NANO
LETTERS

Hydrogen Storage in Carbon Nanotubes ol o8

through the Formation of Stable C —H 162-167
Bonds

Anton Nikitin, T Xiaolin Li, * Zhiyong Zhang, * Hirohito Ogasawara, *
Hongjie Dai, * and Anders Nilsson* "%

Stanford Synchrotron Radiation Laboratory, 2575 Sand Hill Road, Menlo Park,
California 94025, Department of Chemistry, Stanford Aémsity, Stanford, California
94305, and FYSIKUM, Stockholm Wersity, Alban@a University Center,

S-10691 Stockholm, Sweden

Received September 10, 2007, Revised Manuscript Received November 13, 2007

ABSTRACT

To determine if carbon-based materials can be used for hydrogen storage, we have studied hydrogen chemisorption in single-walled carbon

nanotubes. Using atomic hydrogen as the hydrogenation agent, we demonstrated that maximal degree of nanotube hydrogenation depends
on the nanotube diameter, and for the diameter values around 2.0 nm nanotube-hydrogen complexes with close to 100% hydrogenation exist
and are stable at room temperature. This means that specific carbon nanotubes can have a hydrogen storage capacity of more than 7 wt %
through the formation of reversible C  —H bonds

To realize hydrogen-powered transportation, it is necessaryhydrogenation. The latter provides information about the
to find ways to store hydrogen on-board efficiently and presence of the €H bonds through the C1s core level shift
safely. One of the possible ways for storage is hydrogen and also allows for quantifying the number of such bonds
adsorption on a medium capable of easily and reliably per carbon atorAWe found that depending on the nanotube
absorbing and releasing large amounts of hydrogen. Carbondiameter different hydrogenation degrees can be reached
nanotubes are possible candidates for such a medium, andefore hydrogenated nanotubes become unstable and de-
mechanisms of hydrogen storage through both physisorptioncompose. We also show that for SWCN with diameter around
and chemisorption have been proposed. While the phys-2.0 nm almost 100% hydrogenated nanotubes are stable at
isorption of H species can provide only about 1 wt % of room temperature that is equivalenttd wt % of hydrogen
hydrogen storage capacity at room temperatuiteyvas storage capacity. We found that most of the & bonds
shown experimentally that hydrogen forms stabletC  formed on the nanotube surface dissociate in the temperature
bonds on the single-walled carbon nanotube (SWCN) range between 200 and 300 and that hydrogen desorption
surfaceSand theoretically that chemisorption can provide a g mainly controlled by reaction kinetics due to large
hydrogen storage capacity up to 7.7 wt'%levertheless,  activation barriers for ki formation from stable H pairs

the existence of the fully hydrogenated SWCN and their gqsorbed on the SWCN.

stability should be demonstrated experimentally before any
other steps toward the development of a nanotube—based1
hydrogen storage system are taken.

In the present study we used in situ atomic hydrogen
treatment of the nanotube films to separate the hydrogenatio
from the molecular hydrogen dissociation process. Atomic
force microscopy (AFM) was used to characterize the size
distribution of the nanotubes, and X-ray photoelectron
spectroscopy (XPS) was used to determine the degree o

Two different types of as-grown SWCN thin films (type
and type 2) were used in this study. Studied films were
grown on a silicon wafer covered with a thin layer of native
oxide using different chemical vapor deposition techniques.
nFor type 1 (T1) film, the catalyst for the growth was made
by sonification of a mixture of 50 mg Degussa Aerosil 380
silica, 4.5 mg of cobalt acetate, 3.1 mg of iron acetate, and
f0.77 mg of molybdenum acetate in ethanal 20h and was
spin-coated on the surface of the wafer at 3000 rpm. The
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The XPS studies were performed at beamline 5-1 at the
(a) Stanford Synchrotron Radiation Laboratory (SSRL). The
G energy resolution of the XPS spectra was better than 0.1 eV.
An atomic hydrogen beam was produced by thermal cracking
of molecular hydrogenni a W capillary? Typical pressure
in the chamber during H treatment was<510~7 Torr with
the distance between sample and the H source at 25 cm,
0 1.0 12 1.4 1.6 1.6 20 22 2.4 26 28 3.0 and the W capillary temperature was above 2000 The
py | Cameter(m) SWCN films were cleaned by careful annealing up to 750
°C with an operating pressure belowx110° Torr before
in situ atomic hydrogen treatment. The XPS spectra showed
D no signals from impurities and residual metal catalysts, Fe,
Co, or Mo, in the SWCN films. Also no influence of charging
on the measured XPS spectra was observed.

