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Abstract. Interest in hydrogen as a fuel has grown dramati-
cally since 1990, and many advances in hydrogen production
and utilization technologies have been made. However, hy-
drogen storage technologies must be significantly advanced
if a hydrogen based energy system, particularly in the trans-
portation sector, is to be established. Hydrogen can be made
available on-board vehicles in containers of compressed or
liquefied H2, in metal hydrides, via chemical storage or by
gas-on-solid adsorption. Although each method possesses de-
sirable characteristics, no approach satisfies all of the effi-
ciency, size, weight, cost and safety requirements for trans-
portation or utility use. Gas-on-solid adsorption is an inher-
ently safe and potentially high energy density hydrogen stor-
age method that could be extremely energy efficient. Conse-
quently, the hydrogen storage properties of high surface area
“activated” carbons have been extensively studied. However,
activated carbons are ineffective in storing hydrogen because
only a small fraction of the pores in the typically wide pore-
size distribution are small enough to interact strongly with
hydrogen molecules at room temperatures and moderate pres-
sures. Recently, many new carbon nanostructured absorbents
have been produced including graphite nanofibers and carbon
multi-wall and single-wall nanotubes. The following review
provides a brief history of the hydrogen adsorption studies
on activated carbons and comments on the recent experimen-
tal and theoretical investigations of the hydrogen adsorption
properties of the new nanostructured carbon materials.

PACS: 81.07.De; 81.05.Uw; 68.43.h

The decreasing fossil fuel supply and the growing number
of densely populated metropolitan cities with poor local air
quality have spurred an initiative to develop an alternative
fuel. Hydrogen, which may be produced from renewable
sources while burning pollution-free, has emerged as one of
the most promising candidates for the replacement of the cur-
rent carbon-based energy services. Although hydrogen could
easily supply all of the world’s vehicular energy demands [1],
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a major impediment to the development of this new tech-
nology is the lack of a convenient, cost-effective on-board
storage system.

Possible current approaches to vehicular hydrogen stor-
age include (i) physical storage via compression or lique-
faction, (ii) chemical storage in irreversible hydrogen car-
riers (e.g. methanol, ammonia), (iii) reversible metal and
chemical hydrides and (iv) gas-on-solid adsorption. Although
each storage method possesses desirable attributes, no ap-
proach satisfies all of the efficiency, size, weight, cost and
safety requirements for personal transportation vehicles. The
United States Department of Energy (DOE) has set target sys-
tem energy densities at values of 6.5 wt % and 62-kg H2/m3.
Presently, a compact, lightweight hydrogen-storage system
for transportation is not available. Hydrogen storage is there-
fore the key enabling technology that must be significantly
advanced in terms of performance and cost effectiveness if
hydrogen is to become an important part of the world’s energy
economy.

Recently, lightweight carbon adsorbent materials have be-
come interesting for possible use in a hydrogen-storage sys-
tem. Early work in this area in the 1960s, 1970s and 1980s
focused on the H2-adsorption properties of various ‘activated’
carbon materials which were prepared from mineralogical or
organic precursors. These materials were typically obtained
by thermochemical processing and contained many different
types of carbon structures that provided a variety of environ-
ments for binding hydrogen. Unfortunately, the vast majority
of the sites for adsorption could not stabilize hydrogen above
cryogenic temperatures. Recent advances in the science of
carbon nanostructures have allowed new types of adsorbents
to be ‘engineered’. Numerous studies on molecular hydro-
gen adsorption on graphite nanofibers (GNFs) and carbon
multi-wall and single-wall nanotubes (MWNTs and SWNTs)
have been reported. This review provides a brief history of
the hydrogen-adsorptionstudies on activated carbons and also
outlines the recent experimental and theoretical investigations
on engineered nanostructured materials. Finally, we highlight
some specific research areas that require further investiga-
tion, with particular attention to the case of carbon single-wall
nanotubes.
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1 Past: a brief history of hydrogen storage on activated
carbon materials

One of the first investigations of the adsorption of hydro-
gen on high-surface-area carbon was reported in an excel-
lent paper by Kidnay and Hiza in 1967 [2]. The work was
focused on the behavior of adsorbents from a cryogenic en-
gineering perspective. Adsorption isotherms for hydrogen on
coconut-shell charcoal were reported at 76 K and pressures
up to 90 atm. Already in this early work the authors dis-
cussed a major source of confusion associated with reporting
and understanding adsorption of hydrogen on carbon that is
still relevant today. Specifically, there are at least three dif-
ferent ways that the amount of gas adsorbed on a material
can be reported. The first way specifies the thermodynami-
cally important quantity known as the ‘excess amount’ which
is ‘the excess material present in the pores over that which
would be present under the normal density at the equilibrium
pressure’ [3, 4]. This rigorous method of reporting is made
possible by correcting the raw data for gas compressed into
the non-adsorbing free volume of the container. With this ap-
proach, a plot of the excess amount versus pressure often ex-
hibits a maximum. Beyond the maximum the bulk gas density
increases more quickly with increasing pressure than does
the adsorbed density, and higher hydrogen-storage densities
can be achieved in a given container by removing the carbon
adsorbent [4]. A second definition terms the ‘total amount’
the ‘amount contained in the pore volume’ (i.e., all mat-
ter under the influence of the adsorption forces). Adsorption
isotherms reported in this manner are calculated by adding to
the excess amount an additional amount that accounts for gas
compressed into the active volume of the sample. The latter
volume is determined from the saturation values obtained in
N2-adsorption isotherms. This particular definition is some-
what artificial and not of particular value to either the scientist
who is interested in the intrinsic behavior of an adsorbent, or
the engineer wishing to build a storage tank. A third method
of reporting simply involves plotting the amount of hydro-
gen contained in the adsorbent-filled container as a function
of the pressure. Since no attempt is made to correct for the
non-adsorbing volume of the container, the role played by the
adsorbent is unclear, and the data is a convolution of the stor-
age capacity of both the free volume of the container and the
adsorbent. Although the work of Kidnay and Hiza was not fo-
cused on the storage of hydrogen, a maximum excess amount
of hydrogen of 20.2-g H2/kg carbon was reported at 25 atm
and 76 K, corresponding to a gravimetric storage density of
∼ 2.0 wt % [2].

