explored for different bending radii as a function of temperature. 
Figure 4e shows data for the same (10, 0) chirality with four bending radii, R =  3, 6, 8 and 10 nm. Ten simulations 
were performed at each temperature and radius to gather statistics. Defects are counted as atoms with a potential 
energy 10% higher than the cohesive energy of graphene or with a coordination number other than three. Below 
a critical temperature few defects are created, and in many instances no damage is created at all. As the radius 
increases, the critical temperature above which many defects are created becomes higher, as the bonds are less 
strained and require additional thermal activation to damage the nanotube. At large radii few defects are observed 
(Fig. 4f), even at high temperatures. These observations explain the experimental result that slicing occurs in 
the VFD with the laser irradiation but not with laser irradiation alone. Without the shear forces provided by 
the VFD, there is no localized bending or strained bonds for the laser to rupture. The simulations also suggest 
that the diameter D of the nanotube plays a role. Experimentally, this varies between 1 and 2 nm for the SWNTs. 
Figure 4g shows defect-vs-diameter data for three different bending radii. Chiralities of (10, 0), (15, 0), (20, 0) and 
(25, 0) were chosen with diameters spanning 0.78 to 2.0 nm. All three tubes were heated at 1000 K while bent in 
a hairpin-shape with radii of 8, 12 and 16 nm. For all three bending radii shown, the number of defects increases 
for nanotubes with larger diameter. Larger diameter tubes require less bending (i.e. larger bending radii) to be 
damaged. For example, while a (10, 0) nanotube heated at 1000 K needs to be bent to a radius less than 8 nm in 
order to show any defects, a (15, 0) nanotube shows damage at 8 nm but recovers for larger radii. This occurs due 
to the smaller inner bending radii (R-D/2) which arises for larger diameter tubes, while bonds at the outer bend-
ing radii are correspondingly stretched, with an outer radius of R +  D/2. Therefore, tubes of larger diameter are 

Figure 4. Theoretical calculations. (a) Initial bent structure of geometrical model of a nanotube showing the 
bending radius, R. and an arm-length, L, and nanotube diameter, D. (b,c) Snapshots of a (10, 0) nanotube model 
after annealing at 400 K and 3000 K respectively, with inset (d) showing a zoom-in of the defected sliced part 
of the nanotube. (e) Plot of the number of defects as a function of temperature for the (10, 0) nanotube with 
different bending radii. (f) Plot of the number of defects as a function of radius for the (10, 0) nanotube at a 
constant temperature of 3200 K. (g) Plot of number of defects at constant temperature as a function of diameter 
for different chiralities.
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more easily sliced. We expect that these simulations of SWCNTs are also applicable to DWCNTs and MWCNTs. 
Outer tubes will be damaged first, as they have a larger diameter. Once the outer tube of the MWCNT is breached 
then the mechanical force either side would provide a point for spontaneously slicing through the inner tubes.

In summary, we have established the ability to laterally slice carbon nanotubes within dynamic thin films, 
irrespective of the number of concentric layers in the material. This is without precedent, and further high-
lights the unique capabilities of the recently developed vortex fluidic device. Importantly, the method minimises 
the generation of defects on the CNTs, producing pristine material devoid of chemical stabilisers, and we have 
demonstrated that there is potential for scalability of the process under continuous flow mode of operation of the 
VFD. Controlling the lengths of the shorter nanotubes is more significant for SWCNTs, under confined mode, 
affording a narrow size distribution at a length scale suitable for drug delivery applications. In general, the avail-
ability of short single, double or multi-walled CNTs is poised for the advancement of their applications where 
specific length scale is paramount.

Methods
Preparation of aqueous suspensions of sliced CNTs. SWCNTs were purchased from Thomas Swan 
& Co (UK), as chemical vapour deposition prepared material with an as-received purity > 90%, DWCNTs were 
purchased from Carbon Allotropes with an as received purity > 99% and the MWCNTs were purchased from 
Sigma Aldrich with an as received purity > 98%. Sample preparation included the addition of the CNTs (1 mg) 
into a sample vial containing a mixture of NMP and water (6 mL) at a 1:1 ratio. The solution mixture was then 
ultrasonicated for 10 minutes, affording a black stable dispersion. Under the confined mode operation, the solu-
tion mixture (1 mL) was then placed in the 20 mm borosilicate NMR glass tube (ID 16.000 ±  0.013 mm) and 
placed in the vortex fluidic device (VFD), under the optimized rotating speed of 7500 rpm, at a tilt angle of 45 
degrees. Simultaneously, a nanosecond pulsed laser processing system with an energy of approximately 260 mJ 
was applied to the rapidly rotating system for a period of time (10 minutes, 30 minutes and 1 hour), depending 
on the resulting length distribution. Under continuous flow mode, jet feeds with a flow rate at 0.45 mL/min  
(optimised) deliver the CNT suspension (mixture CNTs in NMP/water at a 1:1 ratio-similar concentration, as for 
the confined mode) into the rapidly rotating tube. Centrifugation (g 3.22) of the resulting solution for the con-
fined mode of operation was required to remove any large agglomerates, unsliced bundled CNTs and impurities 
in the sample. The centrifugation step was not necessary for the continuous flow mode of operation with ca 95% 
of the material isolated as sliced CNTs.

Computational details. Starting coordinates were obtained by geometrically mapping the coordinates of a 
straight carbon nanotube onto a semicircle of a given radius linked with two straight sections to give a U-shape. 
Molecular Dynamics (MD) simulations were performed using the Environmental-Dependent Interaction 
Potential (EDIP) for carbon37. Prior to the MD step, the structures were relaxed using steepest descent optimi-
zation to remove any forces associated with the mapping. All MD simulations were performed in the NVE (con-
stant particle-volume-energy) ensemble with an integration timestep of 0.35 fs. The simulations were initialized 
with velocities drawn from a Maxwell-Boltzmann distribution at a prescribed temperature and the entire system 
was allowed to evolve for 35 ps. Due to equipartition, the system temperature during the simulation was very 
close to half the initial value. Note that all temperatures reported here are system averages, and not the starting 
value. Steepest descent optimization was again applied to the final structures to remove any displacements due to 
thermal vibrations. The resultant structure was then analysed for defects. Atoms were defined as defects if their 
coordination number (defined by Equation 9 in Ref. 37) differed by more than 0.1 from the perfect value of 3 or if 
potential energy was more than 10% less than the perfect value of −7.361 eV for graphite.

Instrumentation. TEM characterizations were carried out using the Phillips CM 200 operating at 200 kV, 
in the Adelaide Microscopy at the University of Adelaide. SEM analysis was carried out on the FEI Quanta 450 in 
Adelaide Microscopy. AFM, Raman characterizations and UV-Vis analysis were performed at Flinders University. 
SANS characterizations were carried on QUOKKA at the Bragg Institute, ANSTO.

References
1. Wong, E. W., Sheehan, P. E. & Lieber, C. M. Nanobeam Mechanics: Elasticity, Strength and Toughness of Nanorods and Nanotubes. 

Science. 277, 1971–1975 (1997).
2. Liu, L., Yang, C., Zhao, K., Li, J. & Wu, H. C. Ultrashort single walled carbon nanotubes in a lipid bilayer as a nanopore sensor. Nature 

Commun. 4, 2989 doi: 10.1038/ncomms3989 (2013).
3. Treacy, M. M. J., Ebbesen, T. W. & Gibson, J. M. Exceptionally high Young’s modulus observed for individual carbon nanotubes. 

Nature. 381, 678–680 (1996).
4. Krishnan, A., Dujardin, E., Ebbesen, T. W., Yianilos, P. N. & Treacy, M. M. J. Young’s modulus of single walled nanotubes. Phys. Rev. 

B. 58, 14013–14019 (1998).
5. Kashyap, K. T. & Patil, R. G. On Young’s modulus of multiwalled carbon nanotubes. Bull. Mater. Sci. 31, 185–187 (2008).
6. Ebbesen, T. W. & Ajayan, P. M. Large scale synthesis of carbon nanotubes. Nature. 358, 220–222 (1992).
7. Guo, T., Nikolaev, P., Thess, A., Colbert, D. T. & Smalley, R. E. Catalytic growth of single walled nanotubes by laser vaporisation. 

Chem. Phys. Lett. 243, 49–54 (1995).
8. Endo, M. et al. The production and structure of pyrolytic carbon nanotubes. J. Phys. Chem. Solids. 54, 1841–1848 (1997).
9. Javey, A. et al. High Field Quasiballistic Transport in Short Carbon Nanotubes. Phys. Rev. Lett. 92, 16804 1–4 (2004).

10. Kalita, G. et al. Cutting carbon nanotubes for solar cell applications. Appl. Phys. Lett. 92, 12358 doi: 10.1063/1.290349 (2008).
11. Farkas, E., Anderson, M. E., Chen, Z. & Rinzler, A. G. Length sorting cut single walled carbon nanotubes by high performance liquid 

chromatography. Chem. Phys. Lett. 363, 111–116 (2002).
12. Sanchez-Valencia, J. R. et al. Controlled synthesis of single chirality carbon nanotubes. Nature, 512, 61–64 (2014).
13. Casey, J. P., Bachilo, S. M., Moran, C. H. & Weisman, R. B. Chirality-resolved length analysis of single walled carbon nanotube 

samples through shear aligned photoluminescence anisotropy. ACS Nano, 2, 1738–1746 (2008).



www.nature.com/scientificreports/

7Scientific RepoRts | 6:22865 | DOI: 10.1038/srep22865

14. Minati, L. et al. Investigation on the Electronic and Optical Properties of Short Oxidised Multiwalled Carbon Nanotubes. J.Phys. 
Chem. C. 114, 11068–11073 (2010).

15. Tran, M. Q., Tridech, C., Alfrey, A., Bismarck, A. & Shaffer, M. S. P. Thermal oxidative cutting of multiwalled carbon nanotubes. 
Carbon. 45, 2341–2350 (2007).

16. Wang, C., Guo, S., Pan, X., Chen, W. & Bao, X. Tailored cutting of carbon nanotubes and controlled dispersion of metal nanoparticles 
inside their channels. J. Mater. Chem. 18, 5782–5786 (2008).

17. Yudasaka, M., Zhang, M., Jabs, C. & Iijima, S. Effect of an organic polymer in purification and cutting of single walled carbon 
nanotubes. App. Phys. A. 71, 449–451 (2000).

18. Zhang, J. et al. Effect of chemical oxidation on the structure of single walled carbon nanotubes. J. Phys. Chem. B. 107, 3712–3718 
(2003).

19. Liu, J. et al. Fullerene pipes. Science. 280, 1253–1256 (1998).
20. Gu, Z., Hauge, R. H., Smalley, R. E. & Margrave, J. L. Cutting single walled carbon nanotubes through fluorination. Nano Letters. 2, 

1009–1013 (2002).
21. Pierard, N. et al. Ball milling effect on the structure of single walled carbon nanotubes. Carbon. 42, 1691–1697 (2004).
22. Chen, Z. et al. Soluble ultra-short single walled carbon nanotubes. J. Am. Chem. Soc. 128, 10568–10571 (2006).
23. Yi, X. J., Nadeem, A. M., Dong, B. H., Ying, L. H. & Tai, Y. W. Concentration and temperature controlled oxidation and cutting of 

single walled carbon nanotubes by ammonium persulfate. Sci Chi. 53, 2026–2032 (2010).
24. Zhao, J., Liu, P., Yang, Z., Zhou, P. & Zhang, Y. One-step cutting of multiwalled carbon nanotubes using nanoscissors. Nano-Micro 

Lett. 2, 86–90 (2011).
25. Manivannan, S. et al. Dispersion of single walled carbon nanotubes in aqueous and organic solvents through polymer wrapping 

functionalisation. J. Mater. Sci. 20, 223–229 (2009).
26. Tkalya, E. E., Ghislandi, M., With, G. D. & Koning, C. E. The use of surfactants for dispersing carbon nanotubes and graphene to 

make conductive nanocomposites. Curr. Opin. Coll. Inter. 17, 225–232 (2012).
27. Mickelson, E. T. et al. Solvation of flourinated single walled carbon nanotubes in alcohol solvents. J. Phys. Chem. B. 103, 4318–4322 

(1999).
28. Boul, P. J. et al. Reversible sidewall functionalisation of bucky tubes. Chem. Phys. Lett. 310, 367–372 (1999).
29. Britton, J., Chalker, J. M. & Raston, C. L. Rapid vortex fluidics: Continuous flow synthesis of amides and local anaesthetic lidocaine. 

Chem. Eur. J. 21, 10660–106665 (2015).
30. Britton, J., Dalziel, S. B. & Raston, C. L. Continuous flow Fischer esterifications harnessing vibrational-coupled thin films fluidics. 

RSC Adv. 5, 1655–1660 (2015).
31. Chen, X., Dobson, J. F. & Raston, C. L. Vortex fluidic exfoliation of graphite and boron nitride. Chem. Commun. 48, 3703–3705 

(2012).
32. Yuan, T. Z. et al. Shear-stress-mediated refolding of proteins from aggregates and inclusion bodies. ChemBioChem. 16, 393–396 

(2015).
33. Vimalanathan, K., Chen, X. & Raston, C. L. Shear induced fabrication of intertwined single walled carbon nanotube rings. Chem 

Commun. 50, 11295–11298 (2014).
34. Tong, C. L., Boulos, R. A., Yu, C., Iyer, K. S. & Raston, C. L. Continuous flow tuning of ordered mesoporous silica under ambient 

conditions. RSC Adv. 3, 18767–18770 (2013).
35. Mo, J. et al. Shear induced carboplatin binding within the cavity of a phospholipid mimic for increased anticancer efficacy. Sci. Rep. 

