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What’s	nanotechnology?	

•  Nanotechnology	is	the	understanding	and	control	of	maZer	at	
dimensions	between	approximately	1	and	100	nanometers,	where	
unique	phenomena	enable	novel	applicaOons.	

•  NanoparOcles	are	effecOvely	a	bridge	
between	bulk	materials	and	atomic	or	
molecular	structures.	

•  A	bulk	material	should	have	constant	
physical	properOes	regardless	of	its	size.		

•  At	nanoscale,	properOes	such	as	melOng	
point,	fluorescence,	electrical	
conducOvity,	magneOc	permeability,	
and	chemical	reacOvity	change	as	a	
funcOon	of	the	size	of	the	parOcle.	

Na$onal	Nanotechnology	Ini$a$ve	
www.nano.gov	



Nanoscale	dependent	effects	

• 	Increase	of	the	surface-volume	raOo,	
gives	an	increase	in	the	total	surface	area.	

–  Greater	effects	of	surface	atoms	
on	phys.	&	chem.	properOes	

Macro	par(cle	 Macro	sphere	filled	
with	nanopar(cles	

Example:	Mel(ng	temperature	
depression	for	gold	nanopar(cles:	
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Eb	is	the	bulk	material	cohesive	energy	

•  Increase	of	chemical	and	electrostaOc	
potenOal	gradients.	

•  ReducOon	of	scaZering	events	–	
inelasOc	mean	free	path	is	comparable	
with	the	size	of	the	nanoparOcle.	

•  Quantum	effects	-	the	energy	bands	
are	replaced	by	discreet	energy	states	



Current	and	potenOal	applicaOons	of	
nanomaterials	(not	including	bio-med)	

Nanowerk,	August	2011	
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Examples	of	carbon	nanostructures	

•  Buckyballs	–	in	1985	by	Kroto,	Smalley,	and	Curl,	Noble	prize	in	1996.	
•  Carbon	nanotubes	–	in	1990	by	S.	Iijima.	
•  Discovered	using	carbon	arc	discharges.	

•  ClassificaOon	is	based	on	the	number	of	dimensions,	which	are	not	
confined	to	the	nanoscale	range	(<100	nm).	

•  ConducOon	electrons	free	to	move	along	the	non-confined	dimension/s.	

Single,	double,	mul(-
wall	nanotubes		
1-10	nm	diam.	

Buckyballs,	C60,	C70	
~	1	nm	



Plasma-based	synthesis	of	nanomaterials	

•  Many	exisOng	methods	of	nanosynthesis	use	
low	pressure	(10-3-101	torr)	and	higher	
pressure	(≤	1	atm)	plasmas	to	produce	a	
broad	range	of	nanomaterials	with	various	
nanostructures:	

1	atm,	room	T	

Dp	<	5	nm	

Ar	+	EtOH	(180	ppm)	Low	pressure	plasma	
synthesis	of	silicon	
nanoparOcles.	

Mangolini	and	Kortshagen,		
Advanced	Materials	2007,	

Univ.	of	Minnesota	
MagneOc	arc	synthesis	of	
graphene	at	500	torr.		

Volotskova	et	al,	Nanoscale,	
2010	

GWU-PPPL-CSIRO		

Microplasma	synthesis	of	nano	
diamonds	at	1	atm.	pressure	
A.	Kumar	et	al.,	Nature	Comm.	

2013	
Case	Western	Reserve	Univ.	



Grand	challenges	of	plasma-based	nanosynthesis	

•  Low-pressure	methods	use	non-equilibrium	plasma	(Te	~1-10	eV,	
Ti,a	<	0.1	eV)	to	support	non-thermal	synthesis	processes:	

•  Plasma	kineOcs	and	gas-phase	chemistry	are	important,	
but	not	well	understood,	which	explains	the	absence	of	
validated	predicOve	modeling	capabiliOes.	

•  Atmospheric	pressure	methods	use	higher-density	non-thermal	
and	thermal	plasmas	to	achieve	higher	synthesis	yield	at	lower	
cost	as	compared	to	low-pressure	plasma	methods.	

•  Role	of	the	plasma	in	nucleaOon	and	growth	of	
nanoparOcles	is	poorly	characterized	and	not	understood.	

•  A	criOcal	issue	–	poor	control	of	synthesis	processes.	

•  Fundamental	research	of	plasma	synthesis	is	needed	to	address	
these	challenges.		