Carpetis and Peschka [5, 6] were among the first to sug-
gest that hydrogen could be inexpensively stored on activated
carbon materials by adsorption at cryogenic temperatures. It
was initially asserted that hydrogen could be stored on car-
bon at volumetric densities approaching values available with
liquid hydrogen [6]. Adsorption isotherms were reported for
a variety of different types of high-surface-area carbon ma-
terials at 78 and 65 K at pressures up to 41.5 atm [5]. Un-
fortunately, the total mass of the adsorbent used in each ex-
periment was not reported so it is impossible to determine
from the paper if the cryogenically cooled container could
have stored more hydrogen if the carbons were not present.
The adsorbed hydrogen was maximized at∼ 5.2 wt % for a
‘F12/350’ carbon material exposed to 41.5 atm of hydrogen

at 65 K. The more open, porous carbon materials that were
investigated tended to adsorb more hydrogen than the denser
carbons that were studied. A detailed analysis [5] concluded
that cryo-adsorption on activated carbon at 42 atm and 65 K
was more economically attractive for bulk hydrogen storage
than either FeTi alloys, ambient-temperature pressure vessels
at 11 atm, or liquefied hydrogen. A cryo-adsorption storage
system was determined to have∼ 1/4 the volumetric energy
density of a liquid-hydrogen-storage system [5].

The research group of J.A. Schwarz at Syracuse Univer-
sity was quite active in studying the storage of hydrogen on
activated carbon in the late 1980s and early 1990s. These ef-
forts were focused on developing a detailed understanding of
the fundamental aspects of hydrogen adsorption on activated
carbon materials so the operating temperature of the adsor-
bent could be increased. Towards this goal the effects of sur-
face acidity [7] and metal modification were investigated [8].
The group also performed detailed thermodynamic analyses
to determine important parameters such as the isosteric heat
of adsorption [9]. Despite these efforts, the best activated car-
bon identified adsorbed∼ 4.8-wt % H2 at a temperature of
87 K and a pressure of 59 atm [10]. Under the same condi-
tions, a carbon-fiber-wrapped pressure vessel containing this
activated carbon stored an additional 4.3 wt % (carbon basis)
as compressed gas in the voids within the container. Taking
into account the weight of the pressure vessel and vacuum
jacket, the total system stored H2 at 4.2 wt % and 16.8 kg/m3.
As with previous investigations, this storage system did not
significantly benefit from the incorporation of carbon under
the chosen operating conditions. A simple calculation using
the parameters specified by Schwarz [10] reveals that hydro-
gen could be stored in the tank at 4.8 wt % and 16.5 kg/m3 at
the same pressure and temperature without the carbon.

It is important to note that the inclusion of activated car-
bon material in a storage tank can enhance the overall hydro-
gen energy storage density under certain pressure and tem-
perature conditions. Chahine and Bénard have formalized this
concept by defining a ‘gain’ parameter for adsorption storage
which offers a comparison of the densities of the adsorbed gas
and the compressed gas as a function of pressure and tem-
perature [11]. Similar experimental data has been obtained by
Hynek et al. [4]. The gain is maximized at low temperatures
and pressures for a given activated carbon. This corresponds
to the situation where the adsorbent surface is populated but
the density in the gas phase above the adsorbent is not ap-
preciable. Although the overall storage capacity of a tank is
maximized at the high-pressure and low-temperature condi-
tions employed by Carpetis and Peschka and Schwarz, the
effectiveness of the adsorbent is minimized under these con-
ditions. The magnitude of the maximum gain is controlled by
the surface area and microporous volume. Ideally, one would
like to have highly microporous material with relatively high
material density (i.e., low in macroporous volume).