(b) The XPS Cils chemical shifts were calculated in the
framework of density functional thedrysing the StoBe
software packag&The structures of the pristine nanotubes
and nanotubes with adsorbed hydrogen atoms were obtained
from molecular dynamics optimization using the adaptive
T Ty 214 26 20 o intermolecular reactive empirical bond order potential.

- :i'ameter o) Reaction pathways and transition states were located by
the climbing image nudged elastic band (NEB) methaing
VASP?1%with the local density approximation of Ceperley
and Aldet! as parametrized by Perdew and Zun¥er.
Bl6chl's projector augmented wave (PAW) potentiaglsere
] L used for the ion-electron interactions. The PAW potentials
500 1000 1500 were from the database provided through VASP, and the
frequency (cm-1) default energy cutoffs were used. At least five k-points in
Figure 1. Raman spectra and histograms (diameter distributions) the direction of the tube axis were used in the simulations

obtained from AFM measurements for T1 (a) and T2 (b) samples. With a supercell size of 14.264 14.264x 14.264 A.

The XPS spectra for the T1 sample with increasing
sccm of H, then flushing with 1000 sccm of forming gas hydrogen dosage are shown in Figure 2. From these data,
and 1000 sccm of argon for 5 min. After this, 1000 sccm of We see that H treatment of the T1 film causes the formation
forming gas bubbling through the ethanol and 1000 sccm of of @ second peak (denoted by peak 2) in the Cls line
argon were flowed for 5 min at 85, followed by cooling ~ separated by~0.7 eV from the peak of the pure carbon
down in 1000 sccm of forming gas and 1000 sccm ef H hanotubes (Figure 2, plot b), similar to previous observa-
Type 2 (T2) films were prepared according to the procedure tions? The same chemical shift of the C1s line was also
described in ref 2. observed for graphite under H treatmé&ht® This second

The lowD to G band intensity ratio in the Raman spectra spectral feature appears due to carbon atoms coordinated with
of such films, which were measured using a Renishaw micro- hydrogen, and its intensity is directly proportional to the
Raman instrument with 785 nm excitation laser wavelength, number of the €-H bonds formed and therefore corresponds
indicates their high quality (low concentration of amorphous to the nanotube hydrogenation degténe relative intensi-
carbon and defects) (see Figure 1). Scanning e|ectr0nties of peaks 1 and 2 in the spectrum measured after the
microscopy also showed that the nanotubes did not coverfirst dose of H treatment for the T1 sample correspond to
the substrate completely and partly were found in bundles. 30 = 5 % hydrogenation of SWCN, and additional H
The T1 film covered~90% of the substrate surface, and treatment does not lead to any dramatic changes in the
the T2 film covered~40%. To determine the SWCN spectral shape (see plots b, ¢, and d, Figure 2). The relative
diameter distribution in the T1 and T2 films, detailed AFM ratio between peak 1 and peak 2 intensities stays almost the
measurements were performed using specially preparedsame (see inset, Figure 2), while the peak full width at half-
Samp|es grown at cata|yst-patterned Si substrate. Samp|e§ﬂaXimum increases and the total intensity of the C1s line
were made by a well-developed technique introduced in ref decreases with the increasing H treatment dose. Such spectral
3 with 5 x 5 um? catalyst pattern, and AFM images were behavior indicates that as soon-a80% hydrogenation of
taken in tapping mode using an ex situ Nanoscope llla hanotubes in sample T1 is archived additional H treatment
multimode instrument. The results of the AFM investi- causes etching of the SWCN film.
gation showed that the size distribution of the SWCN in  The scenario of the T2 sample is rather different. We
the T1 film had an average nanotube diameter equal to 1.6observe that H treatment also causes the appearance of peak
nm and in the T2 film of 2.0 nm (see insets in Figure 2 inthe C1s spectra and a decrease of the intensity of peak
la,b). 1 (see Figure 3-1, plot b), similar to what was observed for

Si

intensity (a. u.)
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distributions in the T1 and T2 samples that could not be
characterized in the current study.

