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Broad overview of nanoscience

One dimensional nanostructures
Nanowire structure and properties
Carbon nanotubes as 1D model systems

An example of the connection between Science
and Science policy 1n the U.S.: Nanoscience and
the Hydrogen Economy



The Incredible Tininess of Nano

Nanometers

A million Ten shoulder-to-shoulder

nanometers hydrogen atoms span 1
The pinhead sized patch nanometer. DNA
of this thumb is a million molecules are about 2.5
nanometers across. nanometers wide.
N
., J
Billions of (/@\)/
nanometers -
A two meter tall male is Thousands of
two billion nanometers. nanometers Less than a
Biological cells have nanometer
diameters in the range of Individual atoms are up
thousands of nanometers. to a few tenths of a

nanometer in diameter.

1 nm 1s 70,000 times smaller than a human hair



Science Introduction

« Nanostructures (< 30 nm) have become an exciting research field
— New quantum phenomena occur at this length scale
— New structure — property relations are expected
— Materials behave differently in 2D, 1D and 0D as compared to 3D

— Promising applications are expected in optics, electronics, thermoelectric,
magnetic storage, NEMS (nano-electro-mechanical systems)

* Low-dimensional systems are realized by creating nanostructures that
are quantum confined in one or more directions
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Context — Nanotechnology in the World
Government investments 1997-2002
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* U.S. begins FY in October, six month before EU & Japan in March/April
« Japan is the leading investor in nano

Senate Briefing, May 24, 2001 (M.C. Roco), updated on February 5, 2002



The incredible shrinking disk drive

for data storage
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50 x 24" dia. disks
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Decreasing Head/media spacing

Physical spacing and disk surface evolution
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Magnetic Recording at the Nanoscale

» Simplest Case of Giant Magnetoresistance

scattering of majority electrons shown in film cross-section
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Picture from Allan Shultz, Seagate Technology



A “Nano Tool-box™

To fabricate/probe nanostructures

Nanofabrication

/\

Top-down Method Bottom-up Method

- create nanostructures - self assembly of

out of macrostructures gtoms or molecules
into nanostructures




Various B1 Nanostructures
All are one-dimensional and all are B1

(a) Bi Nanowire

Dresselhaus Group
Us China

X.Y. Liu et al.



Wiring on S1 with ultra-fine B1 lines
Structure different from 3D Bismuth

K. Miki et al. Surf. Sci. 421 (1999) 397

Features:

over 300 nm long

1 nm (3 Si dimers) wide
without kink

in terrace (not on top layer)



B1 Nanotubes — Unit Cell like 3D bismuth
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X.-Y. Liu et al., Chem. Phys. Lett. 374 (2003) 348



Self-Assembled Nanopores in Alumina
for growing nanowires/nanotubes

AL, { |

Al

Pores SEM image of the surface of an anodic alumina
template with self-assembled nanopore structure

Barrier Layer

* Applications
— Templates for ordered arrays of ‘ H H

nanowires and nanotubes

— 2D photonic crystal Nanowire array
— High density magnetic storage media
— Filters and gas sensors

Template Dissolution
Free-standing wires



Single Crystal Nanowires
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Quantum Confinement Produces New Materials Classes

e Bi  Bi nanowire
— Group V element — Semimetal-semiconductor
— Semimetal in bulk form transition at a wire diameter

about 50 nm due to quantum

— The conduction band (L-electron)
confinement effects

overlaps with the valence band
(T-hole) by 38 meV

Semimetal /\ /\ Semiconductor
>

Decreasing wire diameter

Semimetal-Semiconductor Transition



Semimetal-Semiconductor Transition in B1,_,Sb,
(SM-SC)

« Bi « Sb alloying
— Group V element — Group V element
— Semimetal in bulk form — Complete solubility with Bi
— The conduction band (L-electron) —  Moves down the T-point valence
overlaps with the valence band band edge in energy relative to
(T-hole) by ~ 38 meV (77 K) the L-point carriers
Bulk Bi1 L-electron

/

/\\ . s N
ol —

_ Decreasing wire diameter Semiconductor
Semimetal . .
Increasing Sb concentration