In a recent comprehensive study, Hynek et al. tested
a variety of carbon sorbents such as activated carbon, car-
bon black, carbon aerogels and carbon molecular sieves in
order to determine whether they augmented the capacities
of compressed hydrogen gas storage systems [12]. The var-
ious carbon sorbents were tested at ambient temperature
(300 K), acetone and dry-ice temperature (190 K) and at
liquid-nitrogen temperature (80 K). They concluded that at
pressures typical of vehicular compressed hydrogen-storage
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systems (∼ 200 bar), only one of ten carbon sorbents tested
did in fact augment the capacity of the storage vessel. This
improvement was marginal at 190 K and 300 K and non-
existent at 80 K [12]. In general, there have been very few
reports of an activated carbon type adsorbent capable of
improving the storage capacities of a high-pressure tank at
300 K [4, 13]. In an even more recent report Orimo et al. [14]
attempted to fabricate a novel carbon sorbent by mechanic-
ally ball milling graphite under a hydrogen atmosphere. X-ray
diffraction of the resulting nanocrystalline graphite indicated
an expansion of the graphite inter-layer spacing with long-
range order disappearing for increasing milling time. The
hydrogen concentration was reported to reach up to 7.4 wt %
after milling for 80 h. Neutron-diffraction measurements in-
dicated that both molecular hydrogen and covalently bonded
hydrogen were present [14]. Although both gravimetric and
volumetric storage systems appear quite good for this system,
the reversibility of charging and discharging seems unlikely.

2 Present

2.1 Hydrogen storage in carbon nanofibers

It is difficult to obtain high-surface-area ‘activated’ carbon
adsorbents with small pore sizes and narrow pore-size distri-
butions. Porous carbons synthesized by conventional thermal
processing generally exhibit more than 50% of total pore
volume as macroporosity [15] with pore dimensions greater
than∼ 40 Å. Macropores only participate in monolayer hy-
drogen adsorption, similar to hydrogen bound on a plane,
and therefore are not useful for ambient-temperature hydro-
gen storage. These synthetic limitations explain the relatively
poor hydrogen uptakes observed thus far for conventional car-
bon adsorbents and have spurred the development of carbon

Fig. 1. Several proposed configurations
for hydrogen adsorbed on graphite in-
cluding a commensurate phase with
a nearest-neighbor spacing of 4.26 Å for
low coverages of hydrogen; a denser and
an incommensurate close-packed struc-
ture with a nearest-neighbor distance of
3.51 Å at higher pressure; and the mono-
layer that would be required to achieve
the densities reported in [17] if 5 layers
were present between every two sheets of
graphite.

materials which are more specifically designed for hydrogen
adsorption.

Graphite nanofibers are an example of an engineered ma-
terial that has recently been investigated for hydrogen-storage
applications. These materials are produced by decomposition
of mixtures of ethylene, hydrogen and carbon monoxide on
selected metal and alloy catalysts [16]. Three distinct struc-
tures may be produced: ‘tubular’ (90◦), ‘platelet’ (∼ 0◦) and
‘herringbone’ (45◦) where the angle in parentheses indicates
the direction of the nanofiber axis relative to the vector nor-
mal to the graphene sheets. The spacing between graphite
layers in each case is the same value found in conventional
graphitic carbon,∼ 3.4 Å. The nanofibers typically range in
diameter from 5 to 500 nm [16]. Very high hydrogen-storage
densities exceeding 50 and 60 wt % have been reported for the
platelet and herringbone forms respectively, while the tubular
structure exhibited storage densities exceeding 10 wt % [17].
The hydrogen uptake was recorded as a drop in pressure
from an initial value of 112 atm over a period of∼ 24 h
at a temperature of 298 K. Figure 1 schematically shows
a commensurate phase for hydrogen adsorbed on graphite
with a nearest-neighbor spacing of 4.26 Å as observed by
neutron diffraction for low coverages of H2 adsorbed on
graphite [18]. This corresponds to a coverage of one H2 per
15.6 Å2. At higher pressure the monolayer becomes more
dense and an incommensurate close-packed structure with
a nearest-neighbor distance of 3.51 Å or one H2 per 11.0 Å2 is
observed (also Fig. 1). Considering to the results of Chambers
et al. [17], for sake of argument let us assume that the number
of layers of H2 between planes of graphite could somehow be
as large as five. Consequently, a storage density of 60-wt %
H2 would require a nearest-neighbor distance within one of
these five monolayers of only 0.98 Å or one H2 per 0.82 Å2.
This dense coverage is also depicted in Fig. 1. However, since
the kinetic diameter of H2 is 2.9 Å, the illustration can not de-
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scribe a true physical system, and it would be required to have
4–5 of these layers to reach the reported high values.

Ahn et al. attempted to corroborate these extraordinary re-
sults [19]. Hydrogen-adsorption studies were conducted on
similarly fabricated fibers for temperatures between 77 and
300 K. H2 gas was admitted into an evacuated chamber to
achieve a typical pressure of 4.5 or 80 atm for the 77-K runs
or 180 atm for the 300-K runs. The absolute level of hydro-
gen desorption measured for the GNFs was typically less than
0.01 H/C or ∼ 0.08 wt % [19]. In another attempt to confirm
the previously published large adsorption numbers a max-
imum value of 1.52 wt % was obtained for GNFs at ambient
temperature and∼ 125 atm [20]. In defense of the initial in-
vestigations, the original group reported that the presence of
water vapor had a very deleterious effect on the GNFs and
that the high hydrogen-adsorption capacities were made pos-
sible by an expansion of the fiber’s graphitic layers [21].
Unfortunately an in-situ probe of such ac-axis expansion was
not available. X-ray data of a pristine sample and the same
sample following both an adsorption and a desorption step
showed an expansion of the lattice of only 0.007 nm, which
is considerably less than the value of 0.03 nm observed for
H2 adsorbed in potassium-intercalated graphite [24]. In a re-
cent study, Fan et al. reported hydrogen-storage capacities of
10−13 wt % on vapor-grown carbon fibers which were not
graphitic. Based on the initial studies of GNFs, the group
projects that higher storage values will be obtained upon
graphitization [22].