However, upon extremely long exposure of the T2 sample
(large diameters) as shown in Figure 3-1, plot e, the Cls
total intensity starts to decrease, indicating that fully
hydrogenated SWCN of T2 type can also be etched with
atomic hydrogen when we have reached nearly 100%
hydrogenation. In this case, almost every new H atom
reaching the SWCN surface interacts with a CH group.
Although there is an energy barrier to convert the CH group
into CH,, there is a probability that it can be overcome by
H atoms with sufficient kinetic energy. The Gigroups are
very unstable in the presence of additional H species and
are converted through the breakage ef@bonds, resulting
in the formation of methane that directly desotbs.

We also obtained AFM images of the same tubes before
and after hydrogenation using catalyst-patterned samples. H
treatment was performed in a separate ultrahigh vacuum
chamber, and the AFM images of the hydrogenated samples
were measured ex situ in air. Figure 4 shows some typical

L . L L | tapping mode AFM images of the nanotubes with different
= binési;g enezrsgsy (eV)284 diameters before and after hydrogenation. We see that

hydrogenation causes an increase of the nanotube diameter

Figure 2. XPS spectra of hydrogenation sequences of the T1 which was first observed in ref 17. It should be pointed out
sample measured &, = 350 eV. Spectra are normalized by the that the same H treatment causes a much higher relative
background. (a) Clean T1 sample; (b) H-treated T1 sample; (€) 4iameter increase for the nanotubes with small diameters than
H-treated T1 sample with 2 times higher H dose than in (b); and . .
(d) H-treated T1 sample with 4 times higher H dose than in plot b, fOF theé nanotubes with larger ones (see Figure 4). We also
Inset: peak 2 to peak 1 intensity ratios for different spectra. observed cuts for the thin nanotubes while thick nanotubes
stayed intact after the same H treatment (see Figure 4c,d).
This observation provides further evidence of the higher

decrease of peak 1 (see Figure 3-1, plot ¢), and higher doseéesistance of larger diameter SWCN toward H treatment-

of H result in almost complete elimination of peak 1 with nduced etching.
the appearance of an additional spectral feature (peak 3) (see The nanotubes in the samples were partially in bundles.
Figure 3-1, plot d). The appearance of the third peak is As a result, not all of the SWCN were on the surface of the
different from what we observed for sample T1. Taking into studied films and could be directly exposed to the atomic
consideration that the total intensity of the Cls line does hydrogen beam. To distinghuish the hydrogenation process
not change to any large degree upon H exposure, we canPf the nanotubes in the outer layer of the bundles with
conclude that SWCN in the T2 sample does not decomposenanotubes lying deeper in the bundles for the T2 sample
with modest H treatments. (large diameters), XPS C1s measurements were performed
Such hydrogen-induced nanotube decomposition or “un- at different photon energies during the H treatment sequence
zipping” was predicted theoreticalfyand observed experi-  (see Figure 3). Changing the X-ray excitation enekgy
mentally}”-18Both theoreticaf and experimental-8studies causes variations of the Cls photoelectron kinetic energy
show that nanotubes with larger diameter, due to their overall Exin @nd their inelastic mean free paththerefore resulting
lower reactivity as defined by the smaller curvature, are more in differences in the effective probing depths of the XPS
resistant to the hydrogenation-induced etching in comparisonmeasurements. In the case of graphite Vidgh = 350 eV,
with smaller diameter SWCN. Also, it was demonstrated Exin is 65 eV, andl is 0.48 nm whereas fdE,, = 700 eV,
that semiconducting SWCN are more stable under H plasmaExin is 415 eV, andl is 0.95 nn¥° As a result, the XPS
treatment than metallic ones. Our results show that T1 andpProbing depth (the thickness of the sample accounting for
T2 SWCN samples behave differently under H treatment: 75% of the signal) foE, = 700 eV is 2 times larger than
for the T1 sample~30% hydrogenation makes nanotubes for En, = 350 eV. We therefore attribute measurements
unstable with subsequent material etching and for the T2 performed a&, = 350 eV as containing mainly the intensity
sample almost 100% hydrogenated nanotubes are stable. W&om carbon atoms in nanotubes lying in the outer layer of
see from the nanotube diameter distributions (see Figure 1)the bundles (on the surface of the studied film) and
that for the T1 sample the average diameter is around 1.6measurements performedt, = 700 eV as ones containing
nm whereas it is around 2.0 nm for the T2 sample. This both information from outer layer and layers lying deeper
difference in average diameter can be one of the reasons foin the bundles that are less exposed to the direct H beam.
the differences observed in the etching scenarios for T1 and Figure 3 shows that for the T2 sample (large diameters)
T2 samples. Another possibility could be different chirality only spectra measured after the first H treatment at the two

