
Preparation of Carbon
Nanostructures
Synthesis of Nanotubes and
Nanofibers

In 1991, Iijima1 described for the first time
the new form of carbon called carbon nano-
tubes (CNTs). CNTs are rolled graphite
sheets with an inner diameter ranging from
0.7 nm up to several nanometers and a
length of 10–100 �m. They are usually
closed on both ends by a hemisphere, that
is, half of a fullerene. Nanotubes formed
from a single graphite layer are called
single-walled nanotubes (SWNTs). Nano-
tubes consisting of multiple concentric
graphite layers are called multiwalled nano-
tubes (MWNTs). The interlayer distance in
a MWNT is close to the interlayer distance
in graphite, which is equal to half of the
unit-cell parameter c (0.5c � 0.3355 nm).

The diameters of SWNTs vary from
0.671 nm to 3 nm, whereas MWNTs show
typical diameters of 30–50 nm. The helicity
of the nanotubes is usually described by
the Hamada vector,2 which indicates how
the graphene sheet is rolled up along a
lattice vector with components (n, m). The
values of the integers n and m identify the
general geometry of a SWNT. Nanotubes
with n � m are called “armchair”; nano-
tubes with either n � 0 or m � 0 are called
“zigzag”; all others have chiral symmetry.3
SWNTs tend to agglomerate and form
bundles of several tens of nanotubes. The
nanotubes in the bundles are in two di-
mensions and close-packed, and the inter-
tube distance is 0.334 nm.4

Carbon fibers are similar to carbon nano-
tubes except for their inner structure.
Carbon fibers consist of graphite platelets

stacked together, with an interlayer spac-
ing of 0.3355 nm, in various orientations
with respect to the fiber axis, giving rise
to assorted conformations. Three types of
carbon fibers can be distinguished. In the
platelet-like carbon fiber, the area vector of
the graphene sheets is parallel to the axis
of the fiber. These fibers can be easily dis-
tinguished from nanotubes, as they do not
exhibit a concentric hole (i.e., are not tube-
like), and the shadow lines in transmission
electron microscopy (TEM) images are
perpendicular to the fiber axis.

The ribbon-like fibers consist of con-
tinuous graphene layers along the axis of
the fibers. This type of fiber exhibits a
very similar pattern to the SWNTs in
TEM images.

The herringbone fibers are an inter-
mediate type of the platelet- and ribbon-
like fibers and consist of graphite platelets
with an area vector oriented 45� to the axis
of the fiber.

Several methods have been developed
to synthesize carbon nanostructures. All
of them—laser vaporization, electric-arc
discharge, and chemical vapor deposition—
work at elevated temperatures (�800 K),
and metal particles (e.g., Fe, Co, or Ni) are
involved in the reaction. The details of the
synthesis of carbon nanostructures were
reviewed by Ding et al.5 The large variety
of carbon nanostructures with presum-
ably different physical and chemical prop-
erties turned out to be the major difficulty
in the interpretation of the experimental
results. Many of the structures appear si-
multaneously in the synthesis. Therefore,
most of the samples are not homogeneous.
In contrast to the buckminsterfullerenes,
which can be purified by chemical extrac-
tion, nanotubes, with their large aspect
ratio (often �1000), are very difficult to
purify. Furthermore, most experiments
were performed with small sample quan-
tities of a few milligrams and could not be
repeated with the same type of sample.
This fact makes the inconsistent results
understandable. It is a challenge to de-
velop methods for the synthesis of homo-
geneous, well-defined nanotubes.

Preparation of Highly
Defective Carbon

The capillary effects that originate from
ideal tube-like structures are assumed
to provide dominant hydrogen storage/
trapping sites in CNTs. Pretreatments
prior to hydrogenation, however, seem to
increase the number of defects, such as
dangling carbon bonds, even in the side
walls of the CNTs.6 Therefore, hydrogen-
storage properties that are improved by
the defective structures should be taken
into account in nanostructured carbon-
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related materials. One of the effective
methods for preparing highly defective
structures in carbon-related materials is
mechanical milling.7–17 This primitive but
reliable method may provide a new cate-
gory of carbon-related materials for hy-
drogen storage, in which hydrogen is
weakly chemisorbed (bonded) by the de-
fective structures.18–20

