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Hydrogen storage in carbon nanotubes and graphitic nanofibers
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Abstract

We review experiments and computer simulations of adsorption of hydrogen on carbon nanotubes and on graphitic nanofibers. New
results for adsorption of hydrogen on bundles of nanotubes intercalated with alkali metals are presented. The size and charge of the metal
clusters is explicitly accounted for through a simple model. Charge transfer of electrons from the metal clusters to the nanotubes is also
modeled. Results indicate that adsorption of hydrogen in metal-intercalated nanotube bundles is substantially enhanced compared with
adsorption onto pure nanotubes. We compare simulations of adsorption in bundles with various lattice spacings to experimental results that
claim swelling of nanotube bundles by adsorption of hydrogen. We find good agreement between the simulations and the experiments at
higher pressures, indicating that hydrogen at 80 K probably does intercalate and swell nanotube bundles, thereby increasing the capacity
of the sorbent.  2002 Elsevier Science B.V. All rights reserved.
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1. Introduction show very limited hydrogen uptake at room temperatures,
1typically less than 1 wt.% excess adsorption. The general

There has been a good deal of interest in the past several consensus is that commercial carbons are not effective
years in the possibility of storing hydrogen on single sorbents for hydrogen storage at ambient temperatures.
walled carbon nanotube (SWNTs) and graphite nanofibers. Molecular simulation of hydrogen physisorption on
The hope is that these novel carbon materials have such graphitic slit pore sorbents are in reasonably good agree-
highly uniform pore sizes, high surface areas, and attrac- ment with many of the experiments on activated carbons
tive surface potentials that hydrogen can be adsorbed at [6–8]. Given that parallel graphitic slit pores are a very
high enough density to reach the US Department of Energy crude model for activated carbon, the agreement between
(DOE) targets for vehicular fuel cells. The DOE targets are experiment and simulation is a strong indication that

3reported to be about 6 wt.% for gravimetric and 60 kg/m hydrogen interacts with the sorbent through physisorption,
for volumetric densities [1]. The purpose of the paper is to that is, van der Waals forces rather than chemical forces,
review the experimental and theoretical work relating to and that the solid–fluid potentials are reasonably accurate.
adsorption of hydrogen on carbon nanotubes and graphitic However, Orimo et al. [9] claim that nanostructured
nanofibers. We also present new simulation results for graphite can be made to hold up to 7.4 wt.% hydrogen if
adsorption of hydrogen on pure nanotube bundles with the graphite is prepared by extensive ball milling under a
various lattice spacings and on metal-doped SWNT bun- hydrogen atmosphere. Much of this hydrogen appears to
dles. be covalently bonded to the damaged carbon, but there is

evidence that a large fraction of the hydrogen may be

2. Hydrogen adsorption on commercial carbons

A wide variety of commercial and specialty carbons 1Excess adsorption is defined as the total amount adsorbed
have been tested as possible sorbents for hydrogen storage. minus the amount of fluid that would occupy the accessible
These include various activated carbons, carbon molecular volume at the density of the bulk fluid in equilibrium with the

adsorbed fluid. At subcritical temperatures and low pressures thesieves, carbon aerogels, and carbon fibers [1–5]. Experi-
total and excess values are often very similar. At supercriticalments have consistently shown that carbon-based sorbents
temperatures and high pressures the density of the bulk phase can
be similar to the density of the adsorbed phase, resulting in a large

*Corresponding author. difference between the values of the total and excess adsorption.
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intercalated between the graphite interlayers. The issue of 4. Hydrogen adsorption on carbon nanotubes
releasing the hydrogen was not addressed.