Basic	plasma	and	synthesis	processes	in	the	arc	

2	mm	

Graphite	
anode	

Ca
th
od

e	

•  1-2	kW	input	power	
•  Helium	buffer	gas	
•  Atmospheric	pressure	
•  10	A/cm2,	10’s	of	Volts	

Carbon	
deposit	

•  A	versaOle	and	extensively	studied	method	of	vaporizaOon	nanosynthesis	
•  Good	for	fundamental	synthesis	studies–	different	nanostructures	synthesized	

at	different	arc	condiOons:	C60,	MWCNT,	SWNT,	graphene	flakes,	nanofibers		
•  EvaporaOon	of	the	graphite	electrode	(usually	anode)	heated	by	the	electric	

arc	provides	carbon	feedstock	to	produce	plasma	and	nanomaterials	



low	abla(on	mode,	23	V	45A	 high	abla(on	mode,	24	V	60	A	

Cathode	

6	mm	
diameter	

9	mm	
diameter	

Anode	

Run	Ome:	1	min	

gap	

Recordings	with	filter	at	656	nm,	playing	at	500	fps	

Anode	

Cathode	

Anode	

Cathode	

AblaOon/deposiOon	processes	in	the	carbon	arc	



How	arc	generates	carbon	for	synthesis	
•  Observed	two	ablaOon	modes	affecOng	the	carbon	feedstock	for	synthesis	

of	nanotubes	
•  Modeling	explains	different	ablaOon	modes	due	to	differences	in	the	

plasma-wall	interacOon	at	the	anode	

•  CorrelaOon	between	synthesis	selecOvity,	yield,	arc	geometry	and	current:	
•  Enhanced	ablaOon	→	Higher	C2	density	→	DeposiOon	with	higher	yield	
•  Smaller	ablaOon	→		Reduced	carbon	flux	→		DeposiOon	with	beZer	selecOvity	

Low	
ablaOon	

Low	ablaOon	

Enhanced	ablaOon	

MWCNTs	on	
the	deposit	 MWCNTs	on	

the	deposit	



Self-organizaOon	of	the	carbon	arc	



Anode	 Cathode	
Arc	current	65	A,	laser	backligh(ng	at	632nm,	60	kfps	

Growth	of	carbon	parOcles	in	the	arc	volume	



NucleaOon	of	single-walled	carbon	nanotubes	
(SWCNT)	

• 	Carbon	soluble	transiOonal	metal	
as	catalyst.		

• 	Carbon	atoms	(and	dimers)	get	to	
into	the	catalyst	nanoparOcle.	

• 	Once	surface	saturated	with	C,	it	
starts	to	form	as	graphite	sheet	with	
fullerene	cap.	

• 	More	C	atoms	can	be	inserted	into	
Metal-C	bond	so	the	tube	get	
growing	longer.	

• 	Role	of	the	catalyst	nanoparOcle	
to	keep	one	end	of	nanotube	open	
to	allow	its	growth	and	not	closed	
with	the	cap	as	the	top	end	of	the	
nanotube.	

Using	ab-ini$o	Car-Parrinello	
Molecular	Dynamic	simula(ons	
(10psec):	

J.	–Y.	Raty,	Phys.	Rev.	Le=.	95,	096103	2005	



Growth	of	SWCNT	

•  SWNT	growth	at	temperatures	between	800-1400	K.	
•  At	lower	temperatures	the	catalyst	surface	is	

encapsulated	in	a	graphene	sheet	–	no	SWNT	growth.		
•  High	temperatures	lead	to	an	increased	number	of	

defects	and	a	3D	soot-like	structure	is	formed.		

From	Classical	MD	simulaOons	
by	F.	Ding	et	al.,	J.	Phys.	Chem.	2004	

Simula(on	(me	~	20	nsec	



Proposed	hypothesis	of	carbon	arc	nanosynthesis		

T	=	4000	K	 T	=	1000	K	T	=	1500	K	

EvaporaOon,	
DissociaOon	

Clusters,	
nucleaOon	

Growth,	
bundling	

Arc		
gap		

Gas	
temperature,	K	

C	≈	1017	–	1018	cm-3	 C	≈	1015	–	1016	cm-3	 C	≈	1014	–	1015	cm-3	

He	≈	3·1017	cm-3	 He	≈	3·1018	cm-3	 He	>	3·1018	cm-3	

C+≈	1014	–	3·1016	cm-3	 C+	~	1012	cm-3	

An
od

e	

Cathode	

C+	≈	1010	cm-3	

vapor–liquid–solid	
(VLS)	model	

Gas	flow	
(convecOon)	

0.6	cm	



In-situ	characterizaOon	of	plasma	and	nanoparOcles	

Laser-Induced	Fluorescence	
(LIF)	to	measure	T	and	n	of	C2,	C3,	B,	BH,	etc.	
ResoluOon:	10	ns,	100	µm		