I peak2 /1 peak1
(b)  0.44+0.05
(c) 0.50+0.07
(d) 0.51£0.07

intensity (a. u.)

the T1 sample. Additional H treatment leads to further
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Figure 3. XPS spectra of hydrogenation sequences of the T2 sample meastigd=aB50 eV (1) and aEp, = 700 eV (2). Spectra are
normalized by background. (a) Clean T2 sample; (b) H-treated T2 sample; (c) H-treated T2 sample with 9 times higher H dose than in plot
b; (d) H-treated T2 sample with 26 times higher H dose than in plot b; and (e) H-treated T2 sample with 46 times higher H dose than in
plot b. Plot d in part (1) shows one of the possible decompositions of the C1s spectrum where peak 2 and peak 3 components have the same
asymmetry parameters as peak 2 for the plot b in part (1) (decomposition is not shown). The peak intensity uncertainty is 10%.

treatment causes a larger change in the shape of the spectra
measured &, = 350 eV than for spectra measured=at

= 700 eV. These observations show that the hydrogenation
is uniform across SWCN film under H beam up to this point

of hydrogenation. Additional H treatment leads to an increase
of the hydrogenation degree of the nanotubes located only
in the outer layer of the bundles resulting in a nonuniform
hydrogenation across the SWCN film.

According to previous theoretical calculatiofisfor H
atoms adsorbed on the SWCN surface it is energetically more
favorable to form pairs. For example, the most favorable
configuration of the pair of H atoms chemisorbed on the
(8,0) nanotube surface is C2C3 (see Figure 5-3). Also
theoretical calculations for the diffusion pathshowed that
single H atoms can diffuse more easily (the diffusion barrier
is ~0.7 eV), while the energetically favorable H pairs have
a much higher barrier for the diffusion-(.3 eV). As a result,

Figure 4. AFM images of the same tubes before and after
hydrogenation. (a) Before hydrogenation, a SWNT with the
diameter of~1.8 nm; (b) diameter of the tube in panel a increased
to ~2.1 nm after hydrogenation; (c) before hydrogenation, a SWNT
with diameter of~1.0 nm; (d) the tube in panel c is cut after
hydrogenation (marked with arrow) and diameter of the tube
increased to~1.3 nm.

at low H coverage each additional H atom adsorbing at the
nanotube surface can easily diffuse until it meets another H
atom and forms a stable H pair. As the hydrogen coverage
reaches a high value, most of the H atoms form stable pairs
just after adsorption from H beam, and as a result H diffusion
along nanotube surface decreases. So the increase of the

different photon energy give a similar spectral shape (seehydrogenation degree takes place only on the nanotubes

Figure 3-1, plot b and Figure 3-2, plot b) indicating a uniform

located in the outer layer of the bundles that are directly

hydrogenation of nanotubes in the bundles. The decomposi-€xposed to the H beam.

tion of these spectra into two componénstiows that the

As mentioned above, the C1s line of the highly hydroge-

relative intensities of peaks 1 and 2 are almost the same fornated T2 sample possesses an additional spectral feature

spectra a&,, = 350 eV andg,, = 700 eV and correspond
to 40+ 5 % hydrogenation of the nanotubes. Additional H

Nano Lett., Vol. 8, No. 1, 2008

denoted as peak 3. Curve fitting of the spectrum shows (see
Figure 3-1, plot d) that peak 3 is separatedi®/.1 eV from
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Figure 5. (1) XPS spectra of annealing sequences of the highly hydrogenated T2 sample meaByred 280 eV. (a) H-treated sample;