Lin et al., Phys. Rev. B 62, 4610 (2001)
Rabin et al., Appl. Phys. Lett. 79, 81 (2001)



Electronic Phases of 3D & 1D Bi1,_,Sb,

Electronic phases of bulk Bi, Sb, alloy
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Superlattice Nanowires for
Thermoelectric Applications

Superlattice (2D) Nanowire (1D)

1D

Biat 77 K
Trigonal Direction
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Superlattice Nanowire (0D)
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o R

Electron transmitting

Y. M. Lin in Dresselhaus group phonon | X > Phonon blocking



Samuelson et al., Nano Lett. 2 (2002) 87




Growth of Semiconductor Nanowires
by VLS method

Nanocluster generation by laser ablation

Laser ablation overcomes thermodynamic equilibrium
constraints, and enables liquid nanocluster formation.

a) FESEM image of GaP nanowires. The inset is a TEM
image of the end of one of these wires.

b) TEM image of a GaP wire. The [111] lattice planes
are resolved, showing that wire growth occurs along
this axis.

Lieber et al., JACS 122 (2000) 8801



ZnO Nanow1res on Sapphlre by VLS method

*SEM images of ZnO nanowire arrays grown on a sapphire substrate, where (a)

shows patterned growth, (b) shows a higher resolution image of the parallel alignment of
the nanowires, and (c) shows the faceted side-walls and the hexagonal cross-section of the
nanowires. For nanowire growth, the sapphire substrates were coated with a 1.0 to 3.5nm
thick patterned layer of Au as the catalyst, using a TEM grid as the shadow mask. These
nanowires have been used for nanowire laser applications (Huang et al., 2001a).
*Patterned growth can be arranged.

*Proper selection of nanowires and substrate materials can lead to facets, useful for
nanowire lasers.

P. Yang et al., Science 292 (2001) 1897



Nano-Lasers using ZnO Nanowires

Nanowire UV Nanolaser

UV Laser Output

i‘i’i

Zn0O nanowires grown by VLS method.
Excitation

Intensity (a.u.)

.

-

370 380 390 400
Wavelength (nm)

Emission spectrum from ZnO nanowires.
P. Yang et al., Science 292 (2001) 1897



Tunable Bandgap 1n Nanowires
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Quantum Confinement in S1 Nanowires
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Luminescence from Nanowire Junctions
EL PL -V
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Optoelectrical characterization of a crossed nanowire junction formed between
65-nm n-type and 68-nm p-type InP nanowires. (a) Electroluminescence (EL) image of the
light emitted from a forward-biased nanowire p-n junction at 2.5 V. Inset, photoluminescence
(PL) image of the junction. (b) EL intensity as a function of operation voltage. Inset, the
SEM image and the |-V characteristics of the junction (Duan et al., 2001). The scale bar in
the inset is 5 microns.

Lieber et al., Nature 409 (2001) 66



Unique Properties of Carbon Nanotubes
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Rollup . %{M -ig,& S5 -jﬁ_ zigzag nanotube

Single Wall Carbon Nanotube

PR

di~ 1 nm

chiral nanotube

Graphene sheet SWNT

* Size: Nanostructures with dimensions of ~1 nm diameter
(~20 atoms around the cylinder)

* Electronic Properties: Can be either metallic or
semiconducting depending on the tube diameter or
orientation of the hexagons

* Mechanical: Very high strength and modulus. Good
properties on compression and extension

 Heat pipe and electromagnetic pipe

« Single nanotube spectroscopy yields structure

« Many applications are being attempted worldwide



Applications for Nanotubes {

Scanning tips and Electronics

« STM/AFM tips

» Semiconductor devices
* Field Emitters

 New Materials

« Many other proposals

New Materials

Fullerene C,, inside nanotubes

 Field Emitter ITO glass plate

-

patterned phosphor

2.4 mm [ ¢— spacer

N ™ BN R Tcarbon nanotube/
Y . patterned metal

glass plate (t=1.1 mm )

S.J. Tans et al. Nature, 393, 49 (1998)

