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carbon Nanotubes - Growth

good physical and chemical properties."™! Various methods for
the synthesis of CNTs have been reported: arc-discharge P
laser ablation,"”) chemical vapor deposition,'”™" flame synthe-
sis!'!l and Smalley’'s recent invention of the high-pressure car-
bon monoxide (HIPCO) pmccss.“zl However, none of these
methods can be used at low temperature, so the synthesis of
CNTs with low-melting point materials, such as organic poly-
mers, has been severely limited. Furthermore, expensive vacu-
um equipment is necessary to lower the temperature of the
synthesis."* % Therefore, the strategy frequently used has been

SWNT Metaol filled Onion
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Carbon Nanotubes - Building Principle
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Carbon Nanotubes - Building Principle

® :metal  ®:semiconductor armchair”

- 19.2. (a) The chiral vector OA4 or C, = na, + ma, is defined on the honeycomb
¢ of carbon atoms by unit vectors a, and a, and the chiral angle # with respect to

gzag axis. Along the zigzag axis, # = 0°. Also shown are the lattice vector OB= T of
D tubule unit cell and the rotation angle ¢ and the translation = which constitute the
Symmetry operation R = (y]|7) for the carbon nanotube. The diagram is constructed for
} = (4,2). (b) Possible vectors specified by the pairs of integers (n, m) for general carbon
'8, including zigzag, armchair, and chiral tubules. Below each pair of integers (n, m) is
the number of distinct caps that can be joined continuously to the carbon tubule denoted

m) [19.4], as discussed in §19.2.3. The encircled dots denote metallic tubules while the
dots are for semiconducting tubules.
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Carbon Nanotubes - Building Principles
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Fig. 1. Models of different nanotube structures. (a)-(c) are
SWNTs of 1.25 nm diameter of (a) zig-zag, (b) armchair, and
(c) chiral type. (d) represents a MWNT formed by four arm-

w W

rAAg M\ . . . . . . .
g &b{)& chair tubes of increasing diameter with an mterlayer separation
»-nft—‘mlﬁ,e{w, of 0.34 nm. The image has been reduced by a factor of 2 with

respect to mages (a)-(c). The images have been generated with
the software Mathematica 4.0 using a notebook by Brandby ge
[197] that allows one to draw the structure as well as to compute
the energy bands of SWNTs.

.Fig. 19.1. By rolling a graphene sheet (a single layer from a 3D graphite crystal) into a
L'_\"]Jf]dn.‘l’ and capping each end of the cylinder with half of a fullerene ]nnlcculc. a “fullerene-
derived tubule,” one atomic layer in thickness, is formed, Shown here is a schematic theoretical
model for a single-wall carbon tubule with the tubule axis normal to: (a) the # = 30° direction
(an “armchair” tubule), (b) the # = (* direction (a “zigzag” tubule), and (c) a general direction
0 < @ < 3F (see Fig. 19.2) (a “chiral” tubule). The actual tubules shown in the figure S 7
correspond to (n, m) values of: (a) (5, 5), (b) (9, 0), and (c) (10, 5) [19.5]. 3

Dynamics of C-NTs

A B C
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Strength of
CNTs
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Strength of CNTs

Stretching and Compressing of (80,0) SWNT
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SWCNT - Plastic Deformation
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Figure 1 Plastic deformation of a carbon

nanotube. Molecular dynamics simulations of a
(10,10) nanotube under axial tension

(1. Bernholc, M. Buongiorno Nardelli and B.
Yakobson). Plastic flow behaviour is shown after
25 nsat T = 3,000 K and 3% strain. The blue
area indicates the migration path (in the
direction of the arrow) of the edge dislocation
{green). This sort of behaviour might help make
composite materials that are really tough (as
measured by their ability to absorb energy).

