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Abstract

The paper gives a critical review of the literature on hydrogen storage in carbon nanostructures. Furthermore, the hydrogen storage of
graphite, graphite nanofibers (GNFs), and single-walled carbon nanotubes (SWNTs) was measured by thermal desorption spectroscopy
(TDS). The samples were ball milled under Ar or D atmosphere in order to modify the microstructure which was characterized by X-ray2

diffraction, scanning electron microscopy, and transmission electron microscopy. These investigations show a reversible hydrogen storage
only for SWNTs and in addition indicate that an opening of the SWNTs is essential to reach high storage capacities.  2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction In the 70s graphite nanofibers (GNFs) were discovered
which consist of graphite platelets stacked together in

The time span for commercializing fuel cell vehicles various orientations to the fiber axis with an interlayer
may be drastically shortened if an adequate hydrogen spacing similar to bulk graphite. The length of these GNFs
storage device will be found in the near future. The first can vary between 5 and 100 mm and their diameter
report [1] on hydrogen storage in single-walled carbon between 5 and 200 nm. For details on the structure see
nanotubes (SWNTs) estimated a high possible storage Refs. [2,3]. In the present paper we only mention one
capacity for purified material and initiated a tremendous configuration of GNFs the so-called herringbone type
research activity on SWNTs as well as graphite nanofibers where graphite sheets are stacked with a certain angle to
(GNFs) concerning their hydrogen uptake. In the present the fiber axis or conically shaped graphite sheets are
paper we will give a critical review of the literature. stacked. In transmission electron microscopy investigations
Furthermore, own measurements of the hydrogen storage both structures yield in projection a fish-bone like image.
on SWNTs and GNFs will be shown. Concerning a possible hydrogen uptake, geometrically, this

structure possesses advantages due to the accessibility of
all sheets from the outside and short diffusion paths into

2. Carbon nanostructures the nanostructure.
The discovery of the fullerenes opened the door to a

The three well-known forms of carbon are diamond, new class of carbon materials. Carbon nanotubes were first
graphite and fullerenes. In diamond each carbon has four observed in 1991 by Iijima [4]. Simply speaking these
bonds to its neighbors and forms a three-dimensional nanotubes are built of a finite graphite sheet which is rolled
lattice. Graphite is built up of two-dimensional hexagonal to a tube. A variety of types exists which is either made of
sheets of carbon atoms where the carbon carbon distance one layer and therefore called single-walled nanotube

˚in plain is 1.42 A and the distance between the sheets is (SWNT) or more than one layer called multi-walled
˚3.35 A. nanotube (MWNT) (for details see Ref. [5]). Here we

focus on SWNTs which can be prepared with diameters
between 1 and 2 nm. Typically, these SWNTs have caps at*Corresponding author.