Hydrogen Storage Using
Carbon Nanostructures
Interaction with Molecular Hydrogen

Much of the work on reversible hydro-
gen sorption by carbon nanostructures was
stimulated by the findings published in an
article by Dillon et al.21 This paper described
the results of a brief hydrogen-desorption
experiment. The authors estimated the
hydrogen-storage capacity of CNTs at that
time to be 5–10 mass%. The investigation
was carried out on a carbon sample con-
taining an estimated amount (by TEM
micrographs) of 0.1–0.2 mass% SWNTs.
The amount of hydrogen desorbed in the
high-temperature chemisorption peak,
which is roughly 5–10 times smaller than
the low-temperature physisorption peak,
was 0.01 mass%. The authors concluded
that the gravimetric storage density per
SWNT ranges from 5–10 mass%. Thus,
the authors assumed the residual carbona-
ceous material (�99% of the sample) to
be inert, contrary to the well-known fact
that activated carbon is an excellent ad-
sorber.22,23 If the high-temperature peak
were responsible for 5–10 mass% hydro-
gen, the low-temperature peak would de-
liver 25–100 mass% hydrogen. The authors
also tried to measure the activation energy
for the hydrogen desorption in the high-
temperature peak around 300 K and
found a value of 19.4 kJ mol�1. Three years
later in a report to the U.S. Department of
Energy,24 this peak had moved signifi-
cantly upward, to 600 K. Apparently, the
reported results21 are inconsistent. Hirscher
et al.25 clarified the situation and showed
that the desorption of hydrogen originates
from Ti-alloy particles introduced during
the ultrasonic treatment rather than from
the CNTs.

The main differences between CNTs and
high-surface-area graphite are the curva-
ture of the graphene sheets and the cavity
inside the tube. In microporous solids with
capillaries that have a width not exceed-
ing a few molecular diameters, the poten-
tial fields from opposite walls will overlap
such that the attractive force acting on
adsorbate molecules will be increased, as
compared with that on a flat carbon sur-
face.26 This phenomenon is the main moti-
vation for the investigation of hydrogen
interaction with CNTs.

Most papers reporting theoretical studies
on hydrogen absorption in carbon nano-
structures focus on the physisorption of
H2 on carbon using the grand canonical
Monte Carlo simulation. Stan and Cole27

used the Feynman (semiclassical) effective
potential approximation to calculate the
adsorption potential and the amount of
hydrogen adsorbed on a zigzag nanotube
(13, 0) with a diameter of 1.018 nm. The
adsorption potential was found to be 9 kJ
mol�1 (0.093 eV) for hydrogen molecules
inside the nanotubes at 50 K; the potential
is about 25% higher than that of the flat
surface of graphite, due to the curvature of
the surface and, therefore, the increased
number of carbon atoms interacting with
the hydrogen molecule. The ratio of hy-
drogen adsorbed in the tube to that on a
flat surface decreases strongly with in-
creasing temperature and is 10,000 at 50 K
and 100 at 77 K (values taken from Fig-
ure 2 in Reference 27). Rzepka et al.28 used
a grand canonical ensemble Monte Carlo
program to calculate the amount of ad-
sorbed hydrogen for a slit pore and a tu-
bular geometry. The amount of adsorbed
hydrogen depends on the surface area of
the sample; the maximum is at 0.6 mass%
(P � 6 MPa, T � 300 K). The calculation
was verified experimentally with excellent
agreement. At 77 K, the amount of adsorbed
hydrogen is about one order of magnitude
higher than that adsorbed at 300 K.
Williams and Eklund29 performed a grand
canonical Monte Carlo simulation of H2
physisorption in finite-diameter SWNT
ropes and found an increasing amount of
adsorbed hydrogen with decreasing tem-
perature, from 1.4 mass% (P � 10 MPa,
T � 300 K) to 9.6 mass% (P � 10 MPa,
T � 77 K). For lower hydrogen pressure,
this range is shifted to considerably lower
amounts of adsorbed hydrogen: from
0.2 mass% (P � 1 MPa, T � 300 K) to
5.9 mass% (P � 1 MPa, T � 77 K). Lee
et al.30 have performed density functional
and density functional-based tight-binding
calculations to search for hydrogen
chemisorption sites on SWNTs. The inves-
tigation of the absorption of the hydrogen
inside the tubes has shown that it is ener-
getically more favorable for the hydrogen
atoms to recombine and form molecules,
which are then physisorbed inside the
nanotube. Ma et al.31 performed a
molecular-dynamics (MD) simulation for
H implantation. The hydrogen atoms
(20 eV) were implanted through the side
walls of a SWNT (5, 5) consisting of
150 atoms and having a diameter of
0.683 nm. They found that the hydrogen
atoms recombine to form molecules inside
the tube and arrange themselves in a con-
centric tube. The hydrogen pressure in-

side the SWNT increases as the number of
injected atoms increases and reaches
35 GPa for 90 atoms (5 mass%). This simu-
lation does not exhibit a condensation of
hydrogen inside the nanotube. The critical
temperature of hydrogen (H2) is 33.25 K.32