06.11.2006 R. Nesper Oslo Lectures
Nanochemistry UIO

carbon Nanotubes

htto://www.pa.msu., edu/cmp/csc/nanotube. hmt/ *
Density: 1.35 g/cm? I
Characterization of ensity: -93J7grem &
each individual Resistivity 10-4 wem
set of nanoparticles  |Maximum Current Density  10° A/cm?
Lomost Thermal Conductivity ~2000 W/mK
Relaxation Time ~10-11 g

Elastic Behavior
Young's Modulus (SWNT) ~1 TPa
Young's Modulus (MWNT) 1.28 TPa
Maximum Tensile Strength ~100 GPa
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Rolled-up graphite sheets
(typically eight layers)

Hallow core,

0.005 micron
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Micron |=- =
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Fig. 2. TEM pictures of the ends of (a) a SWNT, (b) a closed
MWNT, and (c) an open MWNT. Each black line corresponds
to one graphene sheet viewed edge-on. The micrographs are
reproduced at the same magnification.
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C-Nanotubes - Multiwall Connections
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Figure 2
(Young-Kyun Kwon el al., “Morphology and stabilily of growing mulli-well carbon nenotubes”) pf
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Helices, Springs, Actuators
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Abb. 6. a) Rasterelektronenmikroskopische (REM)-Aufnahme mehrerer pyrolytisch synthetisierter spiral-
formiger Nanordhrchen. b) Theoretisches Modell der korkenzieherartigen Gebilde.
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Other new CNTs ?

Abb. 5. a) Modell eines einwandigen Kohlenstoff-Nanorihrchens mit einem 57-Defekt, der aus vier
Sechsecken iiber eine Stone-Wales-Transformation entsteht. b) Durch den Einbau von Fiinf- und Siebenek-
ken an bestimmten Stellen entsteht ein ringfirmiges Nanoréhrchen; hier schematisch dargestellt. (Bild: Dr.
H. Terrones/University of Sussex, UK.) -
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Low Temperature Syntheses of CNTs and Other
C Nanoparticles o b

@arbons — All Pasta and Infinite Set ? ’

2 1 . 3
EHT = 1.00 kV Signal A = InLens Date :30 Jan 2002 00
WD= 4mm File Name = 10-660ben_10.tif I | %‘_‘ g—m‘" Signal A= InLens Date :24 Jul 2001
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Low Temperature Syntheses of CNTs
and Other C Nanoparticles

Fish bone
structures
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Low Temperature Syntheses of CNTs

Fish bone
structures

Figure 1. A) Low-magnification SEM image of the carbon microtubes.
B) High-magnification SEM image displaying the open ends of the mi-
crotubes.
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Fig.2 Carbon microstructures obtained (1)after washing with 65% nitric acid (2 )after
washing with acid and heated to 1866°C in Ar atmosphere
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Fig.3 Carbon microstructures obtained (1)after washing with 65% nitric acid (2)after
washing with acid and heated to $806°C in Ar atmosphere
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Fig.4 Carbon microstructures obtained (1)after washing with water (2)after washing
with concentrated acid
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Storage in CNTs

In a recent work of Baker and Rogriguez W indicate a very large specific hydrogen storage capacity in
carbon nanotubes (CNT's) and in herringbone materials. Yet, these results have not been confirmed by
any research group in the world [1.23.6.78l. but nevertheless they gave rise to enhanced activity in the field
of carbon-based hydrogen storage on the theoretical and on the experimental side.
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H, - Storage in C-NTs ?
__ Baker, N. Rodriguez et al., J.Phys.Chem. B 102, 423 (1998)

Baker & Rodriguez

65wt% 1122?

M. Parrinello

max. 14wt%

Hydrogen adsorption on (5,5) SWNT

oo, 149

< Binding energy (¢¥/bond) >

CcC C-H C-H
DFTB -9.14 2.68 -0.83
1DA -841 2.10 -1.50
GGA -T.48 -1.75 -1.28
Nasostubes Research Lab
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Tubular platelet

Hydrogen storage in (5,5) SWNT

0=12 comm

DFTB (LDA:GGA)Y DFTB
-4.57 (3.16:-224) 401

« Binding energy (eV/H;)
« Wall-H, repulsive energy (¢V/H;)  0.78 (047:0.74)

* Hy-H, repulsive energy (¢V/H,) 0.8 (081:11% 111
= H; moleoules exist inside nanctubes.
= H, can be stored inside nanotwbes with coverage > 1.0.
Nanotubes Research Lab
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Catalyst Patterning for Growth of CNTs
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Fig. 4. Techniques to produce patterns of catalysts for the selective growth of carbon nanotubes: (a) standard lithography, (b) shadow-
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masking, (c¢) soft lithography.
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Hierarchical Order — Aggregations