E-mail address: hirscher@mf.mpg.de (M. Hirscher). the end which have structures related to the fullerenes.
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Furthermore, SWNTs form bundles owing to the Van der ty can be even improved by using deuterium loaded
Waals forces between the tubes. These arrays of SWNTs specimens [10]. In this case no disturbing background
form a regular triangular array with a distance of about 1.7 from water or other hydrogen containing adsorbents oc-
nm and are called nanoropes. These nanoropes typically curs.
grow in lengths of several mm. Concerning the hydrogen
storage the structure has two possible sites: (i) inside the
tubes and (ii) in the interstitial sites between the tube 4. Experiments in literature
array. In the case of a long SWNT closed with fullerene-
like caps at the end, the hydrogen can only get access to 4.1. Graphite nanofibers
the tube interior via the six ring of the graphite-like tube
wall. An opened tube with removed caps may give an In 1998 Baker et al. [11] reported extremely high
easier access for the hydrogen molecule into the tube. hydrogen uptake in GNFs. They applied a pressure of 12
Typically, the tubes are very long and therefore a good MPa at 300 K and monitored the pressure drop utilizing
diffusivity of the hydrogen inside the tube will be required the volumetric method. Several groups and companies
in order to fill the whole tube volume. Furthermore, one succeeded in fabricating GNFs. However, they could not
can imagine that a structural defect in the tube or a sharp confirm the high hydrogen storage capacity; e.g. Ahn et al.
bend of the tube may block the hydrogen diffusion. [12] found in GNFs applying the volumetric method with a
Therefore, cutting the tubes in shorter pieces may help to pressure of 8 MPa at 77 K and 18 MPa at 300 K less than
overcome this problem. Concerning the interstitial sites of ¨0.01 wt.% hydrogen storage. Strobel et al. [8] measured
the rope array similar arguments hold. The access from the the hydrogen adsorption on different carbon materials
side requires diffusion between the closest tube–tube using a microbalance at 12.5 MPa and 296 K and observed
distance whereas the interstitial sites are directly accessible a maximum weight increase corresponding to a hydrogen
from the rope ends. To fill the whole volume of these uptake of 1.6 wt.%. A group from the Chinese Academy of
interstitial sites or better cylinders, owing to its extension Science [6] reported a hydrogen uptake of 10–13 wt.% at
in one dimension along the whole rope, will require a good 11 MPa and room temperature after boiling the GNFs in
hydrogen diffusivity inside these cylinders. Again cutting HCl. In a further publication [13] the same group reduces
the rope in short pieces may help to improve hydrogen the values for the hydrogen storage capacity of GNFs by a
storage and its kinetics. factor of two. Up to now none of these experiments could

be repeated or confirmed by other groups. We performed
volumetric experiments at 14 MPa using GNFs prepared

3. Measurement of hydrogen storage by catalytic chemical vapour deposition (CVD) at the IFW
in Dresden, Germany and observed a hydrogen uptake

Mainly, three different techniques are applied to study lower than 0.05 wt.%. Loading GNFs at ambient pressure
the hydrogen storage in solids. The volumetric method with deuterium and measuring the desorption utilizing
measures the pressure drop owing to hydrogen absorption TDS showed values of the hydrogen storage below 0.02
after applying a hydrogen pressure to the specimen con- wt.%.
tained in a constant volume, e.g. Refs. [6,7]. Similarly the In 1999 Chen et al. [14] reported a large hydrogen
pressure increase due to desorption can be measured. For uptake in GNFs and even graphite doped by the alkali
good accuracy and reliable results, this method requires metals. They measured with a thermo-gravimetric method
typically specimen masses of 500 mg or higher. Further- the weight changes of the carbon samples heated up in a
more, any leakage or temperature instability of the ap- continuous hydrogen flow. However, their results have
paratus may give rise to large experimental errors. The been taken into doubt by Yang [15]. Yang attributed most
advantage of this technique is that both absorption and of the weight uptake to moisture by repeating the experi-
desorption can be measured and that the conditions are ment under wet and dry hydrogen flow. Chen et al. [14]
similar to usage in a storage tank. performed the alkali metal doping by – as they call it – a

The gravimetric method measures the weight changes of solid state reaction using nitrate and carbonate salts of the
the specimen due to absorption or desorption of hydrogen. alkali metals. It is known that heating the mixture of
In specially designed devices a high accuracy can be carbon or GNFs with LiNO , and Li CO under hydrogen3 2 3
achieved even at sample masses of 10 mg, e.g. Refs. [8,9]. flow results in the formation of LiO [16,17]. By reproduc-2
However, this technique is sensitive to all gasses absorbed ing the experiments of Chen et al. we could confirm the
or desorbed since it is only based on weighing. following chemical reactions