Therefore, at temperatures above 33.25 K
and at all pressures, hydrogen does not
exist as a liquid phase; hydrogen is either
a gas or a solid. The density of liquid
and solid hydrogen at the melting point
(Tm � 14.1 K) is 70.8 kg m�3 and
70.6 kg m�3, respectively. Measurement of
the latent heat of condensation of nitrogen
on carbon black33 showed that the heat
for the adsorption of one monolayer is be-
tween 11 and 12 kJ mol�1 (0.11–0.12 eV)
and decreases for subsequent layers to the
latent heat of condensation for nitrogen,
which is 5.56 kJ mol�1 (0.058 eV). If we as-
sume that hydrogen behaves similarly to
nitrogen, hydrogen would only form one
monolayer of liquid at the surface of
carbon at temperatures above the boiling
point. Geometrical considerations of the
nanotubes lead to the specific surface area
and, therefore, to the maximum amount of
condensed hydrogen in a surface mono-
layer. Figure 1 shows the maximum amount
of hydrogen in mass% for the physisorp-
tion of hydrogen on CNTs.34 The maxi-
mum amount of adsorbed hydrogen is
3.3 mass% and was found for SWNTs with
a specific surface area of 1315 m2 g�1.

Experiments on hydrogen absorption in
carbon nanostructures were carried out
with different methods under various
conditions and on plenty of small and
often not very well-characterized samples.
Hydrogen-gas-adsorption isotherms
(T � 80 K) on purified SWNT samples
were performed by Ye et al.35 The BET
(Brunauer–Emmett–Teller) surface area
of the SWNT sample was found to be
285 m2 g�1 and remained unchanged upon
hydrogen absorption and desorption. The
hydrogen adsorption obtained at a tem-
perature of 80 K and a pressure of
0.32 MPa was H/C (ratio of hydrogen
to carbon atoms) � 0.04 for the SWNT
sample and H/C � 0.28 for the high-
surface-area saran-carbon (1600 m2 g�1).
Saran-carbon results from the pyrolysis of
saran, a brand name for polyvinylidene
chloride. At high hydrogen pressures
(7 MPa) at a temperature of 80 K, the
hydrogen-to-carbon ratio for the SWNT
sample reached H/C � 1 (7.7 mass%) in
the initial absorption. In the following ab-
sorption cycles, the absorption isotherm
was considerably shifted to higher pres-
sure, and a hydrogen-to-carbon ratio of
H/C � 0.8 was reached at 12 MPa. Liu
et al.36 applied high-pressure (12 MPa) hy-
drogen gas at room temperature (298 K) to
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SWNTs and followed the pressure change
in time. The samples equilibrated after
approximately 300 min and reached a
maximum absorption of 4.2 mass%
(H/C � 0.5). About 20% of the absorbed
hydrogen remained in the sample after de-
sorption at room temperature. Fan et al.37

investigated the hydrogen absorption of
vapor-grown carbon nanofibers with di-
ameters of 5–300 nm. The fibers ab-
sorbed up to 12.38 mass% hydrogen when
a hydrogen pressure of 12 MPa was ap-
plied. The absorption equilibrated after
200–300 min. Chen et al.38 reported that a
high hydrogen uptake of 14 mass% can
be achieved for K-doped MWNTs, and
20 mass% for Li-doped MWNTs, at a pres-
sure of 0.1 MPa. The K-doped MWNTs
absorb hydrogen at room temperature,
but they are chemically unstable, whereas
the Li-doped MWNTs are chemically
stable, but require elevated temperatures
(473–673 K) for maximum absorption and
desorption of hydrogen. However, the
increase of the mass observed upon hy-
drogen absorption was due to impurities
such as oxygen and water and, therefore,
the oxidation of the alkali metals39 rather
than a hydrogen uptake. A large variety of
carbon samples were investigated using
a high-pressure microbalance by Ströbel
et al.40 The BET (N2) surface area of the
samples ranged from 100 m2 g�1 up to
3300 m2 g�1. The absorbed amount of
hydrogen (P � 12.5 MPa, T � 296 K) cor-
relates with the specific surface area S
according to the equation x(mass%) �
0.0005S(m2 g�1) (taken from Figure 3 in