5, 10414 doi: 10.1038/srep10414 (2015).
36. Iyer, K. S. & Raston, C. L. Fabrication of laterally ‘sliced’ metal plated carbon nanotubes under aqueous continuous flow conditions. 

J. Mater. Chem. 17, 4872–4875 (2007).
37. Marks, N. A. Generalizing the environment-dependent interaction potential for carbon. Phys. Rev. B. 63, 035401 doi: 10.1103/

PhysRevB.63.035401 (2000).

Acknowledgements
The authors thank Dr. Paul Eggers for his technical assistance, and Associate Professor Amanda Ellis for 
discussions on the optical absorbance characterisations. The authors also thank Australian Research Council and 
The Government of South Australia for support of the work.

Author Contributions
K.V., J.R.G., W.D.L., N.M., I.S.M., H.K., J.L.A. and C.L.R. designed the experiments and wrote the paper, K.V. 
and J.R.G. performed the slicing experiments. K.V. carried out AFM, Raman and UV Vis analysis and analysed 
the data. N.M. and I.S.M. carried out the computational studies and the data analysis. H.K. and C.G. carried out 
SANS experiments and H.K. and J.L.A. carried out the data analysis based on the SANS results.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Vimalanathan, K. et al. Fluid dynamic lateral slicing of high tensile strength carbon 
nanotubes. Sci. Rep. 6, 22865; doi: 10.1038/srep22865 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/


ChemComm
Chemical Communications
www.rsc.org/chemcomm

ISSN 1359-7345

COMMUNICATION
Colin L. Raston et al.
Shear induced fabrication of intertwined single walled carbon 
nanotube rings

Volume 50 Number 77 7 October 2014 Pages 11245–11422



This journal is©The Royal Society of Chemistry 2014 Chem. Commun., 2014, 50, 11295--11298 | 11295

Cite this:Chem. Commun., 2014,

50, 11295

Shear induced fabrication of intertwined single
walled carbon nanotube rings†

Kasturi Vimalanathan, Xianjue Chen and Colin L. Raston*

Thin film microfluidic shearing of a mixture of toluene dispersed

single walled carbon nanotubes (SWCNTs) and water in a vortex

fluidic device results in SWCNT nanorings (and related structures),

diameters 100 to 200 nm or 300 to 700 nm, for respectively 10 mm

or 20 mm diameter rotating tubes.

Single walled carbon nanotubes (SWCNTs) continue to attract
attention, having exceptional mechanical and electrical properties
in high performance electronics1 and applications in scanning
probe microscopy,2 fuel cells,3 composites,4 chemical,5 biological,6

and physical sensors.7,8 They are available as long fibres,
centimetres in length and beyond, and tend to aggregate into
large bundles because of the relatively strong inter-SWCNT
van der Waals interactions. Indeed, difficulties in generating
individual strands of SWCNTs is an issue in optimizing their
mechanical, thermal, and electronic properties.9 Carbon nano-
tubes have in general extremely high flexural rigidity,3,4 and
permanently bending them in a controlled way into well-
ordered nanorings/toroidal structures is challenging,10 with
the potential to circumvent or control the aforementioned
aggregation11 and impart different functionality. A variety of
techniques have been reported on generating such structures
with control over their diameters.12–15 However, they mostly
involve long periods of high-energy sonication, chemical
modifications and lengthy physical processing as well as the
use of highly reactive chemicals such as concentrated sulphuric
acid and hydrogen peroxide, which are potentially damaging to
the SWCNTs. In this context, the development of more benign
methods is warranted, as is the ability to scale up the conversion
of SWCNTs in particular, into the nanorings, with control over
their diameter while maintaining a high level of purity.
Hydrophobic carbon nanotubes and hydrophilic palladium

nanowires form coils in the presence of a water–oil mixture,
and this establishes the utility of an immiscible solvent mixture
and the associated interfacial surface tension as an important
consideration in overcoming high flexural rigidity of these one
dimensional materials.15

We now report a simple and novel one-step method to
produce nanorings of SWCNTs in high yield, where liquid–
liquid interfacial tension involving a mixture of water and
toluene is amplified using mechanoenergy from a recently
developed energy efficient microfluidic vortex fluidic device
(VFD), Fig. 1a.16 Well-defined nanorings of SWCNTs with the
average diameters depending on the diameter of the tube,
being accessible down to ca. 100 nm. The ability to control
the diameter of such rings, and the ability to scale up, has
implications for applications in electronic devices.10

The VFD has a rapidly rotating tube, within which liquids
form dynamic thin films for finite sub-millilitre volumes of

Fig. 1 (a) Synthesis and proposed templated mechanism of formation of
nanorings of SWCNTs from a sonicated mixture of toluene and water,
(b) photograph of SWCNT–toluene–water mixture post-VFD processing,
y = 451; and pre-VFD processing AFM phase image, (c), height image (d),
and associated height profile, (e), of a toroidal structure with radiating
SWCNTs, formed on drop casting the mixture from (a).
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liquid, as the so-called confined mode of operation of the device.16

The shear intensity in the films depends on a number of para-
meters, including inclination angle relative to the horizontal
position, y, and the rotational speed,16 which collectively define
the interplay between centrifugal and gravitational forces within
the films.17 The confined mode of operation of the VFD results
in the formation of a thin film for a defined volume of liquid
(herein 1 mL) within the tube, at least above a threshold speed
such that a vortex is maintained to the bottom of the tube,
otherwise there are different regimes of shear within the liquid.16

The VFD can also operate under continuous flow where jet
feeds deliver solutions to the bottom of the tube which results
in intense micro mixing, and collectively with the confined
mode of operation, a number of applications of the device have
been established. These include controlling chemical reactivity
and selectivity in organic synthesis,16 exfoliation of graphene
and boron nitride,17 generating mesoporous silica at room
temperature with control of pore size and wall thickness,18

controlling the decoration of palladium nanoparticles on carbon
nano-onions and graphene sheets,19 generating graphene algae
hybrid material for nitrate removal,20 and more.

SWCNTs produced by a catalytic chemical deposition syn-
thesis method with 490% purity were purchased from Thomas
Swan and Co. (UK), and used as received. Toluene was
purchased from Sigma Aldrich and also used as received.
SWCNTs (1.0 mg) were dispersed in toluene (3 mL) and added
to MilliQ water (3 mL). Sonication for 10 minutes afforded a
stable two-phase dispersion with the top phase black and the
bottom phase milky (Fig. 1a). A 1 mL portion of the mixture
under sonication was collected to ensure that it was a uniform
mixture of the three components, and was placed in a 20 mm
(I.D. = 16.000 � 0.013 mm) or 10 mm (I.D. = 7.100 � 0.013 mm)
diameter VFD tube, as standard borosilicate glass NMR tubes.

A systematic evaluation of the operating parameters of the
VFD was carried out to ascertain the optimal parameters for the
formation of the nanorings. These were established as an
inclination angle of 451 with the 20 mm VFD tube rotating at
7500 rpm, for a reaction time of 20 minutes. At other rotational
speeds and inclination angles, i.e. higher or lower than the
optimized conditions, the formation of the nanorings was
either in low yield or not evident (see ESI† for details). The
diameters of the rings produced were within the range of 300 to
700 nm, as established using atomic force microscopy (AFM)
and transmission electron microscopy (TEM). Optimisation of
the operating parameters were also established for a 10 mm
diameter tube, which resulted in the formation of nanorings
with a significantly smaller diameter range, 100 to 200 nm.

Overall the nanorings formation (Fig. 2 and 3) is at a high
conversion. There was no evidence of non-coiled SWCNTs, with
some different morphologies generated, namely nanorings,
figure of ‘‘8’’ shaped rings and crossed lattice rings.13 Processing
in the smaller internal diameter tube afforded smaller rings,
100 to 200 nm in diameter, Fig. 3, for a reaction time of an hour
under the same VFD operating parameters (namely 45 degree
inclination angle, 7500 rpm rotational speed). Small amounts of
toroidal structures based on a single SWCNT are also present

(Fig. 3f), where it appears that SWCNTs ‘bite’ their tail, with the
diameter of the toroid at approximately 100 nm. This corres-
ponds to a length of 314 nm for a straight SWCNT, from which
the toroid presumably originates, Fig. 3f, and this has implica-
tions on the nature of processes involved in the dynamic thin
films in the VFD. It is noted that the initial lengths of these
as-received SWCNTs were approximately 1–2 mm, and thus in
forming these structures based on a single SWCNT there has
been some lateral slicing in generating shorter lengths.

Shear forces in the VFD are effective under both confined
mode and continuous flow modes of operation in controlling

Fig. 2 SWCNT nanorings 300 to 700 nm in diameter, generated using a
20 mm VFD tube: (a–c) AFM height images of the rings, (d–f) TEM images
of the different nanoring structures.

Fig. 3 SWCNT nanorings 100 to 200 nm in diameter (10 mm diameter
VFD tube): (a and b) TEM images of the nanorings, (c and d) HRTEM
images, AFM height images (e) nanoring, and (f) single SWCNT ‘biting’ its
tail (lower left) along with some short SWCNTs, ca. 120 nm in length.
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the fabrication of nanomaterials,14–18 including exfoliation of
carbon nanomaterials such as graphite.17 In the confined mode
at y 4 01, centrifugal forces accelerate the emulsion droplets
and nanotubes to the bottom of the tube. The ensuing shear
forces can overcome the large van der Waals forces between the
bundles of SWCNTs and thus facilitate exfoliation of individual
SWCNTs, with the shear forces then also responsible for their
lateral slicing.

Drop casting the interfacial SWCNT laden material in Fig. 1a
affords toroids with radiating SWCNTs, as established using
AFM, Fig. 1c–e. This suggests that toroids of toluene containing
hydrophobically matched SWCNTs are present pre-VFD proces-
sing, and the subsequent shear forces result in compacting and
intertwining the SWCNTs at their van der Waals limit, also
drawing in the radiating SWCNTs into the nanorings. These
nanorings were characterised using AFM and TEM, Fig. 2 and 3.
They have smaller wall thickness (differences between the
internal and external diameter) relative to the toroids formed
from drop casting pre-VFD processing mixture. For 10 mm
diameter VFD tubes, the external diameter of the nanorings
dramatically reduces relative to the size of the toluene toroids,
resulting is greater curvature in the SWCNTs.

Interestingly, the long axis of the figure of ‘‘8’’ structures is
approximately twice the external diameter of the nanorings,
and possibly arise from two toroids of SWCNT laden toluene in
contact through common SWCNTs, at their limiting size under
intense shear. Previous researchers have noted that the
different structures of nanorings depend on the method of
sample preparation, with rings collapsing at the edge of the
substrate prior to solvent evaporation in forming the figure of
‘‘8’’ structure.13 Formation of these structures has also been
ascribed as resulting from further coiling and twisting of the
toroid rings, as a secondary structure.15

As a control, sonication of a suspension of SWCNTs in
toluene showed de-bundling of the nanotubes with occasional
ring structures. However, these rings were unstable and slowly
collapsed back to the post-sonication SWCNTs (see ESI† for
details). Also SWCNTs in toluene, in the absence of water, and
without the application of sonic energy, undergo aggregation/
restacking. Clearly, sonication is essential to obtain well-
dispersed SWCNT, and generating templating toroids of
toluene laden with SWCNTs en route to forming the compact
nanorings of SWCNTs under shear. VFD processing in the
absence of the liquid–liquid interface under similar conditions,
for a dispersion of SWCNTs in pure toluene, does not afford
nanorings of SWCNTs, thereby establishing that the surface
tension between the otherwise immiscible liquids is essential
for generating nanorings of SWCNTs (see ESI† for details).

High-resolution TEM (HRTEM) images show that the nano-
rings are comprised of SWCNTs of diameters in the range 1 to
2 nm (Fig. 3c and d). These results are consistent with micro-
Raman spectroscopy (Fig. 4), at an excitation wavelength of
532 nm (r5 mW).

The radial breathing mode (RBM) (Fig. 4 inset) as well as the
G- and D-band on the spectra are markers for determining
the diameters of the SWCNTs.21 The peaks at 1353 cm�1 and

the peak at 1593 cm�1 correspond to the D- and the G-bands
respectively (Fig. 4). The D-band is the disorder-induced band
which provides information regarding amorphous impurities
and is a measure of the amount of disorder and defects on the
walls of the nanotubes, whereas the G-band (graphite band)
corresponds to the graphite E2g symmetry band, affirming the
structural integrity of the sp2 hybridized carbon atoms of the
nanotubes.22 Focusing on the RBM of the spectra, the frequen-
cies at ca. 97.3 cm�1, 164.1 cm�1, 182.1 cm�1 and 277.8 cm�1

respectively, nRBM = A/dt + B, where the RBM frequency is in
cm�1, dt is the diameter of the CNT, and A = 223.5 cm�1 and
B = 12.5 cm�1 which have been determined experimentally,23

enable the determination of the diameter of the SWCNTs
forming the rings. Thus, the frequencies of the RBM region
correspond to SWCNTs present approximately 2.64 nm,
1.47 nm, 1.32 nm and 0.86 nm in diameter respectively, in
accordance with HRTEM data. The irregular thicknesses
(Fig. 2 and 3) of the ring walls relate to aggregation of more
than one nanotube, consisting of semiconducting and metallic
nanotubes of a range of diameters, stacked at the van der Waals
limit. The rings produced in the 20 mm VFD had a nanoring
wall thickness of ca. 30 to 60 nm, comprised of approximately
20 to 30 stacks of nanotubes of diameters between 1 to 2 nm,
noting that some of the nanotubes are likely to coil more than
once in each nanoring. The smaller diameter rings, generated
using a 10 mm diameter VFD tube, have 7.0 to 8.0 nm thick
walls, being similarly built up of about 3 to 8 stacks of
nanotubes of 1 to 2 nm in diameter.

