
Hydrogen storage in carbon nanotubes through the formation of C-H bonds
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Probing tools: X-ray Photoelectron Spectroscopy (XPS)

and X-ray Absorption Spectroscopy (XAS)
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XAS reflects the 1s - 2p electron transitions and shows the distribution of 2p electron
densityof unoccupiedmolecularorbitals

the
usingacoreexcitationprocess.The formationofC-H

bonds can be observed through the modification of the carbon nanotube electronic structure
aroundspecificcarbonatoms.

The scheme of the atomic hydrogen source used for nanotube hydrogenation. Molecular
hydrogen dissociates on the walls of a hot tungsten capillary producing a beam of atomic hydrogen.
The usage of the atomic hydrogen for SWCN hydrogenation curcumvences the influence of the
hydrogen dissociation during the nanotube hydrogenation process.

Idea: storing hydrogen in the chemisorbed form on the

surface of the carbon nanotubes
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Hydrogenation of SWCN

Hydrogenation: in situ atomic hydrogen treatment
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Samples: ultra clean “as grown” SWCN films

C1s XPS spectra of (a) clean and (b) H treated SWCN films. Peak (1)
corresponds to the signal from the carbon atoms unaffected by the
hydrogenation; whereas peak (2) is due to H coordinated carbon atoms. The
theoretical values of the core level chemical shifts due to C-H bond formation
for different types of nanotubes are shown as vertical lines. The peak (1) to
peak(2) intensity ratio is 4 to 6 that corresponding to ~ 60 at % or ~ 4.7 wt % of
H storage capacity.
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Together he decrease of the resonance intensity and increase of the

intensity in the energy range of and resonances indicate two

conclusions: (1) hydrogenation causes the rehybridization of the C atoms in

the SWCN walls from sp state to sp state and (2) the formation of the C-H

�

�

2 3

XPS and XAS spectra of the clean and hydrogenated SWCN

The influence of SWCN diameter distribution on
hydrogenation process
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Growth conditions SEM pictures Raman spectra

Catalyst: FeCo on SiO
Gas: 400 sccm of CH , 70 sccm of H
Temperature: 850 C
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Catalyst: FeCoMo on SiO
Gas: 300 sccm of EtOH, 70 sccm ofAr
Temperature: 850 C
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From XPS spectra measured during H treatment sequence we see that the
absolute intensity of C1s peak of SWCN, type 2 decreases with the H doze
increase without peak profile change. This means that for SWCN, type 2
under the H treatment the etching of the material starts before reaching the
high degree of hydrogenation in comparison with SWCN, type 1.

RBM region of the Raman spectra measured from SWCN, type 1 and SWCN,
type 2 (see above) indicate the different SWCN diameter distributions. It
indicates that depending on SWCN diameter distribution we can reach
different degree of hydrogenation before etching of the material under H
treatment starts. Taking into consideration experimental observations (

Lu et al PRB 68,
205416) we can conclude that SWCN with larger diameters are more stable
against etching during H treatment.

Zhang
et al JACS 2006, 128, 6026) and theoretical predictions (

The influence of SWCN bundling on hydrogenation
process

From XPS spectra of SWCN, type 1 measured during H treatment sequence we see
that C1s peak shape depends on the energy of exciting X-rays. Different excitation
energies cause different kinetic energies of C1s electrons and as a result different
probing depths of XPS measurements. For E=350 eV C1s electron kinetic energy is
65 eV, for E=700 eV it is 415 eV. In the case of graphite such difference in the E
leads to the 3 time difference in the mean free paths of escaping electrons. So the
E=700 eV XPS measurements are much more bulk sensitive than E=350 eV ones.
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Taking into consideration that most of the nanotubes are in the bundles we can
conclude that after reaching ~50 - 60 % of uniform hydrogenation additional H
treatment leads to the increase of hydrogenation degree only of the top layer of
nanotube bundle.
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The dependence of C1s peak shape on
the SWCN hydrogenation degree
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We see that for SWCN, type 1 during H treatment sequence C1s spectrum gets the third
component (peak 3) separated by ~ 1.5 eV from the main peak which is due to the signal
from the clean C atoms in the SWCN walls. Taking into consideration that
hydrogenation leads to the increase of the band gap in the SWCN we assigned peak 3 to
the signal from H bonded C atoms in the walls of insulating nanotubes which are highly
hydrogenated and locate in the top layer of the bundles. The increase of the chemical
shift is due to the

Weiss et al., 2003, J. of Elect. Spectr. 2003, 128, 129)
different electron screening mechanism in photoionization process

(see . Such change in the
photoionization mechanism happens due to the lack of “almost free” electrons in the
systems which is due to the conversion of nanotubes to the insulators during
hydrogenation.
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To check our assumption about the nature of peak 3 we studied the hydrogenation process of
SWCN, type 1 with intercalated potassium.As an alkali metal K can donate its outer electron
very easily. Theoretical calculations showed that the presence of the K atom on the surface of
SWCN induces the C1s chemical shift which is opposite to the C1s chemical shift due to C-H
bond formation.

atom shift, eV

C1 -0.483
C2 -0.403
C3 -0.372
C4 -0.739

It should be pointed out that in the
case of intercalated K the C1s shift
has different nature - electrons
donated by K atoms can move
really easy to the excited C atom
during photoionization process
causing the change of the final state
in the photoionization process.

C1s spectra measured for the hydrogenated SWCN, type 1 without intercalated K (on the left) and with
intercalated K (on the right) show that potassium presence leads to the absence on the peak 3 in the C1s spectrum.
K supplies SWCN with almost free electrons and as a results photoionization process for highly hydrogenated
SWCN which are insulators has the same mechanism as for conductive and semiconductive SWCN.
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Deconvolution of the C1s spectrum of the highly hydrogenated SWCN, type 1. The ratio between intensities of the peak 1 which is
due to signal from clean C atoms and peak 2 and peak 3 which are due to the signal from H bonded carbon atoms is 1 to 10. This
corresponds to 90 % hydrogenation. If we assume one H atom per one carbon atom such degree of hydrogenation corresponds to
more than 7 wt % of hydrogen storage capacity of SWCN, type 1.

The stability of C-H bonds in hydrogenated SWCN
and hydrogenation cycling

The C1s XPS spectra measured during the annealing sequence
of the hydrogenated SWCN, type 1 exhibit spectral shape
changes in the temperature range between 300 C and 600 C.
This means that C-H bonds are stable at the temperature up to
300 C and completely break at temperature more than 600 C

The preservation of the C1s spectral shape during 2 cycles of
hydrogenation/dehydrogenation of SWCN, type 1 (see spectra
above) show that SWCN hydrogenation process can be cycled
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national user facility supported by the U.S. Department of Energy,
Office of Basic Energy Sciences.

I :(I +I )=1:10 which corresponds
to ~7 wt % of SWCN hydrogen capacity
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Conclusions

1.SWCN with different diameters can reach different
hydrogenation degree before "unzipping" and etching

2.For specific SWCN it is possible to hydrogenate almost
100 at % of the carbon atoms in the walls to form C-H
bonds which corresponds to > 7 wt % of SWCN hydrogen
capacity

3.The hydrogenated SWNT are stable from ambient
temperature to 300 C

4.Hydrogenation/dehydrogenation process can be cycled.
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