Imaging biological molecules

AFM image of
Immunoglobulin G
resolved by nanotube
tips



Met :n—m=3q
Sem:n—-m=3g+1
twice as many Sem as Met




STM/STS
Experiments

P. Kim et al.,
Phys. Rev. Lett.
82,1225 (1999)
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(a)
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Phonons in single wall carbon nanotubes

Graphite Brillouin Zone
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Raman Spectra
of SWNTs:
Raman active modes:
e Chiral 15
« Z1gzag 15
 Armchair

e Evenn 16

* Odd n 15

G-band

RBM
| U
0 500 1000 1500
Frequency (cm™)

Raman Intensity

Main Features

Radial
Breathing
Mode

Modes




Raman Intensity

= = |..| Raman Spectroscopy

— I!.Il'_m { }‘b{

A | | of Carbon Nanotubes

- |
l'l{ISM D-band |'I I
\J‘ W | M. S. Dresselhaus and P. C. Eklund,

i o= Advances in Physics 49 705 (2000)

wivenusmbert

* Non-destructive, contactless measurement
— Room Temperature
— In Ai1r at Ambient Pressure
— Quick (Imin), Accurate in Energy

* Diameter Selective (Resonant Raman Effect)

e Diameter and Chirality dependent phonons
— Characterization of (n,m)
— Related to Low Dimensional Physics




Resonant Raman Spectroscopy
A. M. Rao et al., Science 275, 187 (1997)

Raman spectra from nanotube bundles
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Resonant Raman Spectra of Carbon Nanotube Bundles
M. A. Pimenta et al., Phys. Rev. B 58, R16016 (1998)

G-band resonant Raman spectra
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Single Nanotube Spectroscopy yields E..

Resonant Raman spectra for isolated single-wall carbon nanotubes grown
on Si/Si0, substrate by the CVD method

A. Jorio et al., Phys. Rev. Lett. 86, 1118 (2001)
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£ G -band Energy/y,
Metallic Each nanotube has a
Semiconducting unique DOS because
D-band of trigonal warping
w effects R.saitoetal,
Phys. Rev. B 61, 2981 (2000)
100 600 1100 1600 2100 2800

Raman shift (cm_1)

Raman signal from one SWNT _

indicates a strong resonance process




Raman Intensity

Single nanotube Raman spectroscopy
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to compare directly
experiments
and theory

on (n,m) SWNTs

(Fig. From Prof. S. G. Louie)

to perform different experiments and to build devices

gl eeammEsosli=6ee on a characterized (n,m) SWNT
Frequency (cm™')

to improve the knowledge about the nanotube spectroscopy
to improve the characterization capability



Raman Spectra and Transport for One SWNT

RBM
l
* AFM d, =1-2nm => single tube. 0 e Fre<1:|43(éncy (13:)%'1) o
* No voltage applied to sample during 248
Raman Spectroscopy. Oppy = d_

t
Ogpy = 185cm™! = d = 1.34nm

S. B. Cronin et al., Appl. Phys. Lett. (2004) in press



Electrochemical Gating of Single Nanotube

laser
microscope .
Reference Immersion
Electrode objective lens
\,\ H,SO, solution
£ SWNT
Vgate _E_ (‘D (‘D @ @

Doped Si

» Because of a large surface to volume ratio, nanotubes are
very sensitive to guest chemical species on its surface.

* By applying a voltage in an electrolytic solution, the Fermi
energy of the nanotube can be changed.

S. B. Cronin et al., Appl. Phys. Lett. (2004) in press



Stokes/anti-Stokes Processes

Stokes anti-Stokes
0;= 0, O,

+ Stokes
- anti-Stokes
0, | ®, 0, | ®,
®ph 1 @5,

emission C ? <> absorption

!

Experimental determination Yields reliable
of energy transition between (n,m) assignment
van Hove singularities E..