In summary, we have developed a simple and novel one-step
method to fabricate SWCNT nanorings using the shear
generated in thin films within a vortex fluidic device. This is
under ambient conditions and avoids the use of reactive
chemicals for processing, and the need for surfactants to
stabilize the nanorings, with the ability to control the ring size,
depending on the diameter of the rapidly rotating tube. Nano-
rings of SWCNT have promise in a number fields including in
polymer composites,11 sensing devices8 and more importantly
electronic circuits,12–14 and this is closer to a realization with
the availability of such material herein, which can be readily
scaled up, noting the ability for the VFD to operate under
continuous flow conditions.16

Fig. 4 Raman spectra of SWCNT nanorings deposited on a glass slide.
Inset: radial breathing mode region whereby the frequencies correspond
to diameter of the SWCNTs.22

ChemComm Communication

Pu
bl

is
he

d 
on

 0
5 

Ju
ne

 2
01

4.
 D

ow
nl

oa
de

d 
by

 F
lin

de
rs

 U
ni

ve
rs

ity
 o

f 
So

ut
h 

A
us

tr
al

ia
 o

n 
27

/0
9/

20
16

 0
1:

03
:0

0.
 

View Article Online

http://dx.doi.org/10.1039/c4cc03126a


11298 | Chem. Commun., 2014, 50, 11295--11298 This journal is©The Royal Society of Chemistry 2014

The authors gratefully acknowledge support of this work by
the Australian Research Council and the Government of South
Australia, and the Australian Microscopy & Microanalysis
Research Facility (AMMRF) at the Centre for NanoScale Science
and Technology, Flinders University.

Notes and references
1 J. Appenzeller, Proc. IEEE, 2008, 483, 201–211.
2 H. Dai, J. H. Hafner, A. G. Rinzler, D. T. Colbert and R. E. Smalley,

Nature, 1996, 384, 147–150.
3 M. M. J. Treacy, T. W. Ebbesen and J. M. Gibson, Nature, 1996, 381,

678–680.
4 E. W. Wong, P. E. Sheehan and C. M. Lieber, Science, 1997, 277,

1971–1975.
5 J. H. Hafner, C. L. Cheung and C. M. Lieber, J. Am. Chem. Soc., 1999,

121, 147–150.
6 G. Girishkumar, T. D. Hall, K. Vinodgopal and P. V. Kamat, J. Phys.

Chem., 2006, 110, 107–114.
7 O. Breuer and U. Sundararaj, J. Phys. Chem., 2004, 25, 630–645.
8 E. S. Snow, F. K. Perking, E. J. Houser, S. C. Badescu and

T. L. Reinecke, Science, 2005, 307, 1942–1945.
9 B. L. Allen, P. D. Kichambare and A. Star, Adv. Mater., 2007, 19,

1439–1451.
10 J. R. Wood and H. D. Wagner, Appl. Phys. Lett., 2000, 76,

2883–2885.

11 T. Hasan, V. Scardaci, P. Tan, A. G. Rozhin, W. I. Milne and
A. C. Ferrari, J. Phys. Chem. C, 2007, 111, 12594–12602.

12 L. Song, L. Ci, L. Sun, C. Jin, L. Liu, W. Ma, D. Liu, X. Zhao, S. Luo,
Z. Zhang, Y. Xiang, J. Zhou, W. Zhou, Y. Ding, Z. Wang and S. Xie,
Adv. Mater., 2006, 18, 1817–1821.

13 W. Wang, E. D. Laird, Y. Gogotsi and C. Y. Li, Carbon, 2012, 50,
1769–1775.

14 R. Martel, H. R. Shea and P. Avouris, J. Phys. Chem., 1999, 103,
7551–7556.

15 L. Chen, S. Yu, H. Wang, J. Xu, C. Liu, W. H. Chong and H. Chen,
J. Am. Chem. Soc., 2012, 135, 835–843.

16 L. Yasmin, X. Chen, K. A. Stubbs and C. L. Raston, Sci. Rep., 2013,
3, 2282.

17 X. Chen, J. F. Dobson and C. L. Raston, Chem. Commun., 2012, 48,
3703–3705.

18 C. L. Tong, R. A. Boulos, C. Yu, K. S. Iyer and C. L. Raston, RSC Adv.,
2013, 3, 18767–18770.

19 F. M. Yasin, R. A. Boulos, B. Y. Hong, A. Cornejo, K. S. Iyer, L. Gao,
H. T. Chua and C. L. Raston, Chem. Commun., 2012, 48,
10102–10104.

20 M. H. Wahidd, E. Eroglu, X. Chen, S. M. Smith and C. L. Raston,
Green Chem., 2012, 15, 650–655.

21 M. S. Dresselhaus, G. Dresselhaus, R. Saito and A. Jorio, Phys. Rep.,
2005, 409, 47–99.

22 L. J. Hubble, T. E. Clark, M. Makha and C. L. Raston, J. Mater. Chem.,
2008, 18, 5961–5966.

23 S. M. Bachilo, M. S. Strano, C. Kittrell, R. H. Hauge, R. E. Smalley
and R. B. Weisman, Science, 2002, 298, 2361–2366.

Communication ChemComm

Pu
bl

is
he

d 
on

 0
5 

Ju
ne

 2
01

4.
 D

ow
nl

oa
de

d 
by

 F
lin

de
rs

 U
ni

ve
rs

ity
 o

f 
So

ut
h 

A
us

tr
al

ia
 o

n 
27

/0
9/

20
16

 0
1:

03
:0

0.
 

View Article Online

http://dx.doi.org/10.1039/c4cc03126a


Journal of Colloid and Interface Science 443 (2015) 88–96
Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

www.elsevier .com/locate / jc is
Aqueous based synthesis of antimicrobial-decorated graphene
http://dx.doi.org/10.1016/j.jcis.2014.11.043
0021-9797/� 2014 Elsevier Inc. All rights reserved.

Abbreviations: 2D, two-dimensional; 3D, three dimensional; FITC, fluorescein
isothiocyanate; TEM, transmission electron microscopy; AFM, atomic force micros-
copy; SEM, scanning electron microscopy; ESI, electronic supplementary
information.
⇑ Corresponding authors. Fax: +61 8 8201 2905.

E-mail addresses: haniff.wahid@flinders.edu.au (M. Haniff Wahid), uwe.stroe-
her@flinders.edu.au (U.H. Stroeher), ela.eroglu@uwa.edu.au (E. Eroglu), xianjue.
chen@flinders.edu.au (X. Chen), kasturi.vimalanthan@flinders.edu.au (K. Vimala-
nathan), colin.raston@flinders.edu.au (C.L. Raston), ramiz.boulos@flinders.edu.au
(R.A. Boulos).
M. Haniff Wahid a, Uwe H. Stroeher b, Ela Eroglu c,d, Xianjue Chen a, Kasturi Vimalanathan a,
Colin L. Raston a,⇑, Ramiz A. Boulos a,⇑
a Centre for NanoScale Science and Technology, School of Chemical and Physical Sciences, Flinders University, Bedford Park, SA 5042, Australia
b School of Biological Sciences, Flinders University, Bedford Park, SA 5042, Australia
c Centre for Strategic Nano-Fabrication, School of Chemistry and Biochemistry, The University of Western Australia, Crawley, WA 6009, Australia
d ARC Centre of Excellence in Plant Energy Biology, The University of Western Australia, 35 Stirling Highway, Crawley, WA 6009, Australia
a r t i c l e i n f o

Article history:
Received 9 October 2014
Accepted 17 November 2014
Available online 25 November 2014

Keywords:
Graphene
Exfoliation
Ramizol
Ultra-sonication
Non-covalent functionalization
Antibacterial
Antimicrobial
a b s t r a c t

Ramizol� (1,3,5-tris[(1E)-20-(40-benzoic acid)vinyl]benzene) is a potent amphiphilic anti-microbial agent.
It is essentially a planar molecule and can interact with the surface of graphene via extended p–p inter-
actions. Herein we demonstrate the utility of Ramizol� in potentially acting as a molecular ‘wedge’ to
exfoliate graphene and stabilise it in water. The non-covalent attachment of Ramizol� on the graphene
surface enables release of Ramizol� by altering the pH of the solution. Furthermore, the stabilised com-
posite material demonstrates antibacterial activity against Staphylococcus aureus which leads to potential
in biomedical applications with graphene acting as a drug carrier as well as enhancing the structural
strength of the composite material.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The remarkable properties of graphene such as high electron
mobility, high mechanical strength, flexibility and transparency,
has led to extensive research efforts to produce the 2D material
on a large scale [1–4]. Exfoliation is possible directly from graphite
as a relatively cheap and abundant material, which requires over-
coming relatively strong van der Waals interactions between the
graphitic layers [5,6]. Developing processes to assist this exfolia-
tion, as well as stabilising the sheets after exfoliation is important
in advancing the diversity of applications of graphene, which
includes its use as an antimicrobial agent in its own right [7,8].
Also important is avoiding the use of harsh chemical reagents or
the production of toxic by-products, for developing sustainable
technologies for the future.
Various methods have been reported for the production of
graphene, from chemical vapour deposition [9], reduction of
graphite oxide [10], micromechanical cleavage of graphite [11],
ultra-sonication in an organic solvent such as N-methyl-2-pyrroli-
done [12] or in water with the addition of a surfactant [13–16], dis-
solution in super acid [17], to the use of high shear forces [4,18].
We recently established the synthesis of multi-layer graphene
from graphite in water using shear within a thin film microfluidic
vortex fluidic device, without the need for a stabilising surfactant
[19]. Given the antimicrobial property of graphene [7,8], we sought
to use an antimicrobial agent to enhance this property of graphene,
and also to facilitate the exfoliation process as well as acting as a
stabilising agent at physiological pH. Ramizol� (1,3,5-tris[(1E)-20-
(40-benzoic acid)vinyl]benzene) is a potent and non-toxic synthetic
antimicrobial agent [20–22], and features in this study, in develop-
ing a composite with graphene, along with the choice of water as
the reaction medium. The latter was deemed important in incorpo-
rating green chemistry metrics into the synthesis from the outset.

Ramizol� is essentially a planar molecule and can in principle
interact with the surface of graphene via extended p–p interac-
tions, with potential then for stabilising the graphene in water.
Intense shear and high cavitation forces [23–25] induced by
ultrasonic mechanoenergy act on the bulk graphite, resulting in
exfoliation [25]. In addition, the shape of Ramizol� lends itself to
facilitate exfoliation of graphene from graphite in potentially act-
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Fig. 1. (a) Structure of Ramizol� (1,3,5-tris[(1E)-20-(40-benzoic acid) vinyl]benzene and a molecular dynamic simulation of it on the surface of graphene (ESI-S1). (b)
Photograph of solutions derived from sonication of mixtures of different ratios of graphite and Ramizol� in water (G:R).

Fig. 2. (a) Graphene/Ramizol� sample at the initial graphite to Ramizol� ratio, G:R
(1:0.1) produced after sonication (image on the left) and a control sample prepared
with the same starting material without sonication (image on the right). Sonication
was carried out following the reported procedure, and the sample prepared without
sonication involved manual shaking and left overnight, and (b) Photograph image of
graphite in water, in the presence and absence of Ramizol�. Samples were sonicated
following the described procedure and left overnight. In the case where no
Ramizol� is present, any exfoliation is followed by rapid restacking.
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ing as a molecular ‘wedge’ during sonication (Fig. 1 and ESI-S1),
where the graphene sheets are prized apart. Such a process during
sonication is likely to result in the exfoliation of graphene in water,
as a related process to that established in the exfoliation of graph-
ene in the presence of p-phosphonic acid calix[8]arene [15] and
pyrene derivatives [13,14,16]. The presence of the ionisable car-
boxylic groups on the pendant arms of Ramizol� renders the mol-
ecule soluble in water at pH > 7. Ramizol� also exhibits antioxidant
properties, similar to a-tocopherol (vitamin E), as a standard anti-
oxidant [22], adding to its potent antimicrobial activity.