Reference 40), except for the nanofiber
samples. The latter exhibit a rather low
surface area of approximately 100 m2 g�1;
however, the increase in mass upon hy-
drogen absorption corresponds to about
1.2 mass%. The adsorption isotherms meas-
ured approximately follow the Langmuir
adsorption model. Some isotherms inter-
cept the mass axis (P � 0) at x � 0; 
others intercept at a finite mass between
0.2 mass% and 0.4 mass%, indicating an
experimental error. Nijkamp et al.41 char-
acterized a large number of carbonaceous
sorbents using N2 physisorption at 77 K
and a pressure of up to 1 bar. The sorbents
were chosen to represent a large variation
in surface areas and (micropore) volumes.
Both nonporous materials such as aerosil
and graphites and microporous sorbents
such as activated carbons and zeolites were
selected. The H2 adsorption measurements
were performed at 77 K in the pressure
range of 0–1 bar. From adsorption–
desorption experiments, it is evident that
reversible physisorption exclusively takes
place with all samples. The amount of
adsorbed hydrogen correlates well with
the specific surface area of the sample
(Figure 2). A few papers on electrochemi-
cal measurements at room temperature of
hydrogen uptake and release have been
published.42–45 The electrochemical hydro-
gen absorption is reversible. The maximum
discharge capacity measured at 298 K is
2 mass% with a very small discharge cur-
rent (discharge process for 1000 h). The
few round markers together with the
fitted line in Figure 2 are electrochemical

results. It is remarkable that the measure-
ments of the hydrogen uptake in the gas
phase at 77 K exhibit the same quantities
as the electrochemical measurements at
room temperature (298 K). In the electro-
chemical charge process, hydrogen atoms
are left at the surface of the electrode when
the electron transfer from the conductor to
the water molecules takes place. The hy-
drogen atoms recombine to form hydro-
gen molecules. This process goes on until
the surface is completely covered with a
monolayer of physisorbed H2 molecules.
Any further hydrogen does not interact
with the attractive van der Waals forces of
the surface. The hydrogen molecules be-
come very mobile and form gas bubbles,
which are released from the electrode sur-
face. The formation of a stable monolayer
of hydrogen at the electrode surface at
room temperature is only possible if either
the hydrogen atoms or the hydrogen
molecules are immobile, that is, their sur-
face diffusion has to be kinetically hin-
dered by a large energy barrier, probably
due to the adsorbed electrolyte (H2O)
molecules in the second layer. Another
possible reaction path was first reported30

as a result of density functional calcula-
tions and will be described in detail in the
next section. The result of the calculation
is that hydrogen atoms tend to chemisorb
at the exterior surface of a nanotube. The
atoms can then flip into the nanotube and,
at high coverage, finally recombine into
hydrogen molecules, forming a concentric

Hydrogen in Nanostructured, Carbon-Related, and Metallic Materials

MRS BULLETIN/SEPTEMBER 2002 707

Figure 1. Calculated amount of adsorbed hydrogen in carbon nanotubes, assuming
condensation of one monolayer of hydrogen. (a) Monolayer adsorbed at the outer surface
(1315 m2 g�1 for single-walled nanotubes) as a function of the number of shells (Ns)
(bottom axis). (b) Cavity of the nanotube filled with liquid hydrogen as a function of the
nanotube diameter (top axis).

Figure 2. Reversible amount of hydrogen
(electrochemical measurement at 298 K)
versus the Brunauer–Emmett–Teller
surface area (solid circles) of a few
carbon nanotube samples, including
two measurements on high-surface-
area graphite samples, together with
the fitted line. Hydrogen-gas-adsorption
measurements at 77 K from Nijkamp
et al.41 (solid triangles) are included.



cylinder in the cavity of the nanotube. If
the binding energy of the chemisorbed hy-
drogen is relatively low, as compared with
the energy in hydrocarbons, the absorbed
amount of hydrogen is proportional to
the surface area of the carbon sample and
could also desorb at a rather positive elec-
trochemical potential.