Intensity Ratio Stokes/anti-Stokes
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G-band frequency |** @ asy
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dependence on et | SN A
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Polarization Effects in Isolated (VV) (VH)

Intensity (arb. units)
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* For G-band on 2 different SWNTs
and for RBM on 1 SWNT

 The antenna effect of each SWNT creates a local field
along the tube axis that dominates polarization effect

 The local field 1s strongly affected by the presence of
neighboring SWNTs, and for two crossed SWNTs, the
full dipolar antenna effect above is not observed



Dispersive Raman Modes: D-band and G'-band

Electron dispersion Gphonons = 2 Kelectrons
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Raman Intensity
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A. G. Souza Filho et al, PRB 65, 085417 (2002)
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Resonances with E,, and E,, transitions: Metallic tubes
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Intensity (a.u.)

PHONON DISPERSION
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Trigonal warping effect for phonons

Measured by Raman spectroscopy

SWNT chiral angle 6 defines g direction on 2D Brillouin zone

Experimental results
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Raman Spectra of Carbon Nanotubes

Fantini et al., (unpublished)

Radial breathing mode
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Intermediate frequency modes (IFM)
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Detailed E

laser

Raman spectra obtained with 22
different E,. ... between 1.92 and
2.71eV

laser

Observation of many peaks

Raman spectra show strong E
dependence

laser

Raman peaks with constant
frequency appear and disappear
In the spectra

Step-like dispersion is observed,
positive for IFMs above 860cm
and negative for IFMs below
860cm-1

dispersion of the IFMs

Fantini et al., (unpublished)
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Step-like dispersive behavior of the IFMs

Fantini et al., (unpublished)

* Bright areas indicate strong
intensities

e Peak at 780 cm! is observed for
2.10<E, . <2.40eV

e Peak at 810 cm! is observed for
2.05<E, . <235V

Origin of the IFMs?
Reason for the step-like
dispersion?

Raman Intensity

700 500 900 1000

Oy fem )

1100



Fluorescence from SDS-wrapped nanotubes

SDS-wrapping
of a single
SWNT

SDS-wrapping B
of a small
SWNT bundle

O’Connel et al., Science 297, 593 (2002)

i 35
. carbon

i

=
00 05 15 20

oL o

/ water

/ head group 1
atoms

sodium
_________ :

25 30 35 40 45

R {nm)

SDS wrapped

SWNT in water

(simulation)

Simulated
element radial
distribution. (0 1s
the center of the
nanotube).

Nanotubes covered by a micelle of Sodium Dodecyl Sulfate (SDS).
The wrapping is known to separate the nanotubes in different
soluble micelles resulting in a solution of individualized SWNTSs.



Fluorescence from SDS-wrapped nanotubes
Structure-Assigned Optical Spectra of Single-Walled Carbon Nanotubes

S. M. Bachilo et al., Science 298, 2361 (2002)

Excitation wavelength (nm) [v,— c, transition] X»

9 P — o
Pl | @
1
E E:"?
E o absorption]
i |
24 Vg
34
Y o
e . .,
L] 2 4 2] a 10 l

Density of Electronic States | 1000 1100 1200 1300 1400 1500
Emission wavelength (nm) [c,—v, transition]

*PL results on SDS-wrapped nanotubes. Each dot on
the figure represents the E,, & E,, transitions observed
for one SWNT.



Complemetary spectroscopy technique

Luminescence from

semiconducting

SWNTs+SDS micelles

M.J.O’Connell et al., Science 297, 593 (2002) *

Advantages:
- Stronger signal

- Can evaluate many Eii/Ejj

Limitations:

Measurements only for

semiconducting SWNTs in

E,./E,, + oggy (Raman) measurements

allow (n,m) assignment

Experiment

Excitation wavelength (nm)

Tight Binding up to 3rd
neighbor is used for (n,m)
assignment

i i A i I i L i 1

PR TR R
500 800 TOO BOD 803 1000 1100 120D

Excitation wavelength (nm)

S. M. Bachilo et al., Science 298, 2361 (2002)

aqueous micelles, not

Isolated SWNTs

Simplest tight binding does
not describe ES;; very well
due to Coulomb effects
(M. Ichida et al.,
PRB65, 241407(R) 2002)

For small d, SWNTs O-TT

coupling must be considered




Properties of the SDS-wrapped E; transitions

T .
i Large deviation is found

between PL results and the Tight
Binding (TB) calculations.