Laser-induced	incandescence	(LII)	to	detect	
nanoparOcles		of	>	10’s	nm	
ResoluOon:	10	ns,	mm’s	

Coherent	Rayleigh-Brillouin	ScaZering	
(CRBS),	to	detect	nanoparOcles	of	1-100	nm	
ResoluOon:	10-1000	ns,	100	µm		

Arc	chamber	

Fast	probe/	
extractor	of	
nanoparOcles	for	
ex-situ	analysis	

OpOcal	emission	
spectroscopy,	

	Te,	ne,	ng	

Ex-situ	characterizaOon	of	
nanomaterials	by	SEM,	EDS,	TEM,	
Raman	spectroscopy,	XRD,	etc.		

Fast	frame	imaging	



CRBS	–	unique	in-situ	diagnosOc	of	nanoparOcles	in	volume	

•  Two	beams	form	opOcal	latce	by	
ponderomoOve	force	to	produce	coherent	
scaZered	signal,	𝑰↓𝒔𝒊𝒈𝒏𝒂𝒍 ∝(α�𝑵)↑𝟐 		

•  Measures		nanoparOcle	relaOve	concentraOons,	
ΔN,	temperature	or	mass,	and	flow	velocity	

•  DetecOon	limits	depend	on	densiOes	and	
polarizabiliOes	of	gas	and	nanoparOcles,	α.	

•  EsOmaOon	for	CNTs	in	arc:	<	50	nm,	≥108	cm-3	

•  CRBS	concept	

•  Detected	signal	in	carbon	arc	
•  CRBS	setup	



ComputaOonal	tools	used	for	simulaOons	of	arc	plasma	
and	nucleaOon	and	growth	of	nanostructures	

fs-ps	

ps-ns	

ns-µs	

µs-ms	



New	results:	complex	structure	of	the	carbon	arc	
discharge	for	synthesis	of	carbon	nanotubes		

The image cannot be displayed. Your computer may not have enough memory to open the 
image, or the image may have been corrupted. Restart your computer, and then open the file 
again. If the red x still appears, you may have to delete the image and then insert it again.

Anode	

Cathode	

Hα	(12	eV)	

C	I	-	emission	
(10.7	eV)	

C2	-	emission		
(2.6	eV)	

Carbon	
parOcles	
by	pLII	

•  Measurements	revealed	arc	regions	with	
different	gas/plasma	phase	properOes	&	
processes:	evaporaOon	(a,b),	nucleaOon	
and	growth	of	nanoparOcles	(c,d)	

•  Hot	arc	core	is	populated	mainly	with	
carbon	atoms	and	ions	(a)	and	colder	arc	
periphery	(c)	populated	mainly	with	C2	

6	mm	

Deposit	

(a)	

(b)	

(c)	

(d)	

Arc	generated	nanoparOcles	



Towards	predicOve	modeling	of	atmospheric	
plasma	for	synthesis	of	nanomaterials	

•  Plasma	density	obtained	from	Hα	OES	and	2-D	CFD	simulaOons	

•  C2	density	obtained	from	LIF	(a)	and	2-D	CFD	(b)	

Arc	operaOon:	
Current	55	A,	He	
pressure	500	torr	

•  Inhomogeneity	of	the	arc	plasma	
explained	by	the	non-uniform	
distribuOon	of	the	arc	current	and	
short	collisional	mean	free	paths	

a)	 b)	 anode	

cathode	2mm	

n,	cm-3	



FormaOon	of	nanostructures	in	carbon	arc:	
Summary	of	key	results	of	in-situ	and	ex-situ	measurements	

1	 2	 3	

1	–	EvaporaOon	 2	–	NucleaOon	 3	–	Growth	

•  Arc	current	flows	in	the	arc	core	(1).	C2	reaches	maximum	in	region	(2)	
•  CNTs	are	formed	in	non-equilibrium,	colder	plasma	at	the	arc	periphery	(3)!	
•  Carbon	parOcles	observed:	in	the	core	(1)	~	1	µm,	at	periphery	~20	nm	

Atmospheric	pressure	
carbon	arc	discharge	

20V,	60A,		
500	torr	Helium	



Charging	of	SWCNTs	could	help	in	their	growth	

•  Charging	of	nanoparOcles	and	nanostructures	is	a	plasma	
effect	on	nucleaOon	and	growth	processes		
•  DFT	and	KineOc	Monte-Carlo	simulaOons	of	charging	effect	
•  Armchair	(5,5)	SWCNT	(Fig.	a)	
•  Charging	of	the	CNT	causes	the	higher	adsorpOon	energy	
Ea,	increasing	the	migraOon	distance,	(Fig.	c)	

a)	

b)	
c)	

