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Chirality: (n, m)

chiral vector C,, = na; + ma,
a, , a, .... unit vectors of the hexagonal structure

Armchair

— Nanotube definition (n,m)

Armchair nT ~ nanotube diameter d,

(n=m) metal
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Density of states (DOS) in SWCNT DOS(E):( L j" [,

—Van Hove singularities

IV (E)

DOS (states/C-atom/eV)
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Energy Separation (eV)

AE of singularities vs. diameter of SWCNT (“Kataura graph”)
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Vis-NIR spectra on ITO electrode - SWCNT (0.2 M LiClO, + acetonitrile)
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Energy, eV

Fermi level
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Intensity, cps

Raman spectrum of SWCNT
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Resonance Raman spectroscopy of SWNT

SWCNT & ~ (0.7 - 1.2) nm
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In-situ Raman spectroelectrochemistry

RE (Ag/AgCl) CE (Pt) 1.01V vs. Fc/Fct
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window
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SWCNT bundles
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Energy storage: ® =LI* (72 'mAh/g = Li_23C6) - Li-1on battery
15-100 F/g — Supercapacitor
Elchem. H, storage: (110 mAh/g; 0.4 %)

Diameter-selective doping (Raman spectroelectrochemistry)



Nanotubes sorted by
diameter, twist, electronic type
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Larger nanotubes attract Bundles and aggregates
more surfactant and sink form sediment




Armchair tubes
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Formation of fullerene peapod (C,,@SWCNT)

FULLERENE PEAPOD




Fullerene peapod C,;@SWCNT

Smith,B.W.; Monthioux,M.; Luzzi,D.E., Nature 396, 323 (1998)
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Current

Electrochemistry of C,, and SWCNT

1 -2 3 1 0 -1
Potential, V vs. Fc/Fc* Potential, V vs. Fc/Fc*
Cgo (solution)........ CH;CN/toluene + electrolyte solution (at-10°C)

SWCNT (solid)........ CH4CN + electrolyte solution



Current, pA

Cyclic voltammetry of C,;@SWCNT

i Af... number of e’/C-atom
- C ... capacitance = 40 F/g
Ceo@SWCNT, -
i e
Bare Pt-suppodt i F
- Af =0.005 e’/C-at (found)
ﬂ ﬂ . Af =0.017 e’/C-at (assumed) for Cg, /Cqy
) Ceo

Ceo i

T L L L L L L B L L

1.5 -1.0 -0.5 0.0 0.5 1.0

Potential, V vs. Fc/Fct

L. Kavan et al

. J. Phys. Chem. 107, 7666 (2003)



Intensity, cps

Raman spectra of C, (single crystal) and SWCNT
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Raman intensity

Raman spectra of dry C,@SWCNT hv,, = 2.41 eV or 2.54 eV
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Raman intensity

Raman spectra of C,;@SWCNT hv,,=2.41 eV or 2.54 eV
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Raman shift, cm-1

C-o (D5, symmetry): 53 Raman active vibrations: 12A,+ 22E,+ 19E,"
L. Kavan et al. J. Phys. Chem.B 107, 7666 (2003)



Raman spectroelectrochemistry C;o@SWCNT (hv,,.= 2.54 eV)
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Raman spectroelecrtochemistry: C,,@SWCNT (hv,.= 2.41 eV)
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Double walled nanotubes

Coo@SWCNT
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Stone-Wales rearrangement pathway for .
fusion of fullerenes i

Fullerens Soience And Technology 6, 316338 (1968)] oo
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Raman spectra of DWCNT, hv,,.= 1.83 eV

Raman intensity, a. u.

OUTER TUBES INNER TUBES

100 150 200 250 300 350 400
. -1
Raman shift, cm



Raman intensity, a.u.

Raman spectra of DWCNT (A, =
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Raman spectroelectrochemistry (hv,.= 2.41 eV)

Raman intensity, a.u.
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Raman shift, cm-1

DWCNT film on Pt electrode in 0.1 M LiCIO, + AN




Raman spectroelectrochemistry
DWCNT (hv,.= 1.83 eV)
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13C-labeled graphene and 2C/*?C double layer graphene

Synthesis by CVD: substrate Ni@SiO,/Si
CH, + H,; 1000°C, 5 min 3-CH, (Aldrich)
PMMA transfer to clean SiO,/Si

13
Free substrate C-graphene

> 12C-graphene

Sio,/Si

13C/12C-DL graphene

=

Raman intensity, & u

1BC@12C-graphene A 13C-graphene

v/\___JL 12C-graphene

ERma T T T T
1600 1800 2000

12C-graphene

continuum model: Cwm o 00 210 2600 2800

(Wo-w)/ Wy = 1- [(12 + co)/(12+c)]V2
wy .....frequency of 12C mode(s) Raman spectra of the 12C-graphene, 3C graphene, and 13C/*?C double-
W frequency of 3C mode(s) layer (*3C is on top, 12C at bottom. Excitation: 2.33 eV laser (Nd-YAG).

Co= 0.0107 (natural abundance of 13C)

"~ T )
¢ = 0.99 (concentration in *°C enriched Kalbac, Frahat, Kong, Janda, Kavan, Dresselhaus,
sample) Nano Lett. 9, 2011, DOI: 10.1021/nl2001956



Spectroelectrochemistry of 13C/*2C double layer graphene

I |
+1.5V

electrolyte

Pt (CE) Ag/AgCl (RE)
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Raman intensity, a.u.
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Raman spectroelectrochemistry (2.33 eV laser excitation energy)
Electrolyte: 0.1 M LiCIO, dissolved in dry propylenecarbonate/PMMA

Electrode potentials from -1.5 to 1.5 V vs. Ag/Ag* (from bottom to top).

SiO,/Si

WE (with gold contact)

Kalbac, Frahat, Kong, Janda, Kavan, Dresselhaus,
Nano Lett. 9, 2011, DOI: 10.1021/n12001956



Spectroelectrochemistry: CHEMCHEM
e L. Kavan, L. Dunsch, “Spectroelectrochemistry of carbon nanostructures” e e e e
ChemPhysChem 8, 974-998 (2007).

e L. Kavan, L. Dunsch, “Electrochemistry of Carbon Nanotubes” in (A. Jorio,
G. Dresselhaus, M.S. Dresselhaus, Eds.) Carbon Nanotubes: Advanced Topics
in the Synthesis, Structure, Properties and Applications, Springer, Berlin, 2008,
pp. 567-603.

Spectroelectrochemistry of carbon nanostructures

Potentiostat

Reference
electrode

Auxiliary
electrode

Working

e L. Kavan, L. Dunsch, “Spectroelectrochemistry of carbon nanotubes” e -
ChemPhysChem 12, 47-55 (2011). oo ‘*f’\_”i
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A Journal of
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