Thermal desorption spectroscopy (TDS) measures only
2 LiNO 1 C 1 H → Li CO 1 H O 1 2 NO (1)the hydrogen desorption in high vacuum utilizing mass 3 2 2 3 2

spectrometry. Moreover, the method is selective and highly
and then

sensitive allowing to study samples with masses even
below 1 mg, e.g. Refs. [1,10]. The sensitivity and selectivi- Li CO 1 H → Li O 1 H O 1 CO, (2)2 3 2 2 2
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by X-ray diffraction and gas analysis. As LiO is highly milling process. For reactive ball milling the bowl was2

hygroscopic the mixture used by Chen et al. may indeed be pressurized with deuterium (0.9 MPa, purity 99.7%).
very sensitive to moisture in the thermo-gravimetric ex- Typically the milling time was 24 h and the rotation speed
periment. This interpretation is supported by the fact that of the bowl 440 rpm. After milling the samples were
we did not find any hydrogen desorption in graphite doped shortly exposed to air in order to weigh and transfer to the
with Li or K. TDS equipment. In the TDS apparatus the samples can be

heated by a radiation furnace up to 1000 K in high vacuum
244.2. Single-walled nanotubes (10 Pa). Without air contact the samples can be exposed

to D atmosphere (0.08 MPa, purity 99.7 %) for deuterium2

Dillon et al. [1] investigated by thermal desorption uptake. The typical loading time is 15 min. The desorption
spectroscopy the hydrogen storage capacity of non-purified and loading procedure can be repeated several times to test
bundles of SWNTs. The amount of hydrogen desorbed reversibility. Using deuterium the TDS apparatus has an
from the total sample was 0.01 wt.% and they estimated extremely high sensitivity and more or less no disturbing
for pure SWNTs a hydrogen storage capacity of 5–10 background is observed (for details see Ref. [10]). It
wt.% at pressures less than 0.1 MPa near room temperature should be noted, that although deuterium was used in our
by assuming that this hydrogen content is due to the small experiments the values of the storage capacity are given in
fraction of SWNTs present in the sample. Recent results weight percent of hydrogen (wt.%) in order to compare the
yielded about 7 wt.% for purified SWNTs treated by a hydrogen storage capacity with other publications.
special opening method [18]. Ye et al. [19] reported a
storage capacity of 8 wt.% for purified single-walled 5.2. Results and discussion
carbon nanotubes. This high value was obtained at 80 K
and for a hydrogen pressure of 12 MPa. Prior to the 5.2.1. Ball milling under Ar
measurement, some of the material was sonicated for 10 h During the ball milling process the carbon materials get
in dimethyl formide then vacuum degassed for 10 h at mechanically damaged when hit between balls or ball and
about 500 K. Liu et al. [20] showed by volumetric bowl wall. The acceleration of the balls may reach up to 16
measurements on SWNTs with large mean diameters of times the earth acceleration. In the transmission electron
1.85 nm a reproducible storage capacity of 4.2 wt.% at microscope (TEM) damages in the bundle structure and
room temperature and 10 MPa H pressure. The SWNTs strongly bent or broken ropes can be observed. SWNTs2

were soaked in hydrocloric acid and then heat-treated in were ball milled under Ar, shortly exposed to air to
vacuum. Furthermore, they reported that most of the stored transfer into the TDS apparatus and after evacuating
hydrogen can be released under ambient pressure at room exposed 15 min to 0.08 MPa D atmosphere. The follow-2

temperature. Again it should be noted, that none of these ing TDS measurement up to 1000 K shows no deuterium
experiments could be repeated or confirmed independently desorption within the experimental error limits. However,

24in other laboratories up to now. after heating in high vacuum (10 Pa) and exposure to D2

atmosphere of 0.08 MPa at room temperature, the sub-
sequent TDS run shows a desorption maximum at 558 K

5. Own experiments (Fig. 1). The amount of deuterium desorbed corresponds to
a gravimetric storage capacity for hydrogen of lower than

5.1. Experimental 0.1 wt.%. The desorption maximum is reversible, i.e. after
heating and exposure to D atmosphere at room tempera-2