2.2 Hydrogen storage in multi-wall carbon nanotubes

Multi-wall carbon nanotubes consist of layers of nested con-
centric cylinders of graphite with a hollow center. The spac-
ing between each cylinder is similar to the inter-planar spac-
ing in graphite, and the number of shells varies from 2 up to
about 50. MWNTs have inner and outer diameters that are
typically 2–10 and 15–30 nm, respectively, and are generally
microns in length. Large bundles of MWNTs with diam-
eters up to 200µm [23] and very long individual tubes, over
2 mm [25], have been observed. Multi-walled nanotubes were
discovered while vaporizing carbon in an electric arc [26]
and were subsequently produced at much higher yield with
a variation in the same technique [27]. A simplified method
for the arc-generation of MWNTs has been reported quite
recently [28]. Multi-walled nanotubes have also been pro-
duced via benzene pyrolysis [29] and the decomposition of
acetylene [31, 32] with metal catalysts. The crystallinity and
stability of the tube caps may be compromised when MWNTs
are produced by the catalytic decomposition of hydrocarbons.
Carbon nanotubes produced by the catalytic decomposition
of acetylene over a cobalt-incorporated zeolite were purified
with a hydrofluoric acid treatment to remove the catalyst sup-
port followed by a permanganate or air oxidation to remove
amorphous carbon impurities [32]. Arc-generated MWNTs
have been purified with air-oxidation but in order to remove
all of the nanocrystalline graphite particles that are present
as impurities, it is necessary to oxidize 99% of the total
material [33]. When permanganate oxidation was applied
to arc-generated MWNTs the nanocrystalline graphite again
could not be removed [32]. Figure 2a displays a transmis-
sion electron microscope (TEM) image of highly graphitic

Fig. 2a,b. Transmission electron microscope (TEM) images ofa highly
graphitic MWNTs formed by the method of arc discharge andb a poorly
graphitized MWNT formed from the thermal decomposition of propylene
over a porous alumina membrane template

MWNTs formed by the method of arc discharge. For com-
parison a TEM image of a poorly graphitized MWNT formed
from the thermal decomposition of propylene over a porous
alumina membrane template [34] is shown in Fig. 2b.

Chen et al. reported remarkable hydrogen-storage capac-
ities for alkali-metal-doped MWNTs formed by the cata-
lytic decomposition of CH4 [35]. The walls of the nano-
tubes formed via this process are conical in shape and for
this reason these nanotubes have been sometimes classified
as graphitic nanofibers [36]. Li and K were incorporated in
the carbon nanotubes through solid-state reactions with the
metal carbonates or nitrates. Hydrogen desorption and ad-
sorption was measured by thermogravimetric analysis (TGA)
and temperature-programmed desorption (TPD). The H2 up-
take was shown to be 20 wt % for Li-doped nanotubes at
653 K and 14 wt % for K-doped nanotubes at room tempera-
ture. The K-doped nanotubes were reported to combust upon
exposure to air. The hydrogen adsorption was believed to pro-
ceed by a dissociative mechanism, and an infrared spectrum
of the hydrogen-charged Li-doped material was interpreted to
indicate the presence of both Li−H and C−H species [35].
In a subsequent TGA study, Li-doped MWNTs formed under
identical conditions were shown to exhibit a weight increase
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of 12 wt % when exposed to ‘wet H2’ and only 2.5 wt %
in the presence of ‘dry H2’ [37]. An infrared spectrum of
LiOH:H2O which was strikingly similar to the spectrum ac-
quired by Chen et al. was also provided. When K-doped
nanotubes were exposed to ‘dry H2’ a weight increase of
only 1.8% was observed [37]. In yet another report on the
hydrogen-storage properties of Li-doped MWNTs, large cy-
cling mass changes similar to those observed by Chen et al.
were again attributed to the presence of water impurities in
the TGA atmosphere. No evidence of hydrogen adsorption by
the Li-doped MWNTs was detected [38].

A very recent report probed the hydrogen-adsorption
properties of multi-wall nanotubes synthesized by the cata-
lytic decomposition of CO and CH4 on powdered La2O3
catalysts [39]. The CO-generated tubes consisted of con-
centric cylinders while the CH4-produced tubes contained
graphite layers that were tilted with respect to the tube axis,
forming cones. In both cases the catalyst was removed by stir-
ring in dilute nitric acid. The purified nanotubes were then
annealed to 1100◦C in vacuum in order to increase crys-
tallinity. TGA analysis in flowing hydrogen revealed that the
CO-generated tubes were capable of adsorbing a small quan-
tity of hydrogen (0.25 wt %) when the sample was cooled
between 200◦C and room temperature [39]. Another recent
study indicated that MWNTs may also be charged with hy-
drogen by electrochemical methods [40]. Materials employed
for this study were synthesized in an arc process and con-
tained 10−40% MWNTs with diameters which varied from
2 to 15 nm. Stable electrodes were be formed by pressing the
MWNT material with palladium powder in a 1: 4 ratio. The
equilibrium curve of the MWNT/palladium electrode indi-
cated two separate electrochemical reactions, one of which
was not observed for pure palladium electrodes. Although the
overall capacity for the palladium/MWNT electrode was less
than that anticipated for pure palladium, the study indicated
that electrochemical hydrogen storage in MWNTs may be
possible [40].