DFT	results	(Fig.	b)-	addiOonal	charges		distribute	in	
the	covalent	bond	space	between	adatom	and		CNT,	
increasing	its	covalent	coupling		



Charging	of	nanoparOcles	in	arc	plasma	

hbp://www2011.mpe.mpg.de/
theory/plasma-crystal/PKE	
/Hintergrund_e.html	
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dq

eiD ,0 λλ <<<<
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Orbit	moOon	limited	approximaOon:		

Current	balance,	equilibrium	parOcle	
temperature	and	floaOng	potenOal	



Charging	of	nanoparOcles	in	plasma,	cont’d	
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•  For	low	pressure	plasmas,	charging	of	nanoparOcles	prevents	their	
undesired	agglomeraOon	and	bundling	(for	nanotubes).	

•  For	atmospheric	pressure	plasma,	charging	of	hot	parOcles	may	
not	be	as	strong	due	to		thermionic	electron	emission.		

NanoparOcle	temperature,	potenOal	and	charge	



Anode	 Cathode	
Arc	current	65	A,	laser	backligh(ng	at	632nm,	60606	fps	

Growth	of	carbon	parOcles	in	the	arc	volume	



Arc	oscillaOons	cause	unstable	carbon	feedstock	

•  Synthesis	of	SWCNT	by	carbon	arc	with	
metal	catalysts	

•  Metal	–	Carbon	mixed	powder	filled	in	
the	hollow	graphite	anode	rod	

•  MulO-mode	oscillaOons:	LF	(102	Hz)	and	
HF	(103	Hz)	modes,	inside	and	outside	
the	hollow	anode	

•  OscillaOons	cause	of	low	purity	and	
poor	selecOvity	of	the	arc	synthesis	

•  C2	Filtered	Fast	Imaging,	10,000	fps	

Cathode	

Graphite		
Anode	

Cathode	

Graphite	Anode		
with	Ni+Y	catalysts	

27	

SWCNT	
Synthesis		

OFF	

SWCNT	
Synthesis		

ON	
~	5%	of	
Ome	



Synthesis	of	BNNT	by	arc	discharge	

W-cathode	 Boron-anode	

BN	web	post	arc	

Boron-anode	
W-cathode	

•  Boron-rich	anode	has	2%	of	
Nickel	and	Cobalt	to	provide	
conducOvity	of	the	anode	

•  40V-40A	arc	at	400	torr	of	N2	
(ZeZl’s	condiOons,	2000)	

•  New	regime:	40V-40	A	arc	at	
400	torr,	75%	N2	–	25%	H2	

•  OES	measurements	for	the	N2-H2	regime	



BNNT	–	Root	growth	mechanism?	

•  Raman	spectra	of	bulk	hexagonal	boron	nitride	
powder	(black)	and	the	arc	synthesized	BNNTs	(red).	
Only	the	E2g	mode	of	hexagonal	boron	nitride	was	
observed,	and	the	blue	shiz	observed	in	the	
synthesized	BNNTs	is	characterisOcs	of	few-layer	
boron	nitride	

•  EDS	elemental	mapping	results	
B	and	N	show	that	the	tube	bundles	on	the	lower	
lei	are	boron	nitride	and	the	nanopar(cles	are	
wrapped	by	boron	nitride	

•  TEM	image:	Three	BNNTs	grown	out	of	an	
unreacted	boron	nanoparOcle	wrapped	by	
BN	layers:	Boron-rich	(light)	and	Co/Ni-
rich	(dark)	



EncapsulaOon	of	boron	parOcles	
•  SimulaOons	by	Quantum-Classical	Molecular	Dynamics	with	Density	FuncOonal		Tight	Binding	Theory	

•  Bombardment	by	BN	(lez)	or	N	(right)	of	boron	cluster	shows	
encapsulaOon	of	boron	clusters	with	BN	layers;	the	effect	is	observed	in	
experiments	by	our	and	other	groups	

B-pink	
	N-blue	



Summary	
•  Non-uniform	arc	current	distribuOon	determines	spaOal	variaOon	of	the	

synthesis	processes	of	CNTs.	
•  In-situ	characterizaOon	of	plasma	and	nanoparOcles,	and	arc	modeling	

revealed	that	CNTs	are	formed	in	the	plasma.		
•  Predicted	plasma	effects:	CNTs	charging	enhances	growth	of	CNTs,	

impedes	coagulaOon	of	soot	parOcles	and	bundling	of	nanotubes,	
heaOng	of	nanoparOcles	above	gas	temperature.	