*PL data has larger spread of E..
values at constant d, than TB
calculations

*For the PL data the average
E,,/E, ratio 1s about 1.7 rather
2.0 as expected by TB. Theorists
have proposed many body effects
to account for this discrepancies.
At present there is no good
correspondence between E.. found
by luminescence on SDS

0.0 : wrapped SWNTs and by Raman

0.5 1.0 1.5 2.0 2. spectra from 1solated nanotubes
Nanotube diameter (nm) on Si/SiO, substrates.




Challenges for Carbon Nanotube Research

Control synthesis process to produce tubes with same
diameter and chirality. Progress 1s being made.

Until control of synthesis process 1s achieved, develop
effective separation methods:

v" metallic from semiconducting
v" by diameter
v" by chirality

Develop method for large-scale, cheap synthesis
Improve nanotube characterization and manipulation
Develop commercial scale applications




A CHEMICAL SEPARATION PROCESS
For semiconducting and metallic SWNT's

452

%%M :

= O0OC-SWNT
®= HN-CgHy,
®= HZN-CIRHST

¢S

Qs

i

Acid-treated SWNTs were non-covalently
functionalized with octadecylamine (ODA)
and dispersed in tetrahydrofuran (THF)

Partially evaporate THF = M-SWNTs selectively
precipitate & S-SWNT enriched supernatant
(currently attributed to an enhanced chemical
affinity of ODA for S-SWNTSs, rendering

M-SWNTs more prone to precipitation)

Remove ODA by vacuum sublimation

D. Chattopadhyay, I. Galeska, F. Papadimitrakopoulos,
J. Am. Chem. Soc. 125, 3370 (2003)



DNA SEPARATION PROCESS

Ming Zheng et al.

DuPont Central Research and Development
M. Zheng et al., Science, 302,1546, Nov28th, 2003.

load add

lon-exchange liquid chromatography sampie gl

v Sample — 500 pL of a DNA-SWNT

v/ Stationary strong anion exchange resin

Phase —  positively charged

v Eluant— aqueous solution with linear er?t';{r‘?,’r‘,g - \-Cfo,,e;t-!
salt concentration stationary samples
(0 to 0.9M NaSCN in 20 mM MES buffer at pH7) phase

Separation mechanism

v Hybrid DNA-SWNTspecies:
different linear charge densities

* Met tubes: lower negative charge density
higher polarizability = positive image charge
elute before Sem tubes from the column

. elute before large diameter SWNTs

Analyzed samples:
FOO (starting material), F34, F37, F40, F43 (DNA-SWNTYS)




Separation Efficiency of DNA-wrapped SWNTs

v Resonance Raman Effect at several laser excitation
. energies are used.
v' The DNA-assisted Separation Process:

Met vs. Sem separation and
diameter separation

v’ Procedure for evaluating separation efficiency
of Sem and Met SWNTs was developed using
resonance Raman spectroscopy
Enhancement of Met in the earlier fraction: 6 times
Enhancement of Sem 1n the later fraction: 2 times

v Diameter separation in DNA Process:
Small diameter tubes in earlier fractions
Large diameter tubes 1n later fractions



« Reduce Reliance on Fossil

Drivers for the Hydrogen Economy:

Fuels

e Reduce Accumulation of

Atmospheric COz (ppmv)

Greenhouse Gases

3807 15
3601 — Atmospheric CO: Concentrations
— Global Mean Temperature 1.0 =
240 (relative to 1960-1990 average) ]
@
05 a
5
@
F 00§
=
)
g.
r-0.53
9
1.0
1.5

Millions of Barrels per Day

% of U.S. % of Total
Electricity U.S. Energy

Energy Source Supply Supply
Oil 3 39
Natural Gas 15 23
Coal 51 22
Nuclear 20 8
Hydroelectric 8 4
Biomass 1 3
Other Renewables 1 1

22
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141 Domest_ic -

N / Production Marine

10, ‘J/’
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i Light Trucks

6 Offroad __Rail .

4

2

0
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Year

Hydrogen Economy initiative announced by President Bush.