Functionalizing graphene with a biological active molecule is a
design strategy for greater efficacy, noting composite nanomateri-
als are gaining prominence in applications in medicine [26–28].
Graphene and its derivative, namely graphene oxide, exhibit anti-
bacterial property towards the Gram-negative bacteria, Escherichia
coli, where it effectively cuts through the cell membrane of the bac-
teria releasing phospholipids, resulting in death of the bacteria [7].
In addition, composite materials of graphene, or graphene oxide
with silver nanoparticles, and glutaraldehyde, are effective in kill-
ing E. coli and Gram-positive bacteria, Staphylococcus aureus [29–
31]. More recently a composite of graphene oxide and curcumin
has been developed for cancer therapy [32]. However, despite
graphene oxide being more favourable for many applications
because of its colloidal stability in aqueous media, the presence
of oxygen containing functional groups on its surface is a concern
for biomedical applications [33]. Administration of graphene oxide
into the lungs of mice results in severe and persistent lung injury
[33]. In addition, graphene oxide increases the rate of mitochon-
drial respiration and the generation of reactive oxygen species,
activating inflammatory and apoptotic pathways of the cells. This
is in contrast to pristine graphene which has minimal toxicity,
which is reduced further by coating and stabilising the graphene
with block copolymer Pluronic [33]. Overall, the use of graphene
in biomedical applications is advancing, for example, in the devel-
opment of biocompatible graphene-based antibacterial paper [8].

We have established the facile exfoliation and stabilisation of
graphene sheets in water at pH 10 by non-covalent functionalisa-



Fig. 3. Photograph images of stabilised graphene/Ramizol� solutions, (a) before addition of aqueous NaOH (1 M), and (b) after the addition followed by mild sonication and
centrifugation. AFM (c1-3) and SEM (d1-3) images at different regions of graphene/Ramizol� sample (initial graphite to Ramizol� ratio, G:R (1:0.1)) upon addition of NaOH
followed by mild sonication and centrifugation. Rectangular dotted loops show formation of aggregates of restacked graphene sheets.
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tion with Ramizol�, with the resulting graphene/Ramizol� hybrid
material exhibiting antibacterial properties. The exfoliated material
is stable for more than 1 month, and unlike covalently functional-
ised graphene, the extended p conjugation on the graphene surface
is maintained, and thus the electrical properties of the 2D sheets is
preserved [34]. Interestingly Ramizol� is also fluorescent [21,22]
and this was useful in terms of characterisation of the composite
materials with graphene. From the perspective of drug delivery,
the non-covalent functionalised graphene provides a platform for
high drug loading and controlled release of the drug [26,35], with
antimicrobial and antioxidant activity. Apart from acting as a drug
carrier, graphene and multi-layer graphene can also impart
mechanical stability, thermal conductivity [36] and flame retardant
properties [37] which are promising for widespread applications.
2. Experimental section

2.1. Materials

Ramizol� was synthesised following the literature procedure
with minor changes to the method [38]. Ethyl acetate (20%) in hex-
ane was used for monitoring the progress of the Heck cross cou-
pling reaction between 1,3,5-tribromobenzene and ethyl 4-
vinylbenzoate, using TLC and 20:80 ethyl acetate–dichlorometh-
ane for eluting the product. Purification of the final product from
the saponification reaction involved column chromatography
using a 20:80 methanol–tetrahydrofuran solvent system, followed
by the addition of diethyl ether as an anti-solvent to wash the
product [38]. Graphite flakes (99%, particle size 7–10 lm in lineal
dimension of the planar flakes) were purchased from Alfa Aesar
and used as received.



Fig. 4. (a) UV–visible spectra of Ramizol� and graphene/Ramizol� composites at different ratios of graphite to Ramizol� (G:R) after centrifugal washing and redispersing in
Milli-Q water. (b) Bright field image (top row) of Ramizol� functionalised graphene and the corresponding fluorescence microscopy images (bottom row) at different w/w
ratios of G:R (1:1), (1:0.1) and (1:0.01), respectively. (Scale bar: 100 lm).
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2.2. Sample preparation

Ramizol� was dissolved in Milli-Q water at a concentration of
0.1 mg mL�1 after the addition of 0.1 M NaOH, such that the final
pH of the solution was 10, noting Ramizol� has limited solubility
at pH 6 7. Graphite flakes were added to the solution at a weight
to weight (w/w) ratio of graphite to Ramizol� (G:R) of 1:1, 1:0.1
and 1:0.01 in a total of 20 mL of 0.1 mg mL�1 Ramizol� solution
(ESI-S2). The graphite–Ramizol� mixtures were then ultrasonicat-
ed using a Sonics Vibra Cell ultrasonic liquid processor (130 Watt,
20 kHz) at 50% of the amplitude for 2 h, whereupon they were cen-
trifuged at 453g for 30 min to remove residual graphite flakes.
Excess Ramizol� in the processed solution was removed from each
reaction mixture by centrifugal washing with Milli-Q water at
18,730g for 30 min. The final isolated mixture containing the exfo-
liated graphene sheets was redispersed in Milli-Q water, initially
for characterisation purposes.
Fig. 5. (a) Raman spectra at 532 nm of graphite flakes and graphene/Ramizol�

composites at different ratios of graphite to Ramizol� (G:R). Dotted loops indicate a
shoulder at 1900 cm�1, and (b) comparison of scaled 2D band of the samples.
2.3. Characterisation

UV–Vis spectra of the samples were recorded using a Varian
Cary 50 Bio UV/visible spectrophotometer. Raman spectra were
acquired using a WITec alpha300R confocal Raman microscope at
532 nm excitation wavelength. Transmission electron microscopy



Fig. 6. TEM images of graphene sheets prepared at different w/w ratios of graphite to Ramizol� (G:R). (a) 1:1. The inset TEM image shows significant traces of Ramizol�

observed on graphene sheets from different area of the sample (b) 1:0.1 and (c) 1:0.01, and (d) electron diffraction pattern of a selected area in sample (c) (Scale bar: 100 nm).
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(TEM) characterisation was carried out using the JEOL 2100 instru-
ment operating at 120 kV. Atomic force microscopy (AFM) analysis
in tapping mode was performed with a multimode AFM head and a
NanoScope V controller (Digital Instruments, Veeco, Santa Barbra,
USA) in ambient conditions. Scanning electron microscopy (SEM)
analysis was performed on the FEI Quanta 450, with high voltage,
10 kV, and working distance, 10 mm. Antibacterial activity of
graphene/Ramizol� against S. aureus was investigated by monitor-
ing the cell density by optical density measurements at 600 nm for
a period of 20 h.
1 For interpretation of color in Fig. 4, the reader is referred to the web version of
is article.
3. Results and discussion

Ultrasonic mechanoenergy applied for 2 h to the mixture of
graphite and Ramizol� in water results in the exfoliation of graph-
ite into multiple layers of graphene, affording a stable grey suspen-
sion, for all graphene:Ramizol� ratios (Fig. 1b). It is noteworthy
that sonic energy and Ramizol� are both necessary for the exfolia-
tion of graphene sheets. As shown in Fig. 2, the use of Ramizol� in
the absence of the sonic energy (Fig. 2a) or the use of sonic energy
in the absence of Ramizol� (Fig. 2b), no exfoliation and graphene
stabilisation occurred. The yield of exfoliated graphene sheets
was determined by weighing the remaining graphite sediments
after sonication, and subtracting it from the weight of initial graph-
ite. This establishes an average yield of between 40% and 50% yield
for G:R at 1:1 and 1:0.1, whereas for G:R 1:0.01 the yield was ca.
10%, presumably because of insufficient Ramizol� for effective
graphene exfoliation and stabilisation of the colloidal particles.
For the same ratio, increasing the concentration of Ramizol� to
0.15 mg mL�1 resulted in a modest 4% increment in yield. Despite
the high yields obtained for higher ratios, the thickness of graph-
ene sheets obtained varied for different concentrations of Rami-
zol�. Importantly excess Ramizol� can be recovered and reused
which is an advantage of using this processing method. A simple
test to affirm that Ramizol� is non-covalently attached to at least
the flat surface of the graphene, involved adding 0.1 mL of 1 M
NaOH to 0.5 mL of the resulting solution, followed by mild sonica-
tion. This resulted in sedimentation of graphite following centrifu-
gation at 453g, which is consistent with restacking of the
previously stabilised colloidal solutions of graphene (Fig. 3). The
formation of aggregates of restacked sheets due to the hydrophobic
nature of graphite was verified using AFM and SEM (Fig. 3c and d).

Ultraviolet (UV)–visible spectra of the graphene/Ramizol� com-
posites are shown in Fig. 4a. Pure Ramizol� (blue)1 shows strong
absorption peaks at �250 nm and �320 nm which are weak for
G:R 1:1 sample (red). For G:R 1:0.1 (light green) and G:R 1:0.01
(orange), the absorption peak of graphene at �260 nm [39] is pres-
ent which is consistent with the higher graphene to drug ratio.
The effect of different graphene to Ramizol� ratios is also evident
for fluorescence microscopy under FITC filters; green coloured
regions represent Ramizol� within the sample (Fig. 4b). For samples
containing higher Ramizol� content, the contrast was clearer due to
a higher drug concentration on the surface of graphene sheets
(Fig. 4b).

Raman spectra of the graphene-containing samples were
recorded using a 532 nm laser excitation wavelength, Fig. 5. The
prominent features of graphite/graphene are the G (�1580 cm�1),
th



Fig. 7. AFM height images of graphene/Ramizol� G:R (1:1) (a) with phase image in the inset, (1:0.1) (b), and (1:0.01) (c), respectively.
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D (�1350 cm�1) and 2D (�2700 cm�1) bands [40], which are
clearly observed for all samples. The D band represents graphitic
disorder which is likely due to the edge effect and also structural
defects introduced to graphene during the sonication process
[15,40]. The integrated intensity ratio, ID/IG for the D and G band,
which is a measure of graphene defects [41], is higher for samples
with a lower graphite concentration most likely due to smaller
quantity of graphite being exposed to the sonic energy leading to
deformation compared to graphite at a higher concentration. A
small shoulder at 1900 cm�1 can be attributed to the presence of
Ramizol� and/or partial oxidation of graphene arising from the
sonication [15]. The 2D band profiles, Fig. 5b, shows the composite
materials have narrower peaks compared to graphite, which is
consistent with the few layers of graphene, as expected [40].
Raman spectra of graphene sheets composed of 5 layers or more
are harder to distinguish from bulk graphite [40] and consequently
transmission electron microscopy (TEM), atomic force microscopy
(AFM) and scanning electron microscopy (SEM) were used as com-
plementary tools to investigate the thickness of the sheets in such
samples.

TEM images of the final product revealed few layers of graphene
sheets with clear traces of Ramizol�, particularly for G:R 1:1,
Fig. 6a, which corresponds to the highest loading of the compound.
For G:R 1:1, the graphene sheets are more transparent compared to
the other samples. For lower ratio of Ramizol�, i.e. G:R 1:0.1, and
G:R 1:0.01, possible partial restacking during sonication is evident



Fig. 8. SEM images of (a) pristine graphite and graphene/Ramizol� samples; (b) G:R (1:1), (c) G:R (1:0.1) and (d) G:R (1:0.01) respectively (scale bar: 5 lm).

Fig. 9. SEM images of graphene/Ramizol�, G:R (a) 1:1, (b) 1:0.1 and (c) 1:0.01, and (d) EDS analysis of lumpy sites in (a) and inset image showing EDS analysis on a clear
surface for comparison. Red arrows indicating lumpy features on graphene sheets (scale bar: 1 lm). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 10. Bacterial growth monitoring by optical density measurements at 600 nm for pure Ramizol�, pure graphite sonicated in water and graphene/Ramizol� composites of
S. aureus in Mueller–Hinton media over a period of 20 h. Inset photograph shows image of samples after incubation for 20 h. First image on the left is bacteria only in media
followed by pure Ramizol�, G:R 1:1, G:R 1:0.1, G:R 1:0.01 and ultrasonicated graphite in water with bacteria in media, respectively.
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by the presence of randomly stacked arrays, on the basis that a
lower relative amount of Ramizol� is present to assist the exfolia-
tion and stabilisation of graphene sheets. Electron diffraction of a
selected area in Fig. 6c displays the typical six-fold symmetry
expected for graphite/graphene structure, Fig. 6d. Sonication in
water alone without any surfactant (Ramizol�) is significantly less
effective in forming thin graphene sheets (Fig. 2b). Overall, the
presence of Ramizol� is important in stabilising the graphene
against restacking.

AFM images using tapping mode revealed graphene sheets
either partially or fully covered with Ramizol� which confirms
the stabilising nature of the molecule, Fig. 7. This is particularly
evident for G:R 1:1, where the presence of Ramizol� can be clearly
observed in both height (Fig. 7a) and phase (inset of Fig. 7a) AFM
images. In all samples, the exfoliated graphene sheets have lateral
dimensions of several hundred nanometers to �1 lm. However,
the presence of Ramizol� made it difficult to determine the thick-
ness of graphene sheets especially for G:R 1:1. For G:R 1:1, the
graphene sheets are discernible with different thicknesses ranging
from 2 nm to 10 nm which is consistent with the presence of a few
layers of graphene sheets. The effect of different ratios of drug to
graphite towards the yield of graphene is consistent with the
results discussed above, i.e. thicker sheets are more prevalent as
the amount of drug decreases. As expected, the presence of Rami-
zol� became less evident as the relative amount of compound
decreased. Even though thin sheets (<5 nm) are present, thicker
sheets (>20 nm) are common (Fig. 7b and c). Interestingly, some
sheets have a higher height profile at the periphery compared to
the centre and this is possibly due to the multi-layered stacking
of drug molecules at the edges of the sheets which is in accord with
computational energy minimisation studies (ESI-S3).