In conclusion, the reversible hydrogen-
sorption process is based on physisorp-
tion. The amount of adsorbed hydrogen is
proportional to the BET surface area of the
nanostructured carbon sample. The amount
of hydrogen adsorbed from the gas phase
at 77 K and electrochemically at room
temperature is 1.5 mass% for a sample
with a surface area of 1000 m2 g�1. To-
gether with the maximum specific surface
area of carbon (1315 m2 g�1), the maxi-
mum absorption capacity of carbon nano-
structures is 2 mass%. No evidence was
found for an influence of the geometric
structure of the nanostructured carbon on
the amount of hydrogen absorbed. Fur-
thermore, all attempts to open the nano-
tubes and absorb hydrogen inside the
tubes did not result in increased absorp-
tion of hydrogen molecules. Theoretical
studies beyond the well-known physi-
sorption led to a large set of various maxi-
mum hydrogen-absorption capacities. Most
of the results were found under special
conditions, for example, at 0 K or with
high-energy hydrogen-atom implanta-
tion. No evidence was found for a higher
density of hydrogen in and on carbon
nanostructures, as compared with liquid
hydrogen under ambient conditions.

Reaction with Atomic Hydrogen
Physisorbed hydrogen has a binding

energy normally of the order of 0.1 eV,
while chemisorbed hydrogen, normally
regarded as having C–H covalent bond-
ing, has a binding energy of more than
2–3 eV.

First, we summarize the calculations and
simulations regarding hydrogen chemi-
sorption on “ideal” carbon nanostruc-
tures. Lee and Lee have reported density
functional and density functional-based
tight-binding calculations for predicting
the chemisorption sites and hydrogen
concentration in (5, 5) SWNTs at 0 K.30

Their calculations indicated that there are
two energetically favored C–H coordina-
tion sites with H/C � 1 (7.7 mass%); the
arch-type (Figure 3b) with chemisorbed
hydrogen outside the nanotube (2.65 eV),
and the zigzag-type (Figure 3c) with
chemisorbed hydrogen alternatively out-
side and inside the nanotube (3.12 eV).
The carbon atoms are radially reconstructed
in the latter case, and this reconstruction
might lead to the sp3-like C–H coordina-

tion with a higher C–H binding energy.
Reconstruction-assisted hydrogen chemi-
sorption has also been reported by Jeloaica
and Sidis46 for the surface of graphite, at
which hydrogen atoms are exclusively
trapped on top of carbon atoms (Fig-
ures 4a and 4b). High-density chemisorbed
hydrogen, on the other hand, is not stable
inside the nanotube, and thus, hydrogen
atoms were predicted to recombine into
molecules. They estimated that more than
14 mass% of hydrogen (molecules) could
be stored inside (10, 10) nanotubes. The
first-principles MD simulation reported
by Tada et al.47 also indicated that chemi-
sorbed hydrogen is stable outside nano-
tubes, but not stable inside them. The C–H
binding energy increases with decreasing
tube diameter, due to the partial formation
of sp3-like components. Ma et al.31 have also
calculated the hydrogen-storage proper-

ties in (5, 5) SWNTs using the model of hy-
drogen implantation with a kinetic energy
of 16–25 eV. The implanted hydrogen
atoms recombined into molecules inside
the nanotubes, and hydrogen concentra-
tion reached 5 mass%. With MWNTs, Lee
et al.30 claimed that chemisorbed hydro-
gen is favored between the tube walls, and
the predicted hydrogen concentration is
7–8 mass%, independent of tube diameter.

There are some experimental reports on
chemisorbed hydrogen in carbon-related
materials. The chemisorption processes in
some graphite intercalation compounds
(GICs) have been systematically studied
by Enoki et al.48 The alkali-metal GICs, such
as C8K, with Stage 1 structures (containing
metallic elements in every interlayer of
graphene) react with hydrogen above
room temperature, and then dissociated
hydrogen atoms enter the interlayer space
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Figure 3. Schematic illustrations of top views of various hydrogen adsorptions in a
nanotube.30 The numbers in the illustrations indicate the interatomic distances and the
nanotube diameters (d) in angstroms. (a) Clean (5,5) nanotube; (b) arch type, where
hydrogen atoms are chemisorbed at the exterior of the tube wall with a surface coverage
� � 1.0, H/C � 1 (7.7 mass%); (c) zigzag type, where hydrogen atoms are chemisorbed
alternatively at the exterior and the interior of the tube wall with � � 1.0, H/C � 1
(7.7 mass%); and (d) molecular hydrogen existing in an empty space in the nanotube
with � � 1.0, H/C � 1 ( �7.7 mass%).