There have been a number of published experimental
studies of hydrogen adsorption on SWNTs [20–26]. Dillon
et al. were the first to publish reports of hydrogen3. Hydrogen adsorption on graphite nanofibers
adsorption by SWNTs [20,21]. Their initial work was
carried out on samples containing only 0.1 to 0.2 wt.%Many of the recent results for hydrogen adsorption on
nanotubes in a matrix of amorphous and graphitic carbonSWNT and graphite nanofibers have been reviewed by
with residual Co catalyst. The hydrogen uptake by theDresselhaus et al. [10]. Rodriguez et al. [11,12] claim to
SWNTs in the sample was estimated to be in the range ofhave observed incredibly high uptake of hydrogen onto
5 to 10 wt.% for adsorption conditions of about 0.5 bar atgraphitic nanofibers. Graphite nanofibers consist of cata-
273 K, followed by a short exposure at 133 K prior tolytically produced graphene sheets that are oriented to
temperature programmed desorption (TPD). The estimatedform various fibrous structures. The orientation of the
heat of adsorption from the TPD measurements was closesheets in the fibers can be controlled by the choice of

21to 20 kJ mol . This value should be compared with 4 kJcatalyst. The individual graphene sheets in these structures
21mol for H on graphite [27] and simulation results of 6.3are thought to have very small cross-sectional areas, of the 2

212 kJ mol [7] for hydrogen in SWNTs with about the sameorder of 50 nm . Hydrogen adsorption of up to 60 wt.% at
diameter as those observed in the experiment. More recent300 K and a pressure of about 100 atm on graphite
work by the same group indicates that uptake of about 7–8nanofibers has been reported [11,12]. Experiments by
wt.% is achievable on SWNT samples of high purity [28].different authors on graphite nanofibers have failed to
The TPD spectra show that about 2 wt.% hydrogen isconfirm this very high adsorption [13,14]. However, Fan et
released around room temperature, while the remainder ofal. have reported 10–13 wt.% adsorption [15]. Computer
the hydrogen does not desorb until about 800 K. Thissimulation studies of hydrogen adsorption on graphitic
seems to indicate that SWNT can adsorb about 2 wt.%nanofibers [16] and graphitic slit pores [6,7,17] are unable
through physisorption and about 6 wt.% more by someto account for the phenomenal storage capacities reported
form of weak chemisorption from exposure to about 0.5by Rodriguez et al., or even for the more modest values
bar of hydrogen at room temperature [28]. Classicalclaimed by Fan et al. The molecular simulations only
molecular simulations are not able to account foraccount for physisorption of hydrogen, although Wang and
chemisorption, but should be able to account for the | 2Johnson [16] have demonstrated that even chemisorption is
wt.% due to physisorption. We assume that the TPDhighly unlikely to account for the largest reported values of
method used by Dillon et al. measures the excess ratheradsorption.
than the total adsorption. Theoretical studies of hydrogenIn a related experimental study, hydrogen adsorption on
adsorption on SWNTs have been carried out by molecularPt-loaded carbon fibers has been studied as a way to test if
simulations [7,8,17,29–33] and adsorption density func-hydrogen spillover could improve hydrogen uptake [18]. It

2was found that H/Pt ratios of up to 0.5 were achievable for tional theory [34]. None of the theoretical studies are able
Pt loadings of around 0.2 wt.%. The H/Pt ratio dropped by to account for 2 wt.% excess adsorption at 300 K and 0.5
over an order of magnitude if the Pt weight percent was bar. The excess adsorption predicted from theory at these
increased to around 2%. These results indicate that even conditions is almost two orders of magnitude lower than
hydrogen spillover onto carbon fibers is not capable of the experimental value. Our recent calculations indicate
producing unusually large storage capacities. that the nanotube–H interaction potential would need to2

Zhu et al. [19] studied the effect of surface treatment on be increased by a factor of four in order to achieve 2 wt.%
the hydrogen storage capacities of materials they call adsorption at the experimental conditions [33].
carbon nanotubes. The materials they studied are not single Ye et al. reported hydrogen adsorption on purified
walled carbon nanotubes, but appear to be closer to the SWNT samples at 80 K over a pressure range from 0.5 to
graphite nanofibers studied by Rodriguez et al. [11,12]. 160 bar [22]. They observe very little adsorption at the
Zhu et al. observe hydrogen adsorption ranging from 1 to 5 lowest pressure. The amount adsorbed increases approxi-
wt.% at room temperature and about 100 atm, depending mately linearly with pressure up to about 40 bar, at which
on the pretreatment procedure. They observed that boiling point there is a change in slope as the adsorption increases
the carbon material in 65% nitric acid for 72 h produced a more steeply with pressure (see Fig. 1). Ye et al. attribute
sorbent that could store about 1 wt.% of hydrogen. The
best performance resulted from treating the carbon material
in NaOH. The size of the carbon structures appears to be