SEM was used to explore the surface decoration of graphene
with Ramizol�. Even without coating, clear images can still be
observed which indicates that the effect of exfoliation process on
the electrical conductivity of graphene is minimal (Figs. 8 and 9).
The difference in thickness of the sheets after exfoliation in the
presence of Ramizol� is also significantly different to that of bulk
pristine graphite (Fig. 8). SEM results are consistent with the
TEM and AFM analyses, where at G:R 1:1, Fig. 9a, Ramizol� is
aggregated, with lumpy structural features. However, aggregation
becomes less evident for G:R 1:0.1 and G:R 1:0.01 where Ramizol�
is present as small particles, �2 nm in height based on AFM anal-
ysis. Elemental analysis for sample shown in Fig. 6a using energy
dispersive electron spectroscopy (EDS), shows the presence of oxy-
gen and carbon peaks for the lumpy site which coincides with the
elements in Ramizol� (Fig. 9d) whereas only carbon peak was
observed for clear surface of the same sample (Fig. 9d inset).

The antibacterial property of the graphene/Ramizol� composite
material was investigated using the model Gram-positive bacteria
S. aureus (ESI-S4). Optical density of the samples in media contain-
ing S. aureus was monitored at 600 nm after every 1 h from 0 to 8 h
followed by the final measurement after overnight incubation. Pre-
liminary test results in Fig. 10 shows that effective bacterial
growth inhibition was achieved with pure Ramizol�, G:R 1:1 and
G:R 1:0.1, whereas the antibacterial effect became less effective
for higher graphene concentrations, i.e. G:R 1:0.01 and for graphite
sonicated in water in the absence of Ramizol�, the bacteria growth
was hardly affected. Noteworthy mentioning is that the concentra-
tion of graphite alone in water was the same for the starting
amount of graphite in sample G:R 1:1 (0.1 mg mL�1). The lack of
efficacy is a direct result of the restacking of graphene sheets in
water to afford graphite, which unlike graphene, does not have
antibacterial properties (Fig. 2b). Results are consistent with the
high affinity of the drug to graphite reducing its bioavailability,
and the low yield of exfoliated graphene sheets as a result of a
low drug:graphite ratio. Both factors affect the observed antibacte-
rial activity and at low concentrations of Ramizol� and graphene,
the antibacterial activity of the G:R 1:0.01 mixture is thus
quenched. The inset image displays the mixtures after 20 h of incu-
bation. For the control, a cloudy suspension is clearly observed
which indicates uninhibited growth of the bacteria. With addition
of Ramizol�, a clear suspension was obtained due to the antibacte-
rial effect which inhibits the growth of the bacteria. This was also
observed for G:R 1:1 and G:R 1:0.1. However for G:R 1:0.01 and
pure graphite sample a cloudy suspension was observed which
suggests a lower antibacterial activity in this mixture.

4. Conclusion

Facile graphene exfoliation in water was successful in the pres-
ence of Ramizol� under sonication. The composite material incor-
porates the remarkable properties of graphene and Ramizol�, with
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the latter being an antimicrobial and an antioxidant agent. This
material has potential for developing wound dressing materials
where graphene functions as a drug carrier as well as to impart
toughness to the material. In addition this material may also be
used for antibacterial coatings or other biomedical applications.
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p-phosphonic acid or p-
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Graphite, BN, MoS2 and WS2 are readily exfoliated using probe soni-

cation in the presence of p-(trimethylammonium)methyl-calix[8]arene

resulting in few-layer laminar material. The positively chargedmaterial

is effective in the removal of nitrate ions from waste effluent, as is the

negatively charged corresponding material stablized by partially

deprotonated p-phosphonic acid calix[8]arene, with scope for effi-

cient recycling.
Two-dimensional (2D) materials such as graphene, hexagonal
boron nitride (BN), molybdenum disulde (MoS2) and tungsten
disulde (WS2) are gaining attention in biotechnology.1–4 This is
largely due to the development of improved methods of
producing single sheets of these materials, allowing their novel
properties to be elucidated and exploited. One such method
uses sonic energy in the presence of p-phosphonic acid calix[8]-
arene to exfoliate and stabilise the 2D materials in aqueous
solutions.5 The resultant single- and few-layer 2D materials are
stable for months over a range of pH values, taking on negative
charge associated with partial deprotonation of the upper rim
phosphonic acid groups. Hereaer, in making reference to
these calixarenes, referring to them as the phosphonic acid
species, it is implied that they will be partially deprotonated. We
note that the p-phosphonic acid calix[8]arene and the family of
such calix[n]arenes, n ¼ 4, 5, 6 and 8, are non-toxic,6 with
demonstrated potential in drug delivery applications.7–9 This is
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an important factor for any applications, both for environ-
mental and health concerns.

Another advantage to this exfoliation method is that the
p-phosphonic acid calix[8]arene is non-covalently bound to the
2D material, limiting potential defects arising from covalent
bonding to graphene for solubilisation purposes, while
providing points of nucleation and growth of nanoparticles
such as palladium, platinum and ruthenium into ordered
arrays.10–12 Of interest to us is the ability of graphene exfoliated
and stablized by the same calixarene using this methodology5 to
absorb nitrate ions from waste water.13 In general, 2D materials
are optimum candidates as molecular absorbents given that the
exposed surface area of the materials is at the highest theoret-
ically limit.

Nitrate removal from waste water is an important aspect of
water treatment due to its hazardous effects on the environment
and human health.14,15 Excess nitrate can result in the forma-
tion of toxic algal blooms, in disrupting an already strained
environment.16,17What is of particular interest is how the charge
of the calixarene affects the exfoliation and stabilisation of 2D
materials, as well as the ability of the exfoliated 2D material to
remove nitrate ions from waste effluent. Herein we demonstrate
that a positively charged p-(trimethylammonium)methyl-calix
[8]arene can also facilitate the exfoliation of graphite, BN,
MoS2 and WS2 and that the resulting suspension of the
composite material, along with the previously synthesised
negatively charged p-phosphonic acid calix[8]arene exfoliated
materials,5 can be effectively used to remove nitrate from waste
effluent.
This journal is © The Royal Society of Chemistry 2014
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Fabrication and characterisation of the
2D materials

p-Phosphonic acid calix[8]arene was synthesised according to
literature procedures.18 p-(Trimethylammonium)methyl-calix[8]
arene was synthesised by mixing calix[8]arene, formaldehyde,
acetic acid and dimethylamine in dimethylformamide at room
temperature for 24 hours to afford p-(dimethylamine)methyl-calix
[8]arene followed by mixing with iodomethane in dimethyl-
formamide at room temperature for 4 hours (ESI†).

The exfoliation method used in the present study has been
described previously.5,13 In the general experiment the 2D
material (2 mg mL�1) and the calix[8]arene (10 mg mL�1

p-phosphonic acid calix[8]arene or p-(trimethylammonium)
methyl-calix[8]arene) was dispersed in Milli-Q water. The
dispersion was then sonicated for 2 hours using a probe soni-
cator (150 W at 70% amplitude, Sonier cell disruptor, Model
SLPt, Branson Ultrasonics Corporation). The dispersion was
centrifuged at 1500 � g for 30 minutes and the liquid removed,
with the resulting solid redispersed inMilli-Q water (10 mL) and
separated equally into six centrifuge tubes. These were centri-
fuged at 18 400 � g for 30 minutes and the liquid removed with
the solid redispersed in the same volume of Milli-Q water. This
last step was repeated 5 times on the six tubes to remove excess
calix[8]arene. The dry masses in each tube tended to be very
small and hence the weights had signicant errors associated
with them. For this reason all the measurements were
compared as a process and not to a mass. The resulting
dispersions are shown in Fig. 1.

The purication of the material by centrifugation partitions
the different thickness of the laminar material with the initial
low speed centrifugation removing the largely un-exfoliated
material. At the other extreme, the high speed centrifugation
partitions the calixarene and the highly aqueous stablized
single-layer material in supernatant from the few-layer and
lower aqueous stablized single sheet material in the pellet. This
is evident from the initial high speed centrifugation, with the
supernatant retaining the colour of the exfoliated 2D material.
Some colour remains in the supernatant aer each subsequent
centrifugation washing step, with the intensity decreasing
approximately exponentially through each subsequent centri-
fugation until it is difficult to discern aer the nal centrifu-
gation. As a result the nally isolated exfoliated 2Dmaterials for
both the p-phosphonic acid and p-(trimethylammonium)
Fig. 1 Dispersions of the 2D exfoliated materials graphene (G), WS2
(W), MoS2 (Mo), and BN (B) exfoliated in the presence of either p-(tri-
methylammonium)methyl-calix[8]arene (N) or p-phosphonic acid
calix[8]arene (P).

This journal is © The Royal Society of Chemistry 2014
methyl-calix[8]arenes are expected to be at most a few layers
with a low concentration of single-layer sheets.

Exfoliation in the presence of p-phosphonic acid calix[8]-
arene has been described in a previous report,5 with the AFM
images establishing the thickness of graphene, BN, MoS2 and
WS2 at 2 nm, 4 nm, 5 nm and 5 nm respectively. The exfoliation
method described herein increases the concentration of calix-
arene used from the original method, but produces a similar
thickness of materials for both the p-phosphonic acid calix[8]-
arene (ESI†) and the p-(trimethylammonium)methyl-calix[8]-
arene (Fig. 2). The presence of p-(trimethylammonium)methyl-
calix[8]arene appears to result in a greater exfoliation effi-
ciency than in the presence of p-phosphonic acid calix[8]arene
under identical exfoliation conditions. Qualitative evidence
supporting this are the images of the suspended material in
Fig. 1, where the optical density of the p-(trimethylammonium)
methyl-calix[8]arene exfoliated materials are higher than the
p-phosphonic acid calix[8]arene exfoliated materials. It should
be noted that the experiments in the present study were
designed around identical exfoliation procedures to analyse the
nitrate uptake of the various materials for exfoliation agents of
different charge. Single-layer sheets are not necessarily ideal in
this case. As noted in the purication method the single-layer
sheets are likely to be extremely stable in aqueous solution
and require more time and energy to separate from the excess
calix[8]arene.

The transmission electron microscopy (TEM) images (Fig. 3)
show a signicant number of p-(trimethylammonium)methyl-
Fig. 2 Atomic force microscopy (AFM) images with 1 mm � 1 mm inset
and line profile of 2Dmaterials exfoliated with p-(trimethylammonium)
methyl calix[8]arene. (A) Graphene, (B) MoS2, (C) WS2 and (D) BN.

RSC Adv., 2014, 4, 48348–48352 | 48349

http://dx.doi.org/10.1039/c4ra09000d


Fig. 3 TEM images with 5 nm � 5 nm inset and electron diffraction of
2D materials exfoliated with p-(trimethylammonium)methyl-calix[8]
arene. (A) Graphene, (B) MoS2, (C) WS2 and (D) BN.

Fig. 4 Nitrate-nitrogen [NO3
�-N] content of liquid solution, exposed

to various exfoliated laminar materials stablized by p-phosphonic acid
calix[8]arene or p-(trimethylammonium)methyl-calix[8]arene, desig-
nated “P” and “N” respectively with G ¼ graphene, W ¼ WS2, B ¼ BN,
Mo ¼ MoS2.
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calix[8]arene exfoliated sheets from all 2D materials prepared.
As in our previous report describing p-phosphonic acid calix[8]-
arene exfoliated materials,5 the TEM images in Fig. 3a–c show
reduced widths of the sheets relative to the widths of the
starting material, graphite, MoS2 and WS2 akes, suggesting
that the materials were fragmented in the exfoliation process.
The fragmentation presumably arises from the high energy
cavitation associated with sonication. The BN sheets do not
appear to have undergone signicant fragmentation, with the
2D material still retaining its original circular shape. As noted
earlier, the lack of single-layer sheets observed in the AFM
images may be due to the purication process. However, the
electron diffraction and high resolution TEM images for all of
the materials (Fig. 3) indicate that the exfoliated materials have
a high degree of crystallinity. Thus, from the TEM and AFM
images, it can be concluded that p-(trimethylammonium)
methyl-calix[8]arene was effective in facilitating the exfoliation
and stabilisation of graphene, BN, MoS2 and WS2 in water.

Nitrate removal

Removal of nitrate ions from effluent is legislated in many
countries. According to the United States Environmental
Protection Agency (EPA), the maximum level of nitrate-nitrogen
[NO3

�-N] in drinking water is regulated so that it is below
48350 | RSC Adv., 2014, 4, 48348–48352
10 mg L�1 (equivalent to approximately 45 mg L�1 as NO3
�).14,19

Nitrate-nitrogen [NO3
�-N] represents the amount of nitrogen

(N) present in aqueous solutions yielding from nitrate ions
(NO3

�).19 In the present study, nitrate uptake for the nal
mixtures of various 2Dmaterials stablized by p-phosphonic acid
calix[8]arene or p-(trimethylammonium)methyl-calix[8]arene
was assessed. The nal mixtures were diluted three times with
Milli-Q water, centrifuged at 18 400 � g for 30 minutes and the
majority of supernatant discarded. The remaining mixtures
(0.25 mL) were then diluted with nitrate-containing aquatic
effluent which is also composed of phosphates, carbonate
buffer, vitamins, and some micronutrients (1.25 mL, pH 7.5).20

The concentration of nitrate in the effluent was monitored at
various time intervals (0, 3, 6, 12, 18 and 24 hours). Prior to
nitrate analysis, each mixture was centrifuged at 18 400 � g for
30 minutes and the suspension-free supernatants were
collected for spectrophotometric analysis.21 The reusability of
the materials for nitrate removal was tested aer initially
exposing the 2D materials to the effluent for 24 hours. The
samples were then centrifuged at 18 400� g for 30 minutes, the
supernatant discarded, the solid re-dispersed in Milli-Q water
and subjected to mild sonication (180 W) for 2.5 minutes.13

These samples were then re-centrifuged at 18 400 � g for 30
minutes, the major part of the supernatant was then discarded
(1.25 mL), and replaced with same amount of nitrate-containing
aqueous media. This second cycle was analysed aer exposure
to the effluent for 24 hours following the same procedure as the
rst cycle.