between the alkali metals to form
K�-H�-K�, that is, triple-atomic-layer
sandwiches (Figure 5). The inserted two-
dimensional hydrogen layer is suggested
to consist of H� ions with a weakly metal-
lic nature. Maximum hydrogen concentra-
tion was C8KH0.67 (0.5 mass%) at ambient
pressure, and the hydrogen-storage prop-
erties were reported to be reversible. The
properties of the other GICs are described
in detail by Enoki et al.48 The chemisorp-
tion processes are also reported in fullerenes:
C60 fullerenes were theoretically predicted
to have a reversible hydrogen-storage re-
action of up to C60H60 (7.7 mass%). Brosha
et al.49 have synthesized C60H18.7 (2.5 mass%)
by means of direct reaction of fullerenes
with hydrogen gas. This hydride was
found to be stable up to 700 K, and the
desorbed gas component at higher tem-
peratures was a mixture of H2 and CH4.
They reported that the hydrogen-storage
properties were not reversible, due to the

transformation from the fullerenes into the
planar graphite-like species at elevated
temperatures. Loutfy and Wexler50 have
also reported on C60H46.8 (6.1 mass%) by
hydrogenation at about 720 K under a hy-
drogen pressure of 3 MPa. Further experi-
mental activities are planned to achieve
reversible hydrogen-storage reactions.

The hydrogen-desorption properties of
the pretreated nanotubes reported by Dillon
et al.21 strongly indicate that there is non-
physisorbed hydrogen desorbing around
600 K (although Hirscher et al.25 have
reported the desorption peak as mainly
coming from the contaminated Ti alloys
during sonication). Dillon et al.21 have re-
ported that hydrogen around 600 K was
an intermediate state between physi-
sorption and chemisorption. As already
mentioned, the number of defects (e.g.,
dangling carbon bonds) in the nanotubes
increases with pretreatments, and it is rea-
sonable to assume that the defects provide
trapping sites for weakly chemisorbed
(bonded) hydrogen.

The maximum hydrogen concentration
in highly defective graphite prepared by
mechanical milling has been estimated at
7.4 mass%,18 with two desorption peaks,
starting around 600 K and 950 K, respec-
tively.20 At temperatures around the first
desorption peak, small traces of the de-
sorption peaks of hydrocarbons with mass
numbers of 16 from CH4 and of 28 from a
fragment of C2H6 were also detected (Fig-
ure 6). The first desorption peak has a
similar origin as the main desorption
peaks around 600 K of SWNTs. Here, the
apparent desorption temperatures tend to
be modified by “kinetic” effects, depend-
ing on the amounts of metallic impurities,
heating rates, and so on. No hydrocarbon
has been found at temperatures where
the second desorption peak appears
(Pekker et al.51 have reported two-step hy-
drogen desorption from nanotubes hydro-
genated in liquid ammonia). Cracknell52

has assumed a weak chemical potential
for hydrogen and calculated the hydrogen-
storage properties by using the potential.
The hydrogen concentration was estimated
to reach 6 mass% under a hydrogen pres-
sure of 1 MPa52 (Figure 7). This estimated
hydrogen concentration corresponds well
to the experimental results mentioned
earlier (Figure 6).

In conclusion, the existence of hydrogen
in an intermediate state between physi-
sorption and chemisorption (i.e., weakly
bonded states) is scientifically unclear but
surely of importance for the hydrogen-
storage properties of carbon nanostructures.
Also, defect structures induced by pre-
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Figure 4. (a) Schematic model of a
(0001) graphite surface used in the
simulation by Jeloaica and Sidis,46

and (b) calculated binding energy of a
hydrogen atom on top of a “relaxed”
carbon atom, site A.

Figure 5. C8K with K�-H�-K�

triple-atomic-layer sandwiches.
(After Reference 48.)