2.3 Carbon single-wall nanotubes

For conventional physisorption, the gas-adsorption perform-
ance of a porous solid is maximized when the pores are not
larger than a few molecular diameters [41]. Under these con-
ditions the potential fields from the walls of the so-called

Fig. 3. TEM image of a bundled array of SWNTs dis-
playing a cross-sectional view of a large nanotube bundle
making the hexagonal packing of the tubes apparent. The
image is accompanied by a blown-up drawing of a hex-
agonal array of SWNTs

micropores overlap to produce a stronger interaction than
would be possible for adsorption on a semi-infinite plane. If
the escaping tendency of the gas is much less than the ad-
sorption potential, the entire micropore may be filled with
a condensed adsorbate phase. For the case of hydrogen, with
a kinetic diameter of∼ 2.9 Å, pores would have to be sig-
nificantly smaller than 40 Å to begin to condense hydrogen
by a nanocapillary filling mechanism. The ideal hydrogen ad-
sorbent should have (i) uniform and small micropores in as
high a density as possible, (ii) minimal macroporosity and
(iii) high thermal conductivity. The first characteristic is re-
quired for an enhanced heat of adsorption which might pro-
vide for ambient-temperature adsorption, while the first two
characteristics together insure that the internal volume of the
adsorbent is not wasted. The third characteristic provides for
managing heat fluxes that will hopefully be relatively large
by virtue of an enhanced heat of adsorption. One conceptual
model, which provides all of these features, is an array of bun-
dled carbon single-wall nanotubes. An individual SWNT is
essentially a sheet of graphite which is wrapped to meet itself
forming a single elongated and seamless tube. The individual
tubes self-assemble during synthesis via van der Waals inter-
actions to form bundles which contain hundreds of SWNTs.
Figure 3 displays a TEM image of a bundled array of SWNTs.
The image shows a cross-sectional view of a large nanotube
bundle so that the hexagonal packing of the tubes may be
observed. A cartoon of a hexagonal array of SWNTs is also
provided.

Single-wall carbon nanotubes were first synthesized by
the co-evaporation of a cobalt catalyst and graphite in an
electric arc [42, 43]. Fibers typically consisted of 7–14 bun-
dled SWNTs 10–15 Å in diameter. Figure 4a displays a TEM
image of arc-generated SWNT material. The image reveals
cobalt nanoparticles, 5–50 nm in diameter, embedded in
a matrix of amorphous carbon and nanocrystalline graphite.
Bundles of carbon-coated SWNTs span the image. It is read-
ily apparent that these initial materials were highly impure.
Motivated by the theoretical calculations which suggested
that carbon single-wall nanotubes should be able to stabi-
lize HF molecules by a process akin to nanocapillarity [44],
Dillon et al. investigated the hydrogen-adsorption properties
of the early SWNT materials. Although their materials con-
tained only∼ 0.1−0.2-wt % SWNTs, hydrogen adsorption
on the carbon nanotube fraction was estimated for ambient
conditions to be between∼ 5−10 wt %, and a heat of adsorp-
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tion of 19.6 kJ/mol was measured [45]. This demonstrated
an enhanced interaction between hydrogen and SWNTs rela-
tive to planar graphite, where the heat of adsorption is only
∼ 4 kJ/mol [46].

Single-wall carbon nanotubes were later produced at
much higher yield by the method of laser vaporization [47].
Crystalline ropes microns in length containing hundreds of
individual SWNTs were easily obtained [48]. The laser-
generated soots also contained metal nanoparticle catalysts
and various carbon components, but SWNTs were routinely
generated at∼ 20− 50 wt %. Figure 4b displays a typical
TEM image of raw laser-generated SWNT soots. Research
was then focused on the further purification of the much
higher quality materials. Multiple different purification tech-
niques ranging in complexity and final SWNT yield were
quickly established [49–54]. Figure 4c displays a TEM image
of purified SWNTs obtained by refluxing laser-produced ma-
terial in 3 M HNO3 for 16 h followed by oxidation in air for
30 min at 550◦C. When care is taken to stay in a vaporization
regime during synthesis [55] so that micron-sized graphite
particles are not generated, this method of purification re-
sults in SWNTs which are greater than 98-wt % pure [54].
Figure 4d displays a high-magnification image of the puri-
fied SWNTs following a brief anneal to 1500◦C in vacuum
in order to re-establish the order in the bundles which was lost
during the acid reflux.