For all eight of the laminar materials produced, regardless of
which exfoliating compound was used, we observed a
substantial amount of nitrate removal from the effluent
media (Fig. 4). The WS2 sample exfoliated with p-(trimethyl-
ammonium)methyl-calix[8]arene (WN) had the highest
removal at 66%, and removal by graphene and WS2 exfoliated
This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4ra09000d
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with p-(trimethylammonium)methyl-calix[8]arene were slightly
more efficient than their p-phosphonic acid calix[8]arene exfo-
liated counterparts. Generally, the laminar materials exfoliated
with p-(trimethylammonium)methyl-calix[8]arene reached
higher nitrate removal rates within the rst six hours of the
experiment relative to p-phosphonic acid calix[8]arene exfoli-
ated materials, with the exception of BN. The maximum nitrate
removal efficiencies were consistent with our previous study of
p-phosphonic acid calix[8]arene exfoliated graphene sheets
reaching a maximum removal efficiency of 55.7% for different
exfoliation conditions.13

The variations within the nitrate uptake are presumably
related to the amount of exfoliated surfaces available, the
functional groups of the calix[8]arenes and/or the manner in
which the calix[8]arenes adsorb to the surface. As indicated by
Fig. 1 and 5, the p-(trimethylammonium)methyl-calix[8]arene
resulted in apparently greater exfoliation. Thus, given the
difference in amount of material exfoliated and the differences
in nitrate removal efficiencies, it would appear that the phos-
phonic acid calix[8]arene has a greater efficiency at nitrate
removal per mass. This establishes that the negatively charged
p-phosphonated calixarene is more effective at binding nitrate
than the more electrostatically favoured trimethylammonium
cation functionalised calixarene. However, the p-
(trimethylammonium)methyl-calix[8]arene with WS2 is the best
material for nitrate removal as it yielded the lowest [NO3

�-N]
concentration (7.5 mg L�1) in the remaining effluent, under the
same preparation procedures as for all other materials.

Nitrate removal efficiencies of these laminar materials aer
two consecutive cycles were also compared (Table 1). The recy-
cling process was applied to the samples at a time-interval of 24
hours. These results indicate that all laminar materials were
Fig. 5 Images of graphene (G), WS2 (W), BN (B), MoS2 (Mo) exfoliated
by either p-phosphonated calix[8]arene (P) (G(P); W(P); B(P); Mo(P)) or
p-(trimethylammonium)methyl-calix[8]arene (N) (G(N); W(N); B(N);
Mo(N)) in a mixture with nitrate containing aqueous solution, followed
by their centrifugation at 18 400 � g for 30 minutes.

Table 1 Nitrate-nitrogen [NO3
�-N] removal efficiencies of various

laminar materials in two consecutive cycles using the same materials.
The values represent the amount of nitrate-nitrogen [NO3

�-N] ions
removed from solution (see Fig. 5 for abbreviations)

Sample GP GN WP WN BP BN MoP MoN

1st cycle (mg L�1) 10.6 11.0 11.5 14.0 11.5 9.0 13.5 10.5
2nd cycle (mg L�1) 9.5 8.5 6.5 8.8 4.9 6.6 9.9 8.0
Total (mg L�1) 20.1 19.5 18.0 22.8 16.4 15.6 23.4 18.5
Overall efficiency (%) 45.7 44.3 40.9 51.8 37.3 35.5 53.2 42.0

This journal is © The Royal Society of Chemistry 2014
still effective for removing nitrate during their second cycle
(Table 1), despite having a decrease in their removal efficien-
cies. Independent from its surface group, graphene was more
stable in recycling than the other laminar materials, showing
similar nitrate removal efficiencies for each consecutive cycle.
In terms of overall nitrate removal efficiencies of two-
consecutive cycles, MoP and WN gave the highest removal
efficiencies of 53.2% and 51.8%, respectively.

Of interest in an industrial sense is that although these
calixarene-exfoliated materials are stable for months prior to
the addition of effluent, once the effluent is added the material
begins to precipitate. We hypothesize that this may be the result
of the nitrate ion acting as an intercalation agent between
exfoliated sheets, creating a weak glue to bind the laminar
sheets. Indeed, this precipitation of environmentally benign
materials from effluent may be a viable method for lowering
[NO3

�-N] content to below regulated concentrations.

Conclusions

We have demonstrated the exfoliation of 2D materials from
bulk materials with a positively charged calix[8]arene (p-
(trimethylammonium)methyl-calix[8]arene). The synthesis is a
simple two-step process from a known high yielding prepara-
tion of calix[8]arene. We have shown that laminar materials
exfoliated with either positively charged or negatively charged
calix[8]arenes were effective at removing nitrate from waste
effluent, with WS2 exfoliated in the presence of p-
(trimethylammonium)methyl-calix[8]arene resulting in the
highest decrease in nitrate content of the waste effluent. All
materials show signicant recyclability removing only slightly
less nitrate aer regeneration by mild sonication. One benet of
these abundant laminar earth minerals is they begin to
precipitate aer binding nitrate allowing a facile method of
nitrate extraction.
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Experimental	methods:		

In	a	typical	experiment	C60	(99685-96-8,	99+%,	BuckyUSA)	was	added	to	toluene	(2	mg/mL)	

and	 the	mixture	 allowed	 to	 stand	 overnight,	whereupon	 it	was	 filtered	 to	 remove	 any	

undispersed	C60	and	impurities.	A	mixture	of	a	toluene	solution	of	C60	(0.5	mL)	with	water	

(0.5	mL)	was	placed	in	in	a	glass	tube	(as	a	readily	available	borosilicate	nuclear	magnetic	

resonance	 (NMR)	 tube	 (ID	 16.000	 ±	 0.013	mm),	which	was	 spun	 for	 30	minutes	 at	 an	

optimized	speed	of	7000	rpm	and	inclination	angle	of	45	degrees.	For	the	confined	mode	

of	operation,	a	finite	volume	of	total	liquid	is	required	which	was	set	a	1	mL.	This	ensures	

that	a	vortex	is	maintained	to	the	bottom	of	the	tube	for	moderate	rotational	speeds,	to	

avoid	 different	 shear	 regimes,	 and	 without	 any	 liquid	 exiting	 at	 the	 top	 the	 tube.	

Stewartson/Ekman	 layers	 prevail	 in	 the	 dynamic	 thin	 films,	which	 arise	 from	 the	 liquid	

accelerating	up	the	tube	with	gravitational	force	acting	against	them.[1]	The	scalability	of	

the	 process	 was	 then	 investigated	 under	 continuous	 flow,	 using	 two	 jet	 feeds,	 one	

delivering	 the	 above	 toluene	 solution	 of	 C60,	 the	 other	 water,	 both	 at	 the	 combined	

optimised	flow	rate	of	1	mL/min	with	 intense	micromixing	resulting	 in	the	formation	of	

what	appears	to	be	a	single	phase	with	then	with	spontaneous	phase	separation	as	the	

liquid	exits	the	tube.	A	systematic	evaluation	of	the	flow	rates	was	carried	out	with		
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1mL/min	affording	the	highest	yield	(~	85	%)	of	hollow	C60	nanotubules.	The	formation	of	

the	nanotubules	is	facilitated	initially	at	the	hemispherical	bottom	of	the	tube	where	there	

is	instability	of	the	liquid	boundary	layer.[1]	The	viscous	drag	as	the	liquid	whirls	up	the	tube	

creates	 shear	 and	 facilitates	micromixing,	 along	with	 that	 from	 the	 Stewartson/Ekman	

layers.		

	

The	C60	nanotubules	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,	transmission	electron	microscopy	(TEM),	Raman	spectroscopy	

and	 powder	 X-ray	 diffraction	 (XRD).	 Raman	 scattering	 were	 recorded	 at	 an	 excitation	

wavelength	of	532	nm	(≤	5mW)	at	room	temperature.	XRD	patterns	were	collected	on	a	

Bruker	Advanced	D8	diffractometer	(capillary	stage)	using	Cu	Kα	radiation	(l	=	1.5418	Å,	

50	kW/40	mA,	2θ	=	2	–	55°).	Samples	for	XRD	were	prepared	on	clean	XRD	plates,	and	dried	

at	80°C	under	reduced	pressure	for	24	hours	prior	to	characterization.	Samples	for	SEM	

and	Raman	analysis	were	prepared	on	clean	silicon	wafers.	Samples	for	TEM	were	prepared	

by	drop-casting	the	dispersion	of	C60	material	onto	standard	carbon	coated	copper	grids	

prior	 to	characterization.	TEM,	high-resolution	TEM	(HR-TEM)	 images	and	selected	area	

electron	diffraction	(SAED)	were	taken	on	a	 JEM-	2100F	(200	kV)	equipped	with	an	EDS	

module.	

	

Quartz	Crystal	Microbalance	(QCM)	Test			

Sample	preparation	for	quartz	crystal	microbalance	studies	

QCM	electrode	was	prepared	as	follows:	2.0	mg	of	C60	nanotube	was	dispersed	in	toluene	

(1	mL).	The	mixture	was	then	sonicated	for	3	minutes	(mild	intensity)	in	a	bath	sonicator,	

and	the	integrity	of	the	nanotubles	was	confirmed	using	SEM.	3	μL	of	this	dispersion	was	

drop	casted	on	the	QCM	Au	electrodes.	The	electrode	was	dried	at	60	°C	in	vacuum	for	24	

hours	before	measurements.	The	modified	QCM	electrode	then	was	attached	to	the	QCM	

instrument	 and	 exposed	 to	 the	 solvent	 in	 a	 sealed	 space	 to	 prevent	 the	 escape	 of	 the	

vapors	during	the	adsorption	measurements.	Between	measurements,	the	electrode	was	

exposed	to	air	to	desorb	the	solvent	vapor.	The	recovery	of	the	initial	frequency	value	was	

taken	 as	 an	 indication	 of	 complete	 desorption.	 The	 change	 in	mass,	 m	 (g.cm-2)	 of	 the	

material	deposited	on	the	surface	of	the	QCM	electrode	(due	to	adsorption	and	desorption		
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of	solvent	molecules)	 is	 related	 to	 the	change	 in	 the	oscillating	 frequency	of	 the	quartz	

electrode.	A	resonance	frequency	of	9	MHz	(AT-cut)	was	used	and	the	frequency	of	the	

modified	 QCM	 electrode	 (fullerene	 coated	 on	 Au	 QCM	 electrode)	 was	 recorded	 upon	

exposure	to	different	solvent	vapors	at	25	°C.	

The	 frequency	 change	 (Δf)	 corresponds	 to	 the	 sample	 amount	 loaded	 (m)	 on	 the	QCM	

electrodand	can	be	calculated	from	Sauerbrey	equation[2]	

	

																																																 (Equation	1)	

	

where	ƒo	(Hz)	is	the	natural	frequency	of	the	quartz	crystal,	rQ	is	the	quartz	density	(2.649	

g	cm-3),	and	µQ	is	the	shear	modulus	(2.947	×	1011	g	cm-1s-2).	

	

	
Figure	 SE1	 TGA	 analysis	 of	 the	 C60	 nanotubules	 with	 a	 20°C/min	 rate	 of	 temperature	

increase	in	air.	
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Control	Experiments:	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	SE2	SEM	images	of	C60	dispersed	in	toluene	at	different	concentrations	with	then	

the	addition	of	water	 at	 a	 1:1	 volume	 ratio	prior	 to	 sonication	 for	 30	minutes	 (no	VFD	

processing),	which	resulted	in	a	change	in	colour	from	magenta	to	brown.	(a-b),	1	mg/mL	

VFD	flow	rate	VFD,	(c-d),	and	2	mg/mL	VFD	flow	rate	(e-f)	3	mg/mL.	

