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Tali Outline

e Carbon at the Nanoscale
« Modern nanodiamond (ND) particles

 ND of dynamic synthesis
(using explosives)
- Size, morphology
- N state

e Recent advances in detonation ND



e Carbon is the 4-th most abundant element in the universe by
mass (after H, He, O)

e Carbon is abundant in the Sun, stars, comets, atmospheres
of most planets and meteorites (nanodiamond)

e Carbon forms more compounds than any other element
(~ten million organic compounds described to date)

e Carbon is the 2-nd most abundant element in the human
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Nanocarbons (in 1S1):
- nanodiamonds: 2,524 papers
- fullerenes: 12,872

- carbon nanotubes: 46,568

- graphene: 6,539

e Most cited fact of discovery of SWNT: 1991 by lijima,
but there are reports on earlier discoveries

SWNT:

e Diameter: typical 1-10nm
e Range of diameters: 0.3-100 nm
 The thinnest carbon nanotube is armchair (2,2) CNT with a diameter of 3 A.)
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- arc discharge (1991 lijima), SWNT & MWNT

- laser ablation, (w/catalyst), SWNT

- chemical vapor deposition (CVD)
(w\catalyst), SWNT & MWNT |
- high pressure CO conversion (HiPco), SW
- water-assisted CVD (supergrowth)

Manufactured ~100s of tons per year

(Bayer and Showa Denko)

Properties.
- Band gap of SWNT: from zero to ~2 eV

- electrical conductivity of SWNTcan show metallic or semiconducting behavior
- tensile strength: ~100GPa

(specific strength of up to 48,000 kN-m-kg=! vs. 154 kN-m-kg~! for steel)
- thermal conductivity along SWNT axis ~3500 W-m~1.K-1 (~2000 for diamond)

CoSt:
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» Smallest: C20
e Most abundant: C60 (buckminsterfullerene) Carbon onions

* endohedral fullerenes have ions inside the | 5 ter diameter: 10nm-1 um
cage atoms e Inner diameter: 0.7-1 nm (~C60)

e Discovered in 1985 (laser vaporization of carbon in an inert atmosphere)

e Using arc to vaporize graphite in 1990, macroscopic quantities
(Kratschmer and Huffmann)

e Arc discharge method in 1991 (Smalley group), mass production

e Nobel Prize in chemistry for 1996 (Curl, Kroto, Smalley)

e Have been detected in outer space (2010)
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e Produced in 2004 (scotch tape graphite exfoliation)

e Shown in 2005 ballistic transport of charges, large quantum osciflations,
anomalous quantum Hall effect, etc. (“exotic” physics)

e Nobel Prize in physics for 2010 (Geim, Novoselov)

Structural features\properties:

e “Rippling" of the flat sheet (amplitude ~1nm)

e The thinnest and the strongest material

e As a conductor of electricity it performs as well as silver

e As a conductor of heat it outperforms all other known materials




- Drawing method (mechanical exfoliation of graphite by
cohesive tape)

- Epitaxial CVD growth on a substrate: SiC, metals (Ir, Ni, Cu, etc)
- Graphite oxide reduction (Boehm, 1962)

- Growth from metal-carbon melts (Ni)

- Cutting of open nanotubes (graphene ribbons)

- others

Manufactured ~tons per year (Segal/ M. Nature Nanotech. 4, 612614, 2009)

VORBECK MATERIALS

Applications: transistors, touch screens, solar panels, composite materials, etc

Nanographene: nanoplatelets, nanoribbons, etc

Polycyclic aromatic hydrocarbon (PAH): molecular cousins
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Nanocarbon in Space

Meteorlte ND __
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In the interstellar medium (1SM)
e Optical properties of ISM depend on the existence of silicate grains & diverse
populations of carbon-based molecules:

- Amorphous aliphatic hydrocarbon dust

- Polycyclic aromatic hydrocarbon

- Carbon onions (multishell fullerenes)

- Nanodiamonds (C-H vibrational emission bands from ND)

In meteorites

- Nanodiamonds found in meteorites (Lewis, 1987)
- Up to 1400ppm of ND |n primitive chondrltlc meteorites (T. Daulton 2006)