Ye et al. were the first to report hydrogen-adsorption inves-
tigations on purified [53] laser-generated [48] SWNTs [56].
Here the purification technique involved field-flow filtration
and several acid washing and annealing steps [53]. Prior to
the adsorption studies the tubes were sonicated for 10 h in

Fig. 4a–d. TEM images ofa a initial highly impure arc-generated SWNT
material, b a typical raw soot of laser-generated SWNTs which contains
∼ 25-wt % nanotubes,c 98-wt % SWNTs obtained by refluxing laser-
produced material in 3 M HNO3 for 16 h followed by oxidation in air for
30 min at 550◦C andd the purified SWNTs at high magnification follow-
ing a brief anneal to 1500◦C in vacuum in order to re-establish order in the
bundles that was lost during the acid reflux

dimethyl formamide in order to cut the SWNTs and disrupt
the rope structure. Hydrogen adsorption on the purified crys-
talline ropes of SWNTs was 8 wt % at∼ 40 atm and 80 K.
However in contrast to the earlier studies [45], high adsorp-
tion capacities on the laser-generated tubes were not observed
at 300 K and pressures below 1 atm. At pressures higher than
about 40 atm at 80 K, a phase transition was observed and at-
tributed to a separation of the individual SWNTs. Hydrogen
was believed to be physisorbed on the exposed surfaces of
the tubes [56]. The quantum rotation of hydrogen adsorbed
on laser-generated SWNTs was also observed via inelastic
neutron scattering, demonstrating that H2 was physisorbed at
25 K under 11-MPa hydrogen [57].

High hydrogen-storage capacities on a total sample
weight basis were subsequently demonstrated on SWNTs
with a large mean diameter of about 1.85 nm produced at high
yield by a semi-continuous arc-discharge method [58]. The
purity of the nanotube soots was estimated to be∼ 50−60%.
A sample which was first soaked in HCl and then heat-treated
in vacuum was shown to adsorb 4.2-wt % H2 at room tem-
perature and 10 MPa. Approximately 80% of the adsorbed
hydrogen could also be released at room temperature [58].
It is interesting to note that high-capacity room-temperature
adsorption was first demonstrated for arc-generated SWNTs
and not laser-produced nanotubes. This may be attributed
to a much smaller number of ends or defects in the laser-
produced tubes and/or an enhancement in their stability
towards opening procedures or cutting. A newly developed
high-power ultrasonic cutting procedure which incorporates
a TiAl0.1V0.04 alloy has been applied to purified, laser-
generated SWNT materials allowing high-capacity hydrogen
adsorption at ambient conditions [59, 60]. The maximum ad-
sorption capacity is∼ 7 wt % and the hydrogen adsorption
occurs in two separate sites. Approximately 2.5 wt % of the
hydrogen is evolved at 300 K while the remainder desorbs
between 475–850 K. In addition to cutting, the procedure
also introduces an alloy of composition TiAl0.1V0.04 due to
decomposition of the ultrasonic probe. The presence of the
alloy might in fact stimulate hydrogen adsorption and de-
sorption. Several control experiments have shown that the
observed uptake is not solely due to the presence of the
alloy, and there are some experimental indications of par-
tial electron transfer being responsible for the stability of the
hydrogen [59, 60].

Electrochemical hydrogen storage has also been demon-
strated for carbon single-wall nanotubes. Arc-generated
SWNT soot containing a few percent of 0.7–1.2-nm diameter
SWNTs was mixed with either copper or gold as a compact-
ing powder in a 1: 4 ratio to form electrodes. The kinetics of
the SWNT electrode were relatively poor. However the cap-
acity at low discharge currents was as high as 110 mA h/g
which corresponds to∼ 0.39 wt % [40]. Assuming that all
of the stored hydrogen is contained in the small SWNT
fraction of the sample, these results indicate that electro-
chemical hydrogen storage on highly pure SWNTs should be
investigated. In a more recent study, SWNT composite elec-
trodes were fabricated by mixing with conducting Ni powders
and an organic polytetrafluroethylene (PTFE) in a ratio of
40 : 50 : 10, SWNT: Ni : PTFE. Charge/discharge capacities
of 160 mA h/g were demonstrated [61]. Unfortunately, no in-
formation on the synthesis or purity of the SWNT material
was provided.
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2.4 Theoretical reports on H2 adsorption in graphitic slit
pores and nanotubes

When Dillon et al. published the experimental value of 5−
10 wt % for hydrogen adsorption on SWNTs, they also per-
formed a simple calculation which indicated that filling the
inside of 20-Å diameter tubes would come close to meeting
the DOE target system energy densities [45]. It was assumed
that such an array of SWNTs would have a surface area close
to the theoretical maximum for graphite (∼ 2620 m2/g) and
a density of∼ 1 g/cc. An H2−H2 nearest-neighbor distance
of 3.51 Å was obtained from neutron-diffraction studies of H2
adsorbed on graphite with a coverage of∼ 1 monolayer [18].
Then assuming the closest approach of H2 to the inner tube
wall to be∼ 2.95 Å [46], filling a 20-Å diameter tube with
hydrogen molecules produced a gravimetric and volumetric
energy density of 5.1 wt % and 54 kg H2/m3. Dresselhaus et
al. later used similar logic to show that two layers of H2 ad-
sorbed on a flatsp2 carbon surface result in an adsorption
density of 4.1 wt % [62]. Figure 5 shows how the storage
densities (predicted in the above fashion) for several types
of SWNTs with different diameters compare to experimen-
tally reported values for single-walled carbon nanotubes and
with the DOE goals. The large degree of scatter in the re-
ported data may be due to differences in material quality
and experimental approach, and highlights the need for more
work.