	

	

	

	

	

	

	

	

	

Figure	E3	SEM	images	of	C60	dispersed	in	toluene	(1	mg/mL)	with	then	the	addition	of	water	

at	a	1:1	volume	ratio.	1	mL	of	the	dispersion	was	then	placed	in	the	VFD	at	an	inclination	

angle	of	45°	and	a	rotational	speed	of	7000	rpm	for	30	minutes	(confined	mode).	
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Figure	E4	SEM	images	at	different	areas	of	the	post	VFD	processed	sample.	The	sample	was	

prepared	with	C60	dispersed	in	toluene	(2	mg/mL)	with	then	the	addition	of	water	at	a	1:0.5	

volume	ratio.	1	mL	of	the	dispersion	was	then	placed	in	the	VFD	at	an	inclination	angle	of	

45°	and	a	rotational	speed	of	7500	rpm	for	30	minutes.	The	volume	ratio	was	critical	with	

control	 experiments	 establishing	 changing	 the	 volume	 ratios	other	 that	 the	1:1	 volume	

ratio,	affording	a	mixture	of	different	morphologies	

	

	

	

	

	

	

	

	

	

	

Figure	E5	SEM	images	of	C60	dispersed	in	toluene	(2	mg/mL)	with	then	the	addition	of	water	

at	a	1:1	volume	ratio.	1	mL	of	the	dispersion	was	then	placed	in	the	VFD	at	an	inclination	

angle	of	45°	at	different	rotational	speeds	for	30	minutes.	Different	rotational	speeds	other	

then	the	optimized	conditions	afford	a	mixture	of	different	morphologies	(confined	mode).		
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	Figure	E6	SEM	images	of	C60	dispersed	in	toluene	(3	mg/mL)	with	then	the	addition	of	

water	at	a	1:1	volume	ratio.	1mL	of	the	dispersion	was	then	placed	in	the	VFD	at	an	

inclination	angle	of	45°	and	a	rotational	speed	of	7000	rpm	for	30	minutes	(confined	

mode).	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	E7	SEM	images	of	C60	dispersed	in	toluene	(3	mg/mL)	with	then	the	addition	of	water	

at	a	1:1	volume	ratio.	1	mL	of	the	dispersion	was	then	placed	in	the	VFD	at	an	inclination	

angle	of	45°	and	a	rotational	speed	of	7500	rpm	for	30	minutes	(confined	mode).	
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Figure	E8	SEM	images	of	C60	dispersed	in	toluene	(3	mg/mL)	with	then	the	addition	of	water	

at	a	1:1	volume	ratio.	1	mL	of	the	dispersion	was	then	placed	in	the	VFD	at	an	inclination	

angle	of	45°	at	other	rotational	speeds	for	30	minutes.	Different	rotational	speeds	other	

then	the	optimized	conditions	afford	a	mixture	of	different	morphologies	(confined	mode).	
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1D	fullerene	nanotubules	were	prepared	using	previously	published	method,	as	the	liquid–

liquid	interfacial	precipitation	(LLIP)	method.[3]	These	form	at	the	interface	of	a	saturated	

solution	of	C60	in	mesitylene	(0.99	mgmL-1)	and	isopropyl	alcohol	(IPA),	and	the	synthesis	

involves	the	slow	addition	of	IPA	to	a	saturated	C60	solution	in	mesitylene.	The	mixture	was	

stored	in	a	temperature-controlled	incubator	at	25	oC	for	24	h.	

	

	

	

	

	

	

	

	

	

Figure	E9	SEM	images	of	C60	nanotubules	prepared	using	the	LLIP	method.[3]	

	

	

	

	

	

	

	

	

	

	

	

Figure	E10	TEM	and	HRTEM	of	the	C60	nanotubules	prepared	using	the	LLIP	method.[3]	
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Figure	E11	C60	nanotubules	prepared	using	the	LLIP	method	with	no	pores	on	the	surface:	

(a)	QCM	frequency	shifts	for	coated	electrode	upon	exposure	to	different	solvent	vapors	

(water,	 methanol,	 ethanol,	 acetone,	 benzene,	 toluene,	 xylene,	 mesitylene,	 and	

chloroform),	(b)	repeatability	test	of	the	electrode	upon	exposure	and	removal	of	methanol	

vapors,	 (c)	 number	 of	molecules	 adsorbed	with	 time,	 and	 (d)	 the	 legends	 common	 for	

figures	 (a)	 to	 (c)	 shown	 in	 the	 order	 of	 their	 molecular	 sizes	 that	 are	 estimated	 by	

considering	molecular	structure	and	atomic	radii	of	the	solvents.	
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APPENDIX	F	

	
Supplementary	information	

VFD	induced	templated	graphene	scroll	formation	from	graphite	

Kasturi	Vimalanathan,	Christopher	T.	Gibson,	Xianjue	Chen	and	Colin	L.	Raston*	

	

	

	

	

	

	

	

	

Figure	F12	Graphite	 flakes	 in	the	 immiscible	solvent	system	mixture,	 toluene	and	water	

without	the	use	of	sonication	the	sample	was	characterized	at	the	interphase	of	toluene	

and	water;	(a-b)	TEM	of	the	stable	hydrophobic/hydrophilic	rod	templates	of	toluene	and	

water,	(c-d)	AFM	images	of	the	rod	templates,	and	(c)	the	associated	height	profile	of	the	

rod	templates,	with	a	height	of	ca	4-6	nm	
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Figure	F13	The	immiscible	solvent	system	mixture	in	the	absence	of	graphite	flakes,	toluene	

and	water	without	the	use	of	sonication;	the	sample	was	characterized	at	the	interphase	

of	toluene	and	water;	(a-b)	TEM	of	the	hydrophobic/hydrophilic	rods	which	were	unstable	

under	high	energy.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	F14	Raman	spectroscopy	of	the	control	experiments	for	the	assignment	of	the	two	

additional	peaks	present	in	the	scroll	spectra;	(a)	toluene/water	solvent	system	deposited	

on	a	silicon	wafer,	and	(b)	pure	silicon	wafer	
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Figure	F15	Additional	AFM	images	of	graphene	scrolls	afforded	using	toluene	water	at	a	

1:1	volume	ratio.	This	was	the	optimised	condition	to	afford	high	quantities	of	graphene	

scrolls.		

Figure	F16	SEM	images	of	partial/	unscrolled	graphene	sheets.	Partial	scrolled	graphene	

sheets	were	afforded	when	changing	the	volume	ratio	of	toluene	and	water	other	then	the	

optimised	condition	(1:1	volume	ratio).	
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Figure	 F17	 AFM	 of	 small	 amounts	 of	 exfoliated/partially	 exfoliated	 graphene	 sheets	

present	post	VFD	processing,	and	the	associated	height	profile.	The	graphene	sheets	were	

of	smaller	dimensions	due	to	the	intense	shearing	in	the	VFD,	sufficient	to	be	able	to	rip	

the	graphene	sheets	into	smaller	dimensions.	
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Supplementary	Information	

Fluid	dynamic	slicing	of	super	tensile	carbon	nanotubes	
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Raman	characterization	

In	a	typical	carbon	nanotube	Raman	spectrum1-3,	the	RBM	frequencies	correspond	to	the	

diameter	of	the	nanotubes	present	in	the	sample,	correlating	to	peak	intensities	within	the	

specified	region.	Any	disorder	induced	D-band	conforms	to	damage/defects	present	within	

the	 walls/ends	 of	 individual	 CNTs,	 with	 the	 ratio	 of	 intensity	 of	 the	 G	 band	 and	 the	

disordered	induced	D	band	(ID/IG)	determining	the	structural	defects	present	on	the	walls	

of	the	nanotubes	post-processing.	
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Supplementary	Figure	1	

AFM	 images	 of	 the	 as	 received	 SWCNTs,	 MWCNTs	 and	 DWCNTs	 respectively	 (in	 the	

absence	of	the	VFD	and	laser)	dispersed	in	a	1:1	mixture	of	NMP	and	water	after	batch	

processing	in	a	round	bottom	flask	(stirring)	

Figure	G18	AFM	images	of	the	as-received	carbon	nanotubes	(a-c)	SWCNTs	(d-f)	DWCNTs,	

and	(g-i)	DWCNTs.	
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Supplementary	Figure	2,3	and	4	

Additional	AFM	images	of	the	sliced	carbon	nanotubes,	SWCNTs,	DWCNTs	and	MWCNT	

Figure G19 AFM images of the sliced SWCNTs	

	

Figure	G20	AFM	images	of	the	sliced	DWCNTs		
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Figure G21 AFM images of the sliced MWCNTs 	
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Supplementary	Figure	5	

AFM	 images	SWCNTs,	MWCNTs	and	DWCNTs	 respectively	processed	with	 the	1064	nm	

laser	(in	the	absence	of	VFD	processing)	for	a	30	minute	processing	time.	A	glass	cuvette	

was	 filled	with	 the	 respective	 CNT	 suspension	 (1:1	mixture	 of	 NMP	 and	water)	 with	 a	

stirring	bar	beneath	 the	vial	 to	ensure	continuous	mixing	of	 the	 suspension.	The	8	mm	

pulsed	laser	was	directed	to	the	middle	of	the	glass	cuvette.	

	

	

	

	

	

	

Figure	G22	(a)	AFM	height	images	of	the	fragmented	SWCNTs,	(b)	AFM	height	image	of	a	

SWCNT	fragment	and	its	(c)	associated	height	profile,	(d)	AFM	height	image	of	DWCNTs,	

and	(e-f)	AFM	height	images	of	partially	sliced	MWCNTS	with	no	uniformity	in	length	with	

the	presence	of	bundles	and	agglomerates.	
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Supplementary	Figure	6	

Control	experiments	to	study	the	effects	of	changing	the	laser	wavelength	on	the	slicing	

of	the	CNTs	at	the	optimised	laser	power,	260	mJ.	The	532	nm	wavelength	(green	light)	

showed	no	apparent	slicing	of	the	CNTs,	single,	doubled	and	multi	walled	under	the	same	

conditions.	

		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	G23	AFM	images	of	the	nanotubes;	(a-b)	SWCNT,	(c-d)	DWCNT,	and	(e-f)	MWCNT	
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Supplementary	Figure	7	

Control	experiments	 to	establish	 the	optimised	power	 for	 the	slicing	process.	At	a	 laser	

power	 of	 150	 mJ,	 bundled	 SWCNT	 remained	 unaffected	 with	 debundling	 and	 some	

agglomerates	still	present,	however	no	slicing	was	evident.		At	450	mJ,	there	were	large	

amounts	of	bundled	and	agglomerated	SWCNTs	still	present	within	the	sample;	however,	

small	amounts	of	sliced	SWCNTs	were	observed	(Figure	(e))	albeit	irregular	in	length.	

	

	

	

	

	

Figure	G24	AFM	images	of	SWCNT	processed	in	the	VFD	(θ	45o,	rotational	speed	7500	rpm)	

at	 different	 laser	 powers	 for	 a	 10	 minute,	 30	 minute	 and	 1	 hour	 processing	 time	

respectively	(VFD	confined	mode);	(a-c)	150	mJ	(a)	10	minutes,	(b)	30	minutes,	(c)	1	hour;	

(d-f)	 450	 mJ	 (d)	 10	 minutes,	 (e,g)	 30	 minutes-	 small	 amounts	 of	 sliced	 SWCNTs	 were	

observed,	and	(f)	1	hour	
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Supplementary	Figure	8	

Absorption	 spectrums	 of	 the	 sliced	 single,	 double	 and	 multi	 CNTs	 were	 observed	 to	

determine	the	concentration	and	their	chiralities,	present	in	the	aqueous	dispersions	under	

both	confined	mode	(Supplementary	Fig.	6(a))	and	continuous	flow	(Supplementary	Fig.	

6(b)).	For	SWNCTs	there	are	four	regions	around	850-1350	nm,	500-850	nm,	330-450	nm	

and	 300-400	 nm,	 corresponding	 to	 the	 S11,	 S22,	 S33	 and	 S44	 optical	 transition	 of	 the	

semiconducting	SWCNTs.	The	absorbance	peaks	observed	between	the	regions	400-650	

nm	represent	the	first	optical	transition	of	metallic	SWCNTs	(M11).	As	for	the	sliced	CNTs	

for	DWCNTs	and	MWCNTs,	the	absorption	peaks	were	significantly	broader	compared	to	

the	 peaks	 for	 SWCNTs.	 A	 much	 lower	 absorbance	 was	 observed	 specifically	 for	 the	

MWCNTs.	The	absorption	peaks	 for	DWCNTs	and	MWCNTs	are	 in	similar	regions	to	the	

SWCNTs.	 The	 peaks	 between	 950	 and	 1250	 nm	 correspond	 to	 small	 amounts	 of	

semiconducting	 nanotubes	 for	 the	 S11	 transition	 and	 dominated	 amounts	 of	 the	 S22	

transition,	corresponding	to	the	smaller	diameter	inner	wall	nanotubes	and	the	larger	outer	

walls	 respectively.	 A	 typical	 absorption	 peak	 at	 273	 nm	 corresponds	 to	 the	 surface	 π-

plasmon	excitation	of	 stable	dispersed	carbon	nanotube	dispersions,	also	known	as	 the	

ultraviolet	absorption	characteristic	of	the	nanotubes4-5.	

	

	

	

Figure	G25	UV-Visible	spectras	of	the	sliced	SWCNT,	DWCNT	and	MWCNT	compared	to	the	

respective	as-received	CNTs;	(a)	under	confined	mode,	(b)	under	continuous	flow.	
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Supplementary	Figure	9-14	

SANS	measurement	was	performed	along	with	AFM	to	compare	the	results	from	the	two	

techniques	and	 in	 two	different	 solvents.	While	AFM	provides	2-dimensional	 real	 space	

representation	of	structure	with	some	limited	statistics,	SANS	as	a	reciprocal	space	method	

where	 3-dimensional	 real	 space	 information	 is	 reconstructed	by	modeling	 of	 scattering	

curves6,	 provides	 a	 true	 statistical	 perspective	 on	 structure.	 	 The	 two	 techniques	 are	

therefore	complementary.	For	this	purpose,	we	evaporated	NMP	from	sliced/pre-treated	

(shear+laser	or	laser	only)	nanotubes.	The	resultant	material/nanotubes	were	re-dissolved	

in	deuterated	chloroform	for	SANS	measurements.	Deuterated	solvent	was	used	to	lower	

the	relative	incoherent	background	scattering	and	the	contrast	between	the	solute	and	the	

solvent.	 	 SANS	measurements	were	performed	on	QUOKKA	at	Braggs	 Institute,	ANSTO.	