2Note that adsorption density functional theory should not be confusedof the order of several tens of nanometres. They claim that
with electronic density functional theory. The former is a statistical

their treatment procedures produce micropores or etch mechanical theory for modeling adsorption of simple classical fluids in
grooves in the carbon materials, as well as introduce polar ¨pores, while the latter is a method for solving the Schrodinger equation in
groups. terms of the electron density.
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Fig. 2. The best fit of the simulation data to the experimental data from
Ref. [22]. The van der Waals gap (VWD) for the tubes in the bundles are

Fig. 1. Excess adsorption of hydrogen in a bundle of SWNT from also plotted (dashed line).
simulations and experiment. The experimental results (solid line and open
symbols) are from Ye et al. [22]. Simulations for bundles of nanotubes
with different van der Waals gaps (distance between walls of neighboring
tubes) are plotted as filled symbols. The lines are drawn as a guide to the

become available at higher pressures. We note that theeye.
measured surface area of the experimental sample (285

2m /g) is considerably lower than the theoretical surface
2area of the close packed SWNT bundle ( | 1000 m /g).

the sudden change of slope to the swelling of the nanotube Scaling the simulation results by 0.3 to account for the
bundles by the hydrogen gas. We have performed molecu- difference in surface area would improve the agreement
lar simulations of hydrogen adsorption on SWNT bundles between simulation and experiment in the intermediate
at 80 K over a range of pressures. Details of the calcula- pressure range (between 20 and 50 bar), but the qualitative
tions are given elsewhere [29,30,33]. We have simulated a difference in the shape of the curves at low pressure would
series of bundles with different van der Waals (VWD) still persist. Notwithstanding the qualitative difference in
gaps. The van der Waals gap is defined as the smallest the adsorption isotherms, we see that the magnitude of the
distance between the walls of nearest neighbor nanotubes. uptake observed in the experimental isotherm can be
The results of our simulations are plotted in Fig. 1 along reproduced from simulation by allowing the VDW gap
with the experimental data from Ref. [22]. The excess between the nanotubes in the bundle to expand with
adsorption from simulations at fixed lattice spacing be- increasing pressure. This gives at least indirect confirma-
haves quite differently from the experimental isotherm. tion of the claim by Ye et al. that hydrogen is capable of
The simulations exhibit a maximum or a plateau in excess swelling the nanotube ropes at high pressure [22].
adsorption, which is a typical feature of adsorption of a Darkrim and Levesque [37] performed molecular simu-
supercritical fluid onto a rigid sorbent. In contrast, the lation of hydrogen adsorption on arrays of carbon
experimental data show a monotonic increase in adsorp- nanotubes of various diameters and with various VWD
tion. The simulation data can be made to mimic the gaps at 77 K. They reported gravimetric densities in terms
experimental data by choosing the VDW gap to be a of total adsorption and compared these with experimental
function of pressure. This is shown in Fig. 2. Note that excess adsorption data of Ye et al. [22]. Given that the
there is a qualitative difference between the shape of the total adsorption is substantially higher than the excess, it is
experimental curve and the best curve that can be con- not surprising that they predicted larger adsorption than
structed from the simulations. At low pressures the simula- observed experimentally.
tions show substantially more hydrogen adsorbed than the The electrochemical storage of hydrogen in materials
experiments. At pressures greater than about 80 bar the containing SWNT has been studied [23]. A capacity of
simulation data can be mapped onto the experimental data 0.39 wt.% hydrogen on a sample of gold pressed with a
by adjusting the VWD gap, which rises rapidly from close nanotube soot containing a small percentage of SWNTs.