Following the initial experimental investigation and sim-
ple calculation regarding hydrogen adsorption on SWNTs,
a large number of rigorous theoretical investigations were
reported which employed classical or quantum molecular
simulations [63–71] and density functional theory [72, 73].
Among the earliest predictions, Stan and Cole performed an
analysis of hydrogen adsorption in nanotubes at the low-
coverage limit using a phenomenological interaction poten-

Fig. 5. Storage densities for several types of SWNTs with different diam-
eters as predicted by the method described in the text compared to exper-
imentally reported values for single-walled carbon nanotubes and with the
DOE goals. The volumetric values shown for the experimentally reported
gravimetric data are based on calculated values assuming the ideal case of
closely packed SWNTs having the average diameter reported in the refer-
ence. Impurities in the experimental materials are not taken into account,
and most materials have a distribution of diameters. Also note that the cal-
culation only considers filling the interior of the SWNTs. If the interstitial
sites are also filled the storage densities would need to be adjusted. The
lines connecting the predicted values are a guide to the eye

tial [63]. They determined that the adsorption potential for
hydrogen within carbon nanotubes is indeed enhanced but
only to ∼ 50% of what was initially observed experimen-
tally [45]. Another early study by Darkrim et al. [64] em-
ployed Monte Carlo numerical simulations to determine that
single-wall nanotubes would increase by∼ 15% the amount
of hydrogen stored in a given volume over that stored by an
activated carbon material, AX-21 (at 298 K and 10 MPa).

Wang and Johnson employed computer simulations to
compare the adsorption of hydrogen gas in single-walled
nanotubes with idealized carbon slit pores [66]. Although the
adsorption potential was enhanced for SWNTs relative to slit
pores of the same size, the calculation predicted that the stor-
age capacity for an array of nanotubes was less than that of
slit pores at both 77 and 298 K. Adsorption isotherms were in
reasonably good agreement with experimental data for acti-
vated carbon, but did not account for high-storage capacities
in carbon nanotubes. A second theoretical study also consid-
ered hydrogen adsorption in idealized slit pores versus carbon
nanotubes [68]. At room temperature a slit pore consisting
of two graphite platelets separated by a distance equal to
the diameter of two H2 molecules was predicted to be the
optimal configuration for hydrogen adsorption. For this con-
figuration at 10 MPa a maximum storage capacity of 1.3 wt %
or 14 kg/m3 was predicted.

In another report by Wang and Johnson the strength of the
solid–fluid interaction was increased in an effort to identify
a combination of potential and geometry that would allow for
hydrogen-storage densities in SWNTs that would approach
the DOE target values [65]. It was found that at ambient tem-
perature the DOE target could not be reached even by tripling
the fluid–wall potential. Only by doubling the interaction po-
tential at 77 K was the DOE target able to be met. It was next
attempted to study the adsorption of hydrogen by nanotubes
with a charge of±0.1 e−/C [67]. An increase in adsorption
relative to uncharged tubes of∼ 10−20% at 298 K and 15−
30% at 77 K was predicted. However, the charged nanotube
arrays still did not enable the DOE target to be met at ambient
temperature unless the charge on the nanotube was unrealisti-
cally large.

Two very recent theoretical studies have predicted ad-
sorption capacities in relatively good agreement with the
high-pressure H2-adsorption investigations of Ye et al. [56]
where a hydrogen adsorption at 8 wt % was observed at 77 K
for purified laser-generated SWNTs. Employing Monte Carlo
simulations to SWNTs which were arranged in a square lat-
tice rather than a hexagonal lattice, a maximum hydrogen-
adsorption capacity of 11.2 wt % was predicted for 2.2-nm
diameter tubes at 77 K and 10 Mpa [71]. Another Monte
Carlo simulation predicted a maximum excess gravimetric
storage capacity of 9.6 wt % for an isolated 1.3-nm diameter
tube at 77 K and 10 MPa. Under the same conditions, bun-
dles containing 3 and 7 SWNTs were predicted to store 7.0-
and 5.5-wt % hydrogen, respectively [70]. In a recent study
which performed density functional calculations to predict
both adsorption sites and maximum storage capacities, two
possible chemisorption sites at the end of an open SWNT
were predicted. The maximum storage capacity of molecu-
lar hydrogen inside the SWNTs was limited by both the re-
pulsive energies between the H2 molecules and between the
H2 molecules and the nanotube walls. The hydrogen-storage
capacity of 1.3-nm diameter nanotubes was predicted to ex-
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ceed 160-kg H2/m3 and 14 wt % [72]. In contrast, a differ-
ent molecular modeling study employing density functional
theory predicted that idealized adsorbent structures of single-
walled carbon nanotubes would have adsorption capacities
of only ∼ 1− 2 wt % at 60 MPa for temperatures between
150–315 K. However, the authors discussed possible mech-
anisms by which the gravimetric densities could be increased
including chemisorption, adsorption at interstitial sites and
swelling of the nanotube array [73].