Diamond Particles
Range of primary particle sizes:

- Microwave plasma torch

Polycrystalline (Poly-ND):
-Shock wave compression of graphite (DuPont process)

-Detonation synthesis using carbon precursors/explosives
(10-15nm grains)

—

Ultrananocrystalline Diamond Particles Highestdiamondoids
Hydrogenated molecules 1-2 nm

Range of primary particle sizes: 1-10 nm

?V
-Detonation synthesis = S . _
(carbon containing explosives) ©2004 Chevron U.S.A. Inc

- vapor grown
..... - chlorination of carbide

- jon irradiation of graphite Lower diamondoids




ND of Static Synthesis ND of Dynamic Synthesis

(High pressure high temperature) (Using explosives)
Grinding of microsized diamond = = =

"Graphite | Graphite | Explosives
dLecusor, + explosive  precursor,

Smallest:
10-20nm

b2l ESUISOL
\ v J Detonation ND
(Ultradispersed
Polycrystalline ND diamond (UDD),

Cluster diamond)



Nanocdizarnorne of Dyrarnic Syninasis

Explosive  (graphite, soot) with negative
Explosive\ Chamber\ oxygen balance
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Nanodiamond of Dynamic Synthesis from the precursors:

1. graphite (DuPont)

, | | 2. graphite\RDX
Graphite Graphite/Explosive| | Explosives 3. TNT\RDX wet cooling
precursor precursor precursor 4. TNT\RDX dry cooling

graphite purity composition _ 5. TNT\HNS wet COOImg
| |
. Coocling media
Type\ratio of
explosives i {-::Ie_fects
diffusion rate)
Starting materials
C,HsN50g C3HgNgOg C14HeNgO12




e N<0.5wt% (from CHN analysis)
e Presence of graphite
e Presence of lonsdaleite

e Crystal size from XRD:
8nm (44°, Diam), 2.4nm(42.5°,Lonsd.)
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fraction DL)
e N <0.5wWt%0 (from CHN analysis)

e Crystal size from XRD: 14.8nm (<111>),9.6nm(<110>)

e Crystal size from SAXS: 35nm 10
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Detonation Nanodiamonds Synthesis

e .-r-"'E‘--—
Specific gas or Ice or Diamond clusters, ("'f_
1 water Carhonaceous species, B

1 EGZ, m' N2 mm&i’ﬂ'ﬂ-
Detonator Explosives |- UDD (2-15 nim), i
N A Ao, cobon(d. 2501, Nanodiamond
trinitrotoluene (TNT) Eahadugng (2, Purification
inert gas pressue
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Disposal
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e Crystal size from XRD: 4 nm
e Crystal size from SAXS: 6 nm

Volume fraction

ntensity, a.u.

20, degrees

e N <1 wt% (CHN analysis) — from TNT\HNS (hexanitrostiloene) (15at% of N)
D~6nm

10k
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2
‘i ND in water = = Pulse: ~00—T - 2r/3 —1 - 21/3,
@ (4-3000-96-300-96 ns)
gi Centers T, T, concentration
NO 590 ns | 8.0 us | 6*1016 spin/g
(1.2 ppm);
— ~1-4N° /particle
3.335 3.340 3.345 3.350 3.355 3.36C 120 ]
S - s Surface | 190ns | 50 s 7*1020 spin/g

tensity, arb. units

r Napeoeclizirnoriel

centers (14000 ppm)

| TNT/HNS

e X-band mode (9.6 GHz) at room T

TNT/RDX dry




Intensity, arb. units

from graphite
1200 13IOO 14I00 l 15IOO 16I00 — 1700
Raman shift, cm™
Crystal Diamond
Sample Size, SAXS Peak pos.
(nm) (cm-1)

Intensity, arb. units

——RDDM
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TNT/RDX

synthe3|s

S. Turner, etal. Adv. Funct. Mater. 2009, 19, 2116-2124

60/40 O

Annealing
in vacuum

-0

oxidation

of sp2 C

Intensity / arb. units

280 300 320 340 360 3B0 400 420
Energy-loss [ eV

* N is in sp° coordinated surrounding
» ~3at% of N in 50% of 6nm particles

e N is in central part of particles

" ITc
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Nitrocjan=Yaeaney Cantars 1n Datonzcion ND