solar
wind
hydro

nuclear/solar

thermochemical
cycles

Bio- and
bioinspired

fossil fuel
reforming

The Hydrogen Economy

automotive
fuel cells

[production ]

OM tons/yr

]

40M tonslyr

(Transportation only)

)
b
gas or consumer
hydride electronics
storage
~ stationary
electricity/heat
generation
use
[ storage J in fuel cells
4.4 MJ/L (Gas, 10,000 psi) 3000/k\W
8.4 MJ/L (LH2) $ 1
< s

9.72 MJ/L
(2015 FreedomCARTarget)

(Internal Combustion Engine)



Fossil Fuel Reforming in Hydrogen Production

. For the next decade or more hydrogen will mainly be produced
using fossil fuel feedstocks.

. Development of efficient inexpensive catalysts will be key.

. Modeling and simulation will play a significant role.

-
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&

— 16.4% Ni/0.3% Au %
- === 16.8% Ni ‘\—‘

| | 1 1

«w
B

n-butane conversion (%)

0 1000 2000 3000 4000
Time (s)

Inspired by quantum chemical calculations, Ni surface-
alloyed with Au (black) on the left is used to reduce
carbon poisoning of catalyst, as verified experimentally
on the right.




Solar Photoelectrochemistry/Photocatalysis
for H, Production

« Power conversion efficiency (10%) needs to be increased by reducing
losses.

* Spectral response needs to be extended into the red

» Costs need to be reduced in the production of the transparent anode.

Low cost TiO, porous nanostructures allow deep light penetration into dye-
sensitized solar cells to increase their efficiency.

Transparent nanocrystalline
anode '_‘\1 rTID,-dya film

Photochemical solar cells or

A . ctrolyte
os] | T e Griitzel cells use cheap porous
- TiO, with a huge surface area
9 Voltage (see right). Dye additives allow
absorption of visible li 0

| /*\ bsorpti f visible light t

' 7 ediator ¢° | better match solar spectrum

Neycle” P
__':Inmrcnpdun (left).
= - sergt
—t Load




Hydrogen Storage

Current Technology for automotive applications

* Tanks for gaseous or liquid hydrogen storage.

* Progress demonstrated in solid state storage materials.

System Requirements

« Compact, light-weight, affordable storage.

* System requirements set for FreedomCAR: 4.5 wt% hydrogen for 2005,
9 wt% hydrogen for 2015.

* No current storage system or material meets all targets.
30

|
Energy Density of Fuels .[ gasoline ]

liquid H, ]
)

20

[compressed gas HZ}
Y |

L
e
=

0 I
0 T 10 20 30 40

[complex hydrldes} Gravimetric Energy Density

proposed DOE goal ]

Volumetric Energy Density
MJ /L system

MJ/kg system



High Gravimetric H Density Candidates

2l
Mg,NH, L\
— 150 - f ) - ~ -
£ 5gm cm MgH, Tgmecm 0.5 gm.cm
™ .' A ;'* LiBH "
S NisH NaBH, | .+ e .
= ~gNIsHg dbg | oo
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>, e =l B eH SCHq (lig)
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0
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=
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Hydrogen mass density (mass %)

Based on Schlapbach and Zuttel, 2001



Carbon Nanotubes for Hydrogen Storage

« The very small size and very high
surface area of carbon nanotubes
make them interesting for hydrogen
storage.

* Challenge is to increase the H:C
stoichiometry and to strengthen the
H—C bonding at 300 K.

e HC=1 - 8wt% hydrogen

A computational representation of
hydrogen adsorption in an optimized
array of (10,10) nanotubes at 298 K
and 200 Bar. The red spheres
represent hydrogen molecules and the
blue spheres represent carbon atoms in
the nanotubes, showing 3 kinds of
binding sites. (K. Johnson et al)




Nanoscale/Novel Materials

 Nanoscale materials have high surface areas, novel shapes, with properties
much different from their 3D counterparts — especially useful for catalysts
and catalyst supports.