(b) sample annealed at 20CQ; (c) sample annealed at 30Q; and (d) sample annealed at 53D. (2) Hydrogen desorption diagram for

the hydrogen adsorbed at the graphite C(0001) surface from ref 26. (3) Calculated hydrogen desorption diagram for the hydrogen adsorbed
at the surface of (8,0) SWCNI(= 0.63 nm).

the main Cls peak and has a shape similar to peak 2. Ourand 3, this decomposition of spectrum corresponds te&-91
theoretical calculations show that the formation of CH 5 % hydrogenation or 7.8 0.4 wt % of hydrogen storage
groups on the nanotube surface where 1 can only cause  capacity. Anticipating that part of the intensity in peak 1
a maximum chemical shift of 0.9 eV, and therefore a different could be due to the signal from the nanotubes lying deeper
explanation is required. Theoreti¢®ad® and experimental in the film, we conclude from the above results that for the
studies indicate that nanotube hydrogenation causes arSWCN with diameters around 2.0 nm almost 100% hydro-
increase of the band gap and nanotube resistance. Wegenated nanotubes exist and are stable at ambient tempera-
anticipate that nanotubes in the outer bundle layer aretures.
converted by the hydrogenation process more toward an The hydrogen desorption from hydrogenated T2 SWCN
insulator. As a result the core hole formed in the photoion- film was studied by temperature-dependent X-ray photo-
ization process loses the metallic electron screening channeklectron spectra. Figure 5-1 shows Cls spectra for the
and the final state of the photoelectron process chatfges. hydrogenated T2 SWCN film recorded after in situ annealing
This results in an additional shift of the C1s peak toward at different temperatures. We observed that annealing at 200
higher binding energies for a less screened final state. This°C causes the peak 1 intensity to increase, while annealing
has previously been observed in the casenajfctane at 300 °C causes almost a complete diminishing of the
adsorbed on a clean metal substrate where the eliminationintensity in the energy range of peaks 2 and 3. Such behavior
of the metallic electron screening channel in the growth of of the spectra during annealing indicates that more than two-
multilayers causes an additional C1s peak shift on the orderthirds of the C-H bonds in the hydrogenated SWCN film
of 0.8 eV in comparison with the monolayer, which is in dissociate at a temperature below 30C. From this
direct contact with the meta?. observation, we conclude that chemisorbed hydrogen desorbs
The decomposition of the spectra measured of the T2 from the SWCN surface at temperatures in the range between
sample (large diameters) after maximal dose of the H 200 and 30CC.
treatment shown in Figure 3-1, plot d, allows for a direct ~ We calculated the desorption pathway of hydrogen ad-
evaluation of the degree of nanotube hydrogenation by sorbed at the surface of (8,0) SWCN (see Figure 5-3).
calculating the ratio between the intensity of Cls peak Comparing these results with the desorption pathway shown
components from €H-bonded carbon (peak 2 and peak 3) in Figure 5-2, calculated for graphite by ref 26, we see that
to the total intensity. By using the spectrum measured at 350there is only a small difference in the desorption barrier but
eV, providing higher surface sensitivity, it is possible to a large difference in the adsorption energetics between the
estimate the hydrogenation degree of the SWCN in the outer(8,0) nanotube with a diameter of 0.67 nm, and graphite,
layer of the studied film. The intensity ratio between peaks which can be considered as a hanotube with infinite diameter.
1, 2, and 3 is 1:4:6. Considering that at least one hydrogenThese two cases represent two extremes with either a very
is bonded to each carbon atom that contributes to peaks 2small or infinitely large diameter. In the case of the (8,0)
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SWCN, the most stable C2C3 configuration of the adsorbed temperature. This corresponds to 7 wt % of hydrogen storage
hydrogen has an energy gain of 0.37 eV relative to the capacity that is higher than DOE FreedomCAR Hydrogen
isolated nanotube and moleculag. Hhis configuration is Storage Technologies Roadmap goal for 2010 (6 wf®%%).
separated by a kinetic barrier of1.5 eV from the C1C4  The hydrogen desorption temperature is between 200 and
configuration (see Figure 5-3). In the case of graphite, the 300°C and is mainly controlled by kinetics of the desorption
same hydrogen pair is in a metastable state with an energyreaction due to large activation barriers farfermation from

~2 eV above the isolated units with a kinetic barrier equal stable H pairs adsorbed on the SWCN.

to 1.6 eV that controls the desorption of the hydrogen (see
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