Abb. 10. a) REM-Aufnahme eines MWNT-Biindels, das wihrend der Pyrolyse

06.11.2006

wachsen ist. b) GroBaufnahme der ausgerichteten MWNTS dieses Biindels.
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Hierarchical Order — Carpets Predefined
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® Thin Television

Hierarchical Order — Carpets etc.
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Carbon Nanotubes Models
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Filling of Carbon Nanotubes

(Ce@Cy)@SWNTSs
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Valence &
conduction bands

Elastic strain

STM topography

Atomic resolution

SWT bundle
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Applications of CNTs - Thermocouple

Fig. 19.60. TEM image of nested carbon nanotubes containing a Pb filled core [19.66].
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Tube-in-Tube
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Field Emission Displays
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Fig. 8.14. (a) Schematic illustration of a flat metal base. (c) Photograph of a 5in (13 cm)
panel display based on carbon nanotubes. ITO, nanotube field emission display made by
indium tin oxide. (b) SEM image of an electron Samsung. Reproduced from ref. [187], with
emitter for a display, showing well-separated permission.

SWNT bundles protruding from the supporting

06.11.2006 R. Nesper Oslo Lectures
Nanochemistry UIO

o - £
(C)NT-Applications Conductor i
rectifyer |

transitor g;

ion sensor sensor E

emission tip actuator ¥ o

mission from an Atomic Wire

Ringler, ot ol Science. September. 1995
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C-NT Sensor

Surface electron
conductance

Adsorbed species

strongly change conductivity
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Derivates of Graphite

T = 350 - 600°C

Graphit » [CF],.. x=0.5 -1
®F
al b)
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Exfoliate Graphite Intercalation Compounds?




MgB,C,
LIBC
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Graphite-related Superconductors

The superconducting materials demonstrate a zero electrical resistivity in a
certain range of temperature, current and magnetic field.
Their maximum values are called:
critical temperature (T)

critical current density (Jc)

RESISTANCE

critical magnetic field (Hc)

MgB, Ca,-graphite
—MgEe— Yb,-graphite L :
| o a— =t - — - TEMPERATURE (%) %
—AtB———
2
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MgB,

MgB,C,

LIBC

Li, sBC T.=90K

s
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MgB, and its Analoga
Wire Preparation ?

] Mg-Melt
LiB
]

)

. Y
¥ J.M. Reinoso, F. Ottinger, M. Worle, R. Nesper,

——4 Method for producing a super-conducting

i material made of MgB,, Patent No

b [B:B:B:B:]n W00207149909/2002
-4 °
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Morphologie Preserving Transformation

rEapag Mo
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-Under continuous stirring Boron

Crystalllne Boron E dissolves into molten thhlum,
300°C d—ieeeeee e ;. forming an high malleable, low
: density, metallic solid solution
Li-B
liguid solution : -The wire is dropped into the
:  crucible just the time to coat it
450 ° C d—vieiieiiiiiiiniiiiininnnnns Beeeeatuteesacntereesacnrrsasasntnssasasnssasnses
LiB, ¢  -The coated wire is placed into the
formation :"jurnace untill the metallic glittering
550° C dvererererererererererenenene, IR0 et NS
e i -The LiB wire is kept into the
- ‘J?? crucible of molten Magnesium for
FOrfEof] :  about 15 min.
700° C e IR R P T P T R T R E TIPSR SIPPOSIRORIPS
- suolimation of Mg / Mg LT, under Flign vacuurn, 6§30 ° C,
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Preparing Wires and Rods

rEapag Mo

Li-B mixture LiB, compound
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- The inner part
does not react
completely

coating is highly
porous
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- The resulting -

Formation of oxidic
layer can occur between
the wire and the coating
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Magnetische Messungen

reines MgB, y (T) MgB, x(H)

LiMg_hwMgl (10G) MgB2_Mo Bloop 5K
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Chaoite — Substitute ?

[B=B=B=B=].

R. Nesper Oslo Lectures
Nanochemistry UIO