« Enhanced hydrogen adsorption on high
surface area nanostructures may be
attained by selective manipulation of
surface properties.

e Nanostructures also have other
opportunities for use for hydrogen
storage.

Nanostructures such as cup-stacked carbon nanofibers (less than 10nm diameter) and
other high surface area structures are being developed to support tiny nanocatalyst
particles (2nm) in the regions between the cups. Results obtained thus far are

encouraging for specific applications.



Theory and Modeling

o AlH, 1s light weight with high potential storage capacity but the
kinetics for hydrogen release are too slow.

o Calculations allow exploration of strategies to achieve
bonding for H, release close to room temperature

AlH AlH
i First principles density functional theory .
HolSigyal Ho=L@" shows that neutral AIH, dissociates into '
AIH, + H, but that ionized AIH,- tightly
"y L 4 g8 ‘\%J\ K " binds 4 hydrogens.
Al Al

Calculations further show that Ti

S 20 substitutes for Na in NaAlH, and
WAl Al s weakens the Al-H ionic bond, thus
sl w  making it possible to lower the

temperature of H, desorption from
200=C to 120=C.

(unpublished calculations of
/ P. Jena, co-chair of Hydrogen Storage Panel).




Messages of DOE Hydrogen Report

» Enormous gap between present state-of-the-art

capabilities and requirements that will allow hydrogen
to be competitive with today’s

energy technologies
= production: 9M tons = 40M tons (vehicles)
= storage: 4.4 MJ/L (10K psi gas) = 9.72 MJ/L b
= fuel cells: $3000/kW = $35/kW (gasoline engine) e

(Lt

» Enormous R&D efforts will be required
= Simple improvements of today’s technologies
will not meet requirements

= Technical barriers can be overcome only with
high risk/high payoff basic research

= Here nanostructures are expected to play an
important role

» Research is highly interdisciplinary, requiring
chemistry, materials science, physics, biology,
engineering, nanoscience, computational science

‘3_\‘:\.
Ll

http://www.sc.doe.gov/bes/
hydrogen.pdf

» Basic and applied research should couple seamlessly
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How to do (n,m) assignment with one E

laser °
1590 £ (167) (148 * 2] Vertical axis (1/d,)
1.570 | \Eoof:—ﬁa,w) P < >
Radial breathing

mode frequency
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Laser energy
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Use of a Tunable Laser
A. Jorio et al., Phys. Rev. B 63, 245416 (2001)

I (E _ M £\ dE (—) Stokes process
( Iaser) ) J‘ (Elaser -E _irr)(Elaser * Eph —E- 1rr) g( ) ("‘) anti—Stokes process
JDOS (Joint Density of States) (E) = Re| > ac cE
| dt70\/(E_Eii_irJ)(E+Eii_iFJ)

Resonant window ~ 100 meV

ac_c = 0.144 nm

anti-Stokes Stokes
: | Yo =2.90eV
1000 1 bl < > Resonant window
g o ol .::’,':? - (1 R O) 3 reflects the
g | b ’ 2 electronic JDOS
% 500 f ] ‘ .I';O.. dt = 1.43 nm a
2 @ L T ~8meV
? N | T ~0.1-1.0 meV kk Orpy = 248 / d,
0 Lt &7 By=165520.003 eV
1.80 1.85 1.70 1.75  1.60 1.85 1.70 1.75 1.50 1.75 200

Elaser(ev) Elaser(ev) Energy (eV)



Nanotube Separation

1. Analytical/Physical Separation

* Field flow fractionation, size exclusion
chromatography, capillary
electrophoresis, gel permeation
chromatography

2. Chemical Methods

 Covalent/non-covalent sidewall
functionalization, t-stacking,
and dispersion.

3. Biological Methods
 Selective binding of bio-molecules
Wang et al. Nature Mat. 2, 196 (2002)

Raman Spectroscopy — Provides a Probe
to Evaluate Separation Efficiency.




» 1D Carbon nanotubes
Rolling up 2D graphene sheet

A
W)

Reciprocal Lattice and
K Vectors

R. Saito et al. , Physical Properties of Carbon
Nanotubes, Imperial College Press (1998)

B Y,
Q-0
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a0 0gi sl

e D2 graphite

IR

eg-s2505i's
1 Dimensional Wave Vectors (K.)