Figure 6.Thermal desorption mass
spectroscopy of nanostructured
graphite mechanically milled for 80 h
under hydrogen atmosphere.20 The
combined analysis of the thermal
desorption mass spectroscopy and
thermogravimetry indicated that
approximately 6 mass% of hydrogen
(corresponding to 80% of the total
hydrogen concentration) is desorbed at
the first desorption peak as a mixture of
pure hydrogen and hydrocarbons.

Figure 7. Hydrogen-storage kinetics
of amorphous MgNi with and without
surface modification by means of
mechanical milling with graphite
(MgNi-graphite composite) at room
temperature.73 The initial hydrogen
pressure was 3 MPa.



treatment may provide trapping sites for
hydrogen in an intermediate state.

Metallic Hydrogen
As was mentioned in the previous sec-

tion, the inserted hydrogen layer in K-GICs
(C4nKHx) is suggested to consist of densely
packed two-dimensional sheets of H� ions
with a weakly metallic character.48,53 If ac-
tually metallic, the system would be rather
attractive not only from the hydrogen-
storage viewpoint, but also from the su-
perconductivity viewpoint, with a critical
temperature (Tc) presumably in the range
of 140–260 K.54–57 So far, the superconduc-
tivity of hydrogenated K-GICs (x � 0.8)
has not been proven, at least not under
ambient pressure, but GICs with some
hydrogen-rich layers may provide in-
teresting metallic-hydrogen properties.48

Besides the GICs, some complex metal
hydrides, or so-called chemical hydrides,
have been investigated for their possible
metallic-hydrogen properties and high-Tc
superconductivities. One of the controver-
sial candidates is the Li-Be-H system or
its B-substituted system, or Li-Be-H under
high pressures.58–62 The ultimate high-
performance hydrogen-storage property
will also provide the ultimate high-Tc
superconductivity.

Hydrogen in Mg-Based Metallic
Microstructures and Metal-Carbon
Composites
Nanostructured Mg-Related
Materials

Metallic nanostructured materials are
reported to have specific properties in
regard to their reactivity with hydrogen,
in comparison with conventional (poly-)
crystalline or amorphous metallic mate-
rials, in both thermodynamic and diffu-
sional aspects.63–65 Their properties are of
great importance for hydrogen-storage
functions, especially in Mg-related mate-
rials, which have high hydrogen capaci-
ties but low reactivities with hydrogen.
For example, Zaluska et al.66,67 have reported
that polycrystalline Mg did not exhibit
any significant hydrogen-storage reaction
at 573 K, whereas the nanostructured Mg
absorbed hydrogen readily, even during
the first exposure and without any prior
activation. Also, Liang et al. and Huot
et al.68–70 have pointed out that polycrys-
talline Mg does not desorb at 573 K, while
the nanostructured Mg (after mechanical
milling), especially with other metallic ele-
ments as catalysts, exhibits a much faster
desorption reaction. Orimo and Fujii71 have
recently summarized the close relation-
ship between nanometer- or atom-scale
structures and the specific hydrogen-

storage properties of the Mg-Ni binary
system.

Graphite-Mg Composites
Graphite is found to have some advan-

tages for the surface modification of
Mg-related materials. Iwakura et al.72 and
Nohara et al.73 have reported that surface
modification of Mg-related materials by
mechanical milling with graphite effectively
improved the physicochemical and electro-
chemical properties of the samples.73–75

For example, the hydrogen-storage ki-
netics of amorphous MgNi at room
temperature increased after the surface
modification, mainly due to an increase in
the Ni/Mg ratio on the alloy surface (Fig-
ure 7). C-Mg composite systems prepared
by mechanical milling both of graphite
and Mg with organic additives (cyclo-
hexane, benzene, or tetrahydrofuran)
have been proposed by Imamura et al.76-79

The binding energy of Mg 2p in the
samples prepared with organic additives
is shifted by 0.32–0.85 eV to higher ener-
gies, while there is no shift for the com-
posites obtained without additives. Such
charge-transfer sites are known to be usu-
ally active for the catalytic activation of
hydrogen molecules. The composites pre-
pared without any additives show only a
very low activity for hydrogen. Imamura
et al. have also pointed out that the forma-
tion of nanometer-scale composites, that
is, nanocomposites, leads not only to the
increase in hydrogen-storage kinetics, but
also to the appearance of additional hy-
drogen trapping sites (in addition to within
Mg itself). These new hydrogen trapping
sites seem to relate to the defective struc-
tures in carbon-related materials, as men-
tioned earlier.
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