•  Arc	oscillaOons	induced	by	ablaOon	of	the	anode	have	adverse	affect	on	
synthesis	selecOvity	and	purity	of	synthesized	products.	
•  SoluOon	-	decouple	processes	for	supply	of	carbon	feedstock	for	

synthesis	and	for	sustaining	the	plasma.	
•  BNT	arc	synthesis:	

•  Discovered	a	strong	hydrogen	effect	on	synthesis	selecOvity	–	the	only	
method	of	exclusive	synthesis	of	single-walled	BNNT.	

•  Predicted	new	mechanisms	of	growth	of	BN	nanostructures	(BNNT,	
nanoflakes,	nanocages,	etc.).	
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Magnetized plasma to do materials science 

•  MagneOc	filter	(MF)	effect:	straOfied	plasma	with	
regions	of	different	electron	temperature		

X	~	2RLe	(νscat	/2νloss	)0.5	
νscat		electron-atom	collisions,	and	
Coulomb	collisions	∝	1/Te3/2	

Electron	cross-field	displacement	
between	collisions:	

•  This	LDRD	research	is	on	the	use	of	the	magneOc	filter	effect	to	produce	
a	plasma	with	cold	(<	1eV)	electrons	suitable	for	funcOonalizaOon	and	
atomic	scale	processing		of	complex	2-D	nanostructures	(nanofilms).		

•  Focus:	hydrogenaOon	of	graphene,	MoS2,	WS2	etc.	

•  Deliverable:	a	new	concept	of	the	plasma-based	funcOonalizaOon	

•  PotenOal	applicaOons:	hydrogen	storage,	new	electronic	and	opOcal	
devices	(because	hydrogenaOon	affect	the	bandgap	of	graphene)	etc.	

•  PPPL	Filter	Setup	



CharacterizaOon	of	magneOc	filter		
•  MF	plasma	unstable:	spoke	

•  Adverse	effect	of	spoke	on	MF		

Te	

•  New	results	from	probe,	OES,	fast	
imaging:		

-  One	spoke	frequency	for	gas	
mixtures	(e.g.	Xe-Ar,	Ar-H2,	Xe-H2)	

-  Spoke	frequency	follows	the	gas	with	
highest	ionizaOon.	

-  For	hydrogenaOon	–	avoid	the	
transiOonal	region.	

Xe	

Ar	



Parametric	characterizaOon	of	graphene	
hydrogenaOon	in	MF	plasma	

•  Experiments:		

•  2D	material	samples	 (mono,	bi,	and	tri	 layers	graphene)	 loaded	at	
different	locaOons	of	the	magneOc	filter	

•  Different	MF	parameters:	magneOc	field,	pressure,	power,	etc.	
•  Different	treatment	Omes	

•  CharacterizaOon:	 HydrogenaOon	 leads	 graphene	 sp2	 structure	 to	
transform	to	sp3	structure.		

•  Raman:	The	intensity	raOo	ID/IG	of	Raman	peaks	is	to	quanOfy	the	
level	of	hydrogen.			

•  XPS:	H	coverage=C3/(C1+C2+C3),	C1	is	C-C	sp2,	C2	is	neighbor		of	C-
H.	C3	is	from	sp3.	sp3	could	be	from	C-H	and	defect	due	to	Ar	
bombardment.	

•  TEM:		to	confirm	the	defect	is	from	C-H	not	Ar	bombardment	

sp2	 sp3	



MagneOc	filter	plasma	allowed	a	record	high	
hydrogen	coverage	

2009	Science	 DC	plasma.	H	coverage	10%	
2009	ACS	Nano	 Capaci(ve	coupled	RF	plasma.	H	coverage	17%	
2010	APL	 RF	hydrogen	plasma.	H	coverage	9%	
2011,	Carbon	 Oxford	Plasmalab	1000.	H	coverage	less	than	10%	
2011	Advance	Material.	 STM	hydrogen	dose,	Hydrogen	coverage	max	25.6%	

2015,	ACS	nano	 HPHT.	H	coverage	10%	

38%	H	Coverage		

H	coverage=C3/(C1+C2+C3)	
C1	is	C-C	sp2,		
C2	is	neighbor		of	C-H,		
C3	is	from	sp3.	

•  Results	of	X-ray	photoelectron	spectroscopy	at	PRISM		

•  H	coverage	summary	from	the	literature		