3 Future: optimizing and understanding the interaction
between hydrogen and carbon materials

From the above analysis it is apparent that if carbon ad-
sorbents are to ultimately be applied in a hydrogen-storage
system, many advances remain to be made. It is obviously
important to maximize the hydrogen-adsorption capacity
for a given carbon system at room temperature and for
moderate pressures. It is equally important that the sys-
tem both charges and discharges rapidly and completely
at near ambient conditions. In order to optimize a carbon-
based hydrogen-storage system it will be necessary to obtain
a better understanding of the adsorption mechanism and to
determine the precise adsorption sites in the carbon network
that are responsible for the more promising adsorption prop-
erties. When optimization is complete, it will be necessary
to scale up the synthetic and purification techniques that
generate the ideal adsorption materials. The development of
industrial-scale, cost-effective procedures will of course be
mandatory.

To date the hydrogen-adsorption process that has been
analyzed the most thoroughly is that which occurs on single-
walled carbon nanotubes. Some of the more recent theor-
etical studies [70, 71] are in good agreement with the ex-
perimental data acquired for low-temperature, high-pressure
adsorption on purified laser-generated SWNTs [56]. The
fact that theoretical predictions do not account for the
high H2-adsorption capacities observed at room tempera-
ture for arc-generated SWNTs [45, 58] as well as for cut
laser-generated SWNTs [59, 60] implies that elements of
the adsorption mechanism which are active here are not
yet well understood. It is likely that arc-generated tubes
are synthesized with more defects and that the bundles are
smaller and formed with a higher degree of disorder than
the long crystalline ropes obtained by the method of laser
vaporization [48]. The polydispersity of nanotube diameters
within bundles may also be different for arc-material. Fi-
nally, it is probable that the SWNTs are functionalized,
damaged and disordered during purification, cutting or pre-
treatments in acid. Most of the simulation studies thus
far have used idealized models of nanotubes. Defect sites
and disorder have not been considered, and the nanotubes
forming a given bundle have always been mono-disperse.
Molecular simulations which consider the effects of pack-
ing disorder, diameter polydispersity, functionalization and
nanotube wall defects are currently under way [74]. Inves-
tigations such as these may enable a much better under-
standing of the aspects crucial to obtaining optimal storage
capacities.

It is also necessary to understand the precise nature of
the interaction between hydrogen and a given carbon sur-

face. Is it a purely physical or chemical interaction or is it
perhaps somewhere in between? A recent experimental re-
port on electrochemical H2 storage in MWNTs and SWNTs
displayed a Raman feature at 4226 cm−1 for the charged
materials, which was attributed to molecular hydrogen ph-
ysisorbed on the nanotubes. However, the data is in doubt
since no second-order Raman features were observed by
the authors for the SWNTs [61]. A second-order feature
at ∼ 4260 cm−1 should be clearly observed even for rela-
tively impure samples [75]. Since the SWNT Raman modes
are resonantly enhanced [76] while the molecular hydrogen
mode is not, it seems highly unlikely that the mode ob-
served at 4226 cm−1 in this study may be attributed to hydro-
gen which is physisorbed on the SWNT carbon nanotubes.
The Raman spectrum of the SWNT sample indicates that it
is highly impure. The fact that no information is given on
the purity of the MWNT samples makes a specific assign-
ment of the feature at 4226 cm−1 in the MWNT spectrum
quite difficult as well. Both infrared and Raman investiga-
tions on hydrogen-charged high-capacity purified samples of
SWNTs are presently under way in an effort to better un-
derstand the nature of the carbon–hydrogen interaction [77].
Concurrently, theoretical investigations probing the nature of
the SWNT–hydrogen interaction are being performed [78].
Nuclear magnetic resonance studies and inelastic neutron-
scattering measurements on homogeneous carbon adsorbents
which contain relatively high concentrations of hydrogen are
also warranted.

Another crucial piece of knowledge which is necessary to
optimize a given carbon-adsorbent system is the precise lo-
cation of the adsorption sites. For example, is the adsorption
site that may be depopulated at 300 K for cut and purified
laser-generated SWNTs [59, 60] located on larger diameter
tubes rather than smaller diameter tubes? This may perhaps
be determined by conducting adsorption studies on materials
which have been generated by the recently developed tech-
niques for the controlled laser-generation of SWNTs with
specific diameters [55, 79]. Is it also possible that either semi-
conducting or metallic SWNTs are better suited for hydrogen
adsorption? Raman studies at multiple wavelengths which
enable the differentiation between semiconducting and metal-
lic nanotubes [80] may enable an answer to this question. If
a preference is determined, synthetic methods for the produc-
tion of specific metallic or semiconducting tubes will need to
be developed.

After a hydrogen-adsorption material is optimized, it will
then be necessary to focus on scaling up the production of the
given adsorbent material. It is likely that this will be a fairly
lofty task. For example, if the system is SWNT-based, cur-
rent state-of-the-art production and purification techniques at
best provide gram quantities of high-quality material per day.
New chemical vapor deposition synthetic techniques for the
growth of SWNTs are currently being developed [81–84],
which may be more amenable to cost-effective industrial pro-
duction processes. However, it has yet to be determined if
SWNTs produced by CVD methods may be easily purified
and whether they are suitable for hydrogen-adsorption ap-
plications. Ultimately, a better understanding of the unique
interactions of hydrogen with carbon-adsorbent surfaces is re-
quired so that the optimal storage materials may be identified.
These aspects will be the focus of research in the years to
come.
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