Discrete in circumferential symmetry

direction (K,) = A
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- 1D quantum confinement -
- presence of cutting lines -



Electronic structure —from 2D to 1D e 19BZ

I TT and 7TT* bands of 2D graphite

- Dubay and Kresse, ‘:‘:ﬁ\\ﬁ“ M
& Phys. Rev. B 67 e Y
_ \ 4 ! Soossaani
035401 (2003) R
TU* F % 6 K
\ ) visible range i
. C. . Zero gap
TT Tight binding energies semiconductor
k,a k,a
/\ E.= J_rt\/lir4cos ; Ccos V3ka +4cos’ %

1D electronic dispersion (cutting lines) in carbon nanotubes — (4,2)

- Presence of van

15 Hove singularities
e (VHS)
> - Molecular-like
% behaviour with
o0 2 high density of
electronic states
-9 (DOS)
/T 0 ©T 0.0 0.5 1.0 1.5

Wave vector DOS (states/C-atom/eV)



Electronic Structure

GENERAL MODEL.:
From 2D tight binding
+ quantum confinement

|

Presence of vHS
(van Hove singularities)

A
NN
I

N\
NN

Wave vector

VHS in the density of states (DOS)
Responsible for strong optical effects!

%)

ergy & [eV]
M

[

11

Transition &n

Kataura plot

DOS
(4,2) nanotube (d, = 0.43nm)

Nanotube diameter d, [nm]

Spectroscopy — determination of E;; experimentally




Kataura’s plot

oo | (180 i JDOS for different —
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Raman analysis should be based on the Kataura’s plot
depending on diameter distribution (RBM) and E
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' d, =15+02nm *

. 5,

Resonant Raman Intensity
with Tunable Laser

Determination of E.; for a single nanotube ,
A. Jorio et al.,PRB 63, 245416 (2001) B

= »n

lum

Marked Sample

Raman Intensity
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Raman Resonance Raman
spectroscopy and a tunable
laser gives E.. with high
o | Y- precision
S (better than 10meV)
. | (180)3p0S
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Stokes vs. Anti-Stokes

anti-Stokes Stokes
resonance Raman 15— —
| : (@ |-253 | | (b)
Stokes anti-Stokes S 10| I _
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E) E) 0 1 | L 1 1 1 1
L?Cj L?Cj - 350 - 250 -150 150 250 350
; ; E=158eV
E(1 ) H E(1 ) W 1.0 ( ) ' | | N
w C |
E(v) E(V) = .
2 /f 2 /f 5 |
DOS . DOS £ |
Coherent process with Stokes vs. > |
Anti-Stokes asymmetry — crossing c ]
point gives E.. accurately = %]
) | R 0'?.500 1.600 1.700
I(E) =) KK, E, (V)
1 rabs 7 h* D A Fems
K (k) _ jl"“rupt (kJ JI{;l—pl] (kJ J‘[ull‘};- (kJ

\

(B, — E (k) —iT') (B} F hw,y, — E (k) — il)



photoluminescence
) e ’
Weisman and Bachilo, Nanoletters (2003) Y _
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Determination of E.. and (n,m)

1) Theoretical model (many-body effects...)
2) Dependence of E; on the SWNT environment

(SDS, Si/Si0,, suspended ...)

3) Dependence of E; on experimental technique

2.2

z.n -

1-5 -

E, [oV]

18

A Weisman |
Raman |

TB |

0.8

4) For (n,m) assignment, Raman is necessary

0.9 1.0 1.1
dg [nm]

Orgy = A/d,+ B

SWNTs isolated on a Si/SiO, substrate

A =248 cmnm, B=0

Absorption vs. emission
Bachilo et al., Science 298, 2361 (2002)
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Physics for small d, SWNTs
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Momentum o ;
conservation in the onon confinement

electron scattering by K~ Ky .
a phonon ks = k, > 6 = 0 — zigzag
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Observation of nanotubes
with 0 = 0
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