DND dispersed over' Si

-

Intensity (ab. units)

synthesis

Raman
N / \ 1200 1400 16%0
Raman shift (cm
1-storder 2-nd order

Intensity, arb.units

|
-

phonon band

4
\ 0
5um irradiated by 2 MeV electrons PL

5x1018 cm2 & annealed ‘ | ‘ | ‘ |
600 650 700

Wavelength, nm

* edge filter with wavelength >630 nm

Intense and stable emission from NV centers
of large DND crystallites (=>20-30 nm)

l. Vlasoy, et al., Small, 2010



Nitrocjan=Yacaney Caniars in ND frogn
YrAPNILENRIDXE

University of Stuttgart, Germany

Fraction 35nm (DLS
AEM O Fluorescence

0 50 100 150 200 250 300 350




Nitrocjan=Yaecaney Ca
\

\HRADX

| |

Jrepnine

’ (Magnetic resonance
Photon antibunching measurements on single NV)

11—
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3 20- ELE’ _

. 038 _

| T, time — 2 s
0

0O 20 40 60 8 100 0.7
t (ns)
- ~3 NV centers in a particle T(us)
» stable (no blinking) emission from NV centers

e INn ND produced from graphite (Mypolex) NV were also observed

e For ND from TNT\RDX NV centers were observed in ND of \4\__/et
synthesis but not in ND of dry synthesis + ITC




Conclusionson N 1n ND:

dynamic synthesis, It IS possible to control N content and state

ND N total N, (EPR) NV
graphite\RDX | <0.5wt% ~1.2ppm in <50% particles of
~30nm
Detonation 1+2.5 wt% weak - absentin some
types of DND

e as-produced ND from graphite\hexogen contain NV centers in
a noticeable fraction of particles (no irradiation needed!)

e T, (spin-spin relaxation time) of NV centers is about 2us,
large enough to be useful for applications




Particle size
and colloid
stability

LL =

Agglomerates 200-300 nm Stable single 4-20 nm particles
Incombustibles 0.5 — 5% Incombustibles <0.1%
Non-diamond carbon >5% Non-diamond carbon <0.5%

Control of Surface
Chemistry

Bright Fluorescence




Size distribution by Volume

Raman spectra (excitation 442nm)

58004

e Can be dried and re-suspended in DI Waterm,
with similar size

e Well purified from sp2 carbon phase

e Carboxylic groups prevail

g

;

§

Diameter (nm)

m,
ARNERNRN

1326

L A S o0
. (W
<N o 1T S S T80
S [ 48nm |
O L A L U OO SUUUU SUUS [*
g | | || tao
S T e .'L.-"In S 120
o i "'I...'Ln: — - —r—t i ...-n
o1 1 10 100 1000 10000

(%) ®zis1apun




(Image by S. Turner)
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Datopaicion Nanoedizirnonel & Omor =]ja Caroor:
Avoaliezitions in) Corpoosiiies;

- UV protection, EMI shielding
- Wearresistant paints

- Transparentarmor -Improved thermal properties
- Improved adhesion

* ND-CNT functional coatings

* Photonic structures

 Motor oil additives
e Solid lubricants
Ni with nanodiamond

" I1TC



Nanodiarnond onotonic struciuras

Chanaing anagle of view
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Important: structure

- Nanoparticles of similar sizes
- Deionization of the suspension

(high surface charge on nanoparticles)

Unusual features:
Irregular shapes

=3 PC dispersed over Si

150nm diameter particles

at 20mas%:
~150nm

Applications: chem- and biodetectors

Gas Sensor Array

p;c-lg;-'ﬁ; er

polymer




Coneclusions/ruilre O)title)e) i«

e Based on unique electronic structure o
allotropes can be discovered
e Carbon nanotubes and graphene are produced at a

large scale and find broad applications, while fullerenes
and nanodiamond particles are not

, NEW Carbon

» Further studies of ND synthesis is required
» Doping of DND with other elements during synthesis
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