Neutrons	of	wavelength	5	Å	were	used	with	a	wavelength	spread/	full-width	half	maximum	

of	Δλ/λ	=	12%.	The	sample	to	detector	distances	of	1.3	m,	4.5	m,	13	m	covered	the	overall	

q	 range	of	0.013	Å−1	<	q	<	0.534	Å−1.	 	Here	q	=	 (4π/λ)	sin	 (θ/2)	 is	 the	magnitude	of	 the	

scattering	vector	and	θ	is	the	scattering	angle.	The	sample	scattering	was	corrected	for	the	

background,	the	empty	cell	scattering,	and	the	sensitivity	of	the	individual	detector	pixels.	

The	corrected	data	sets	were	placed	on	an	absolute	scale	and	the	structure	was	modeled	

using	Igor	Pro	software7.	

	

Small-angle	neutron	scattering	(SANS)	data	for	single-walled-,	double	walled-	and	multi-

walled	carbon	nanotubes,	subjected	to	laser	and	shear	at	various	time	scales,	have	been	

reduced	and	fitted	to	cylindrical	models.	The	quality	of	the	fit	and	physical	plausibility	of	

the	 structural	 parameters	 was	 used	 to	 evaluate	 which	 structure	 was	 the	 most	 likely	

solution	 structure	 of	 the	 nanotubes.	 The	 scattering	 length	 densities	 (SLDs)	 for	 the	

nanotubes	and	solvent	 (d3-chloroform)	were	calculated	and	the	analyses	were	done	on	

Igor	software	provided	by	NIST.	The	data	was	collected	at	Bragg	Institute,	ANSTO.	The	data	

was	 fitted	 to	 cylinder	model.	 In	 the	 smeared	 cylindrical	 fits	 (all	 3	 types),	 the	 SLDs	 for	

SWCNTs/	DWCNTs/	MWCNTs	were	free,	whereas	that	for	the	solvent	d3-CDCl3	was	held	

fixed	at	the	calculated	values	and	the	structural	parameters	common	to	each	data	set	were	

optimized	to	provide	the	best	fit.	The	scattering	data	indicates	that	vortex	fluidic	device	

(VFD)	in	combination	with	laser	enabled	the	breaking	of	carbon	nanotubes.	A	list	of	fits	and	

individual	fits	with	fitting	parameters	and	notes	are	enlisted	below.	
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In	the	smeared	cylindrical	fits,	the	scattering	length	densities/SLDs	for	the	solvent	d3-CDCl3	

and	length	were	held	fixed	at	the	calculated	values	and	the	structural	parameters	common	

to	each	data	set	were	optimized	to	provide	the	best	fit.		

	

TABLE	1:	RESULT	SUMMARY	

Sample	 SLD	 Radius	 Length	

SWCNT	laser	only	 	5.91621e-06	

±0.000724898	

	7	±	0.502443	 999.523±283.901	

SWCNT	 laser	 +shear	

(10min)	

	4.71192e-06	 ±	

0.000482733	

	7	±	2.2327	 	3700	 ±0	

SWCNT	 laser	 +shear	

(30min)	

	5.71086e-06	 ±	

0.000462135	

	7	±	1.75552	 	1650	 ±0	

SWCNT	 laser	 +shear	

(60min)	

	5.9024e-06	 ±	

0.000740086	

	7	±	2.6338	 	1100	 ±0	

DWCNT	 laser	

+shear(60min)	

	4.86312e-06	 ±	

0.00244807	

	20	±	1.22684	 	1600	 ±0	

MWCNT	 laser	

+shear(60min)	

	4.42184e-06	 ±	

0.00369752	

	45	±	1.72077	 	1710	 ±0	
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Fit	to	SmearedCylinderForm,		

Data	file:	a1_comb_ABS	

	
	

scale		 		 0.00290988	 ±	 1.5284	

radius	(Å)		 		 7	 ±	 0.502443	

length	(Å)		 		 999.523	 ±	 283.901	

SLD	cylinder	(Å-2)		 		 5.91621e-06	±	 0.000724898	

SLD	solvent	(Å-2)		 		 3.156e-06	 ±	 0	

incoh.	bkg	(cm-1)		 		 0.032984	 ±	 0.000181443	

	

chisq	=	693.141	

Npnts	=	223		 	 	Sqrt(χ^2/N)	=	1.76302	

Fitted	range	=	[0,222]	=	0.0131333	<	Q	<	0.570667	

FitError	=	No	Error	 	 FitQuitReason	=	No	decrease	in	chi-square	

	

Figure	G26	Smeared	cylinder	fitting	for	single-walled	carbon	nanotubes	treated	with	laser	

only	
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Fit	to	SmearedCylinderForm,	

Data	file:	a2_comb_ABS	

	
	

scale		 		 0.00264772	 ±	 1.64283	

radius	(Å)		 		 7	 ±	 2.2327	

length	(Å)		 		 3700	±	 0	

SLD	cylinder	(Å-2)		 		 4.71192e-06	±	 0.000482733	

SLD	solvent	(Å-2)		 		 3.156e-06	 ±	 0	

incoh.	bkg	(cm-1)		 		 0.0420775	 ±	 0.000234206	

	

chisq	=	441.902	

Npnts	=	216		 	 	Sqrt(χ^2/N)	=	1.43033	

Fitted	range	=	[0,215]	=	0.0131333	<	Q	<	0.570667	

FitError	=	No	Error	 	 FitQuitReason	=	No	Error	

	

Figure	G27	 Smeared	 hollow	 cylinder	 fitting	 for	 single-walled	 carbon	 nanotubes	 treated	

with	laser	and	shear	10	minutes	
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Fit	to	SmearedCylinderForm,		

Data	file:	a3_comb_ABS	

	
	

scale		 		 0.00104287	 ±	 0.377255	

radius	(Å)		 		 7	 ±	 1.75552	

length	(Å)		 		 1650	±	 0	

SLD	cylinder	(Å-2)		 		 5.71086e-06	±	 0.000462135	

SLD	solvent	(Å-2)		 		 3.156e-06	 ±	 0	

incoh.	bkg	(cm-1)		 		 0.0343739	 ±	 0.000195543	

	

chisq	=	337.927	

Npnts	=	223		 	 	Sqrt(χ	^2/N)	=	1.231	

Fitted	range	=	[0,222]	=	0.0131333	<	Q	<	0.570667	

FitError	=	No	Error	 	 FitQuitReason	=	No	Error	

	

Figure	G28	 Smeared	 hollow	 cylinder	 fitting	 for	 single-walled	 carbon	 nanotubes	 treated	

with	laser	and	shear	30	minutes	
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Fit	to	SmearedCylinderForm,		

Data	file:	a4_comb_ABS	

	

	
	

scale		 		 0.00059959	 ±	 0.323132	

radius	(Å)		 		 7	 ±	 2.6338	

length	(Å)		 		 1100	±	 0	

SLD	cylinder	(Å-2)		 		 5.9024e-06	 ±	 0.000740086	

SLD	solvent	(Å-2)		 		 3.156e-06	 ±	 0	

incoh.	bkg	(cm-1)		 		 0.0345868	 ±	 0.000193535	

	

chisq	=	372.465	

Npnts	=	222		 	 	Sqrt(χ	^2/N)	=	1.29529	

Fitted	range	=	[0,221]	=	0.0131333	<	Q	<	0.570667	

FitError	=	No	Error	 	 FitQuitReason	=	No	Error	

	

Figure	G29	 Smeared	 hollow	 cylinder	 fitting	 for	 single-walled	 carbon	 nanotubes	 treated	

with	laser	and	shear	60	minutes	
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Fit	to	SmearedCylinderForm,		

Data	file:	a5_comb_ABS	

	
	

scale		 		 9.24342e-05	±	 0.540001	

radius	(Å)		 		 45	 ±	 1.72077	

length	(Å)		 		 1710	±	 0	

SLD	cylinder	(Å-2)		 		 4.42184e-06	±	 0.00369752	

SLD	solvent	(Å-2)		 		 3.156e-06	 ±	 0	

incoh.	bkg	(cm-1)		 		 0.0437142	 ±	 6.81163e-05	

	

chisq	=	1616.97	

Npnts	=	216		 	 	Sqrt(χ	^2/N)	=	2.73605	

Fitted	range	=	[0,215]	=	0.0131333	<	Q	<	0.570667	

FitError	=	No	Error	 	 FitQuitReason	=	No	Error	

	

Figure	G30	Smeared	hollow	cylinder	fitting	for	multi-walled	carbon	nanotubes	treated	with	

laser	and	shear	60	minutes	
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Fit	to	SmearedCylinderForm,		

Data	file:	a6_comb_ABS	

	
	

scale		 		 0.000193797	 ±	 0.555824	

radius	(Å)		 		 20	 ±	 1.22684	

length	(Å)		 		 1600	±	 0	

SLD	cylinder	(Å-2)		 		 4.86312e-06	±	 0.00244807	

SLD	solvent	(Å-2)		 		 3.156e-06	 ±	 0	

incoh.	bkg	(cm-1)		 		 0.0357999	 ±	 9.45695e-05	

	

chisq	=	316.69	

Npnts	=	223		 	 	Sqrt(χ	^2/N)	=	1.19169	

Fitted	range	=	[0,222]	=	0.0131333	<	Q	<	0.570667	

FitError	=	No	Error	 	 FitQuitReason	=	No	Error	

	

Figure	G31	Smeared	hollow	cylinder	fitting	for	double-walled	carbon	nanotubes	treated	

with	laser	and	shear	60	minutes	
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APPENDIX	H	

______________________________________________________	
Supplementary	information	

Shear	induced	fabrication	of	intertwined	single	walled	carbon	nanotube	rings	

Kasturi	Vimalanathan,	Xianjue	Chen	and	Colin	L.	Raston*	

	

A	systematic	evaluation	was	carried	out	to	determine	the	optimized	conditions	required	

for	the	organization	of	the	SWCNT	rings	under	shear	in	the	VFD.	A	dispersion	of	SWCNTs	

(0.1	mg/mL)	was	placed	in	the	VFD	tube,	20	mm	diameter	tube	(I.D=	20.000	±	0.013)	and	

the	10	mm	diameter	tube	(I.D=	7.100	±	0.013	mm)	at	different	rotational	speeds,	targeting	

3000	rpm,	6000	rpm,	7000	rpm	and	8000	rpm,	and	at	different	inclination	angles,	0°,	30°,	

45°,	60°,	75°	and	90°.		

	

	

	

	

	

	

	

	

	

	

Figure	H32	Photographs	of	the	SWCNTs	dispersion	after	the	processing	under	shear;	(a)	at	

inclination	angles	0°,	30°,	45°,	60°,	75°	and	90°,	respectively,	and	(b)	at	3000	rpm,	6000	

rpm,	7000	rpm	and	8000	rpm	rotational	speeds,	respectively	(left	to	right).	

	

The	rotational	speed	of	VFD	was	critical	 in	 the	 formation	of	 the	nanorings,	with	speeds	

above	6000	 rpm	effective	 in	 forming	 the	nanorings.	The	highest	yield	of	nanorings	was	

observed	at	7000	rpm	and	8000	rpm.	The	rotational	speed	at	6000	rpm	afforded	nanorings	

but	in	minimal	quantity.	The	choice	of	inclination	angle	of	the	tube	was	as	significant	as	the	

choice	of	rotational	speed	for	the	microfluidic	processing,	which	is	consistent	with	other	
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applications	of	the	VFD16,17,18,19,20.	At	low	inclination	angles	(0°	to	30°),	there	was	limited	

formation	of	 the	nanorings.	At	60°	 tilt	 angle	nanorings	 resulted	albeit	 in	 low	yield,	 and	

higher	angles	(75°	and	90°)	were	ineffective	in	forming	such	rings.	The	optimal	conditions	

for	the	formation	of	the	SWCNT	nanorings	is	for	the	tube	inclined	at	45°	and	rotating	at	

7500	rpm.	

	

	

	

	

	

	

Figure	E33	Images	of	SWCNTs	rings	100	to	200	nm	in	diameter	derived	from	(a)	TEM	(b)	

AFM	(phase	images),	(d-f)	AFM	phase	images	of	single	SWCNT	appearing	to	‘bite’	their	tail	
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Control	experiments:		

	

	

	

	

	

	

	

	

Figure	H34	AFM	phase	 images:	 SWCNT	dispersion	 in	 toluene/water	 in	 the	absence	of	

shear	(i.e.	no	VFD	processing).	

	

	

	

	

	

	

	

	

Figure	H35	AFM	height	images:	SWCNT	dispersion	in	pure	toluene.	
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Figure	H36	AFM	images:	(a	and	b)	for	a	colloidal	dispersion	drop	cast	immediately	form	a	

mixture	 under	 sonication	 (phase	 image);	 (c)	 for	 a	 colloidal	 dispersion	 drop	 cast	 after	

sonication	 (10	 minutes)	 (height	 image);	 small	 amounts	 of	 SWCNT	 rings	 were	 noticed	

immediately	post-sonication	collapsed	back	to	those	in	(c).	The	rings	in	(a)	and	(b)	are	ca	

70-90	nm	in	diameter.	
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