Three different forms of carbon were used as starting ture it occurs again. For the first few cycles the maximum
material, graphite powder with an average particle size of temperature shifts to lower temperatures and after more
50 mm purchased from Merck, GNFs prepared by catalytic than five cycles is almost stable. Exposing the deuterium
chemical vapour deposition (CVD) with ferrocene as loaded sample to air results in a desorption maximum at
catalyst at the IFW Dresden, Germany, and SWNTs higher temperatures (Fig. 1), however, the deuterium
produced by arc discharge with Ni and Y catalysts at the content remains about the same. This stability under air at
University of Montpellier II, France. The material con- room temperature was tested for 48 and 1000 h without
taining SWNTs was taken from the so-called collerette showing any significant change of the maximum and
region in the reaction chamber and contains in this deuterium content. The reversibility of adsorption and
unpurified state less than 50% of SWNTs plus amorphous desorption cycles allows to study the kinetics of the
carbon and metallic catalyst particles. desorption maximum by applying different heating rates

21The microstructure of all starting materials was modified from 0.8 to 19.6 K min . The position of the desorption
by ball milling with a stainless steel bowl and balls peaks shifts to higher temperature with increasing heating
utilizing a plenatary ball mill (Fritsch). After filling, the rate (Fig. 2). This shift of the maximum temperature can
bowl was evacuated and then pressurized by Ar (0.9 MPa) be analysed by assuming a first order desorption reaction.

2to avoid adsorption of reactive gases or water during the This reaction is described by ln(T /b ) 5 E /RT , wherem D m
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Fig. 1. Thermal desorption rate of deuterium in high vacuum plotted Fig. 3. Thermal desorption rate of deuterium in high vacuum plotted
against temperature for SWNTs ball milled under Ar atmosphere for 24 h against temperature for SWNTs, GNFs and graphite ball milled under D2

21and exposed to D atmosphere (0.08 MPa at RT for 15 min). Curve a atmosphere of 0.9 MPa for 24 h (heating rate 4.9 K min ).2

represents the measurement without exposing the sample to air after
deuterium loading and curve b after exposing the sample for 1000 h to air

21(heating rate 4.9 K min ). 5.2.2. Reactive ball milling under D2

By ball milling the carbon materials under D atmos-2

T denotes the maximum temperature, E the activation phere, in addition to the mechanical damage, a reactionm D

enthalpy of desorption, b the heating rate and R the between the carbon and deuterium may take place, e.g.
universal gas constant [21]. The Arrhenius representation formation of covalent bonds. Fig. 3 shows the deuterium

21yields an activation enthalpy of E 5(145620) kJ mol desorption rates into high vacuum of the three carbonD

(see inset Fig. 2). materials after ball milling under 0.9 MPa D atmosphere2
21For comparison we applied the same loading procedures (heating rate 4.9 K min ). For GNFs and SWNTs in the

(1. D 0.08 MPa, RT and 2. heating to 1000 K in high desorption spectrum a maximum is observed at 720 K,2

vacuum with successive D exposure) to SWNTs prior to whereas graphite reaches its maximum desorption rate at2

ball milling and GNFs prior as well as after ball milling. 900 K. It should be noted, that all samples show a fairly
However, within the experimental error no desorption high desorption rate up to 900 K, which is the highest
maximum was observed and the total deuterium release temperature of heating. Therefore, the determined hydro-
was at least 20 times lower if not negligible. gen storage capacities correspond to the amount of

Fig. 2. Thermal desorption rate of deuterium in high vacuum plotted against temperature for SWNTs ball milled under Ar atmosphere for 24 h and
21exposed to D atmosphere (0.08 MPa at RT for 15 min). The different curves represent different heating rates, 0.8 K min (lowest curve), 1.7, 4.9, 9.8,2

2114.7 and 19.6 K min (highest curve). The inset shows an analysis of the activation enthalpy according to Ref. [21] (see text).
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deuterium released up to 900 K. Accordingly, we found for Acknowledgements
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