˚ ˚packing (3.2 A) to about 11 A. The disparity between They speculate that high purity nanotube samples may be
simulation and experiment at low pressure may be due to able to hold much more hydrogen [23].
kinetic effects or impurities in the sample. It may be that Liu et al. [24] have reported hydrogen adsorption on
defect sites containing oxygenated groups [35,36] are samples containing | 50 wt.% nanotubes, with the remain-
blocking the entrance to some nanotube sites that somehow der of the sample being composed of catalyst residue and
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other carbons. They observe from 2.4 to 4.2 wt.% ad- number of particles in the simulation box ranged from 100
sorption of hydrogen at 298 K and a pressure of about 100 to 10,000 hydrogen molecules. The systems were equili-

5 6bar. While Liu et al. do not explicitly state whether they brated for 5 3 10 –10 simulation steps, followed by
6are reporting total or excess adsorption, one would assume another 10 steps for data collection. Quantum effects were

that the numbers are excess adsorption, since that is what neglected although this could lead to an overestimation of
is typically measured in an experiment. Computer simula- the density by several percent at 77 K but a much smaller
tions for an array of nanotubes at 298 K and 100 bar give error at room temperature [7].
between 0.3 and 1 wt.%, depending on the type of Imperfectly packed bundles were created from (8,8),
nanotube and the lattice spacing [29,33]. The total ad- (9,9), (10,10), (12,12) nanotubes. Nanotubes in the bun-
sorption for the same systems lies in the range 0.5–2 wt.%. dles were chosen randomly so the mean diameter was

Chen et al. reported that Li- or K-doped SWNTs can close to that for the (10,10) nanotube, which is the most
adsorb up to 20 wt.% hydrogen at temperatures around 600 abundant type of nanotube observed experimentally [44].
K and a pressure of 1 atm [25]. However, a subsequent Bundles are not perfectly packed due to the non-uniform
experiment on the same systems showed that the large distribution of sizes. Despite the fact that experimentally
weight gain was due to alkali hydroxide formation from a observed nanotube ropes are usually bent over a distance
H stream that was contaminated with water [26]. Experi- of hundreds of nm, we considered only straight nanotubes2

ments with ultrapure dry H indicate that alkali-doped since we expect that bending will have a small effect on2

SWNTs are capable of adsorbing about 2 wt.% as mea- adsorption.
sured by thermogravimetric analysis [26]. The hydrogen Nanotube–lithium composites were designed by per-
appears to be mainly chemisorbed. forming GCMC simulation of a Lennard–Jones solid on

˚It is worth noting that a recent theoretical study reported pure nanotube bundles with a VDW gap of 9.2 A. This
that (10,10) nanotubes could hold up to 14 wt.% hydrogen distance was chosen to accommodate octahedral and cubic
[38]. This study is unfortunately somewhat misleading. clusters of lithium consisting of six to 10 atoms. The
The authors use electronic density functional theory and a chemical potential during our simulations was chosen to
tight-binding formalism to study the geometry and chemi- provide about one Li atom per 10 carbons in order to
cal binding properties of atomic hydrogen inside and model the experimentally observed nanotube–alkali com-
outside of an isolated SWNT. Tight binding studies can be posites [25,26,39–43]. The Lennard–Jones (LJ) parame-
very useful for chemically bonded species, but they do not ters (see Table 1) for Li were chosen to satisfy the

˚give any information on long-range electron correlation, interatomic Li–Li distance of about 3.51 A in cubic
which is responsible for the physisorption phenomenon. crystals and the theoretical binding energy of lithium
Notably, the study indicates that chemisorption of atomic binuclear clusters [45]. An example of a typical composite
hydrogen on each carbon atom inside a nanotube is structure is shown in Fig. 3.
energetically unstable. The system relaxes to form molecu- Charge transfer was modeled by uniformly charging the
lar hydrogen inside the nanotube. However, their estimate lithium clusters and nanotubes, locating the charges at the
of 14 wt.% is not realistic because the binding energies of centers of atoms. The magnitude of the positive and
the H molecules are reduced by about 2 eV per molecule, negative charges were chosen to balance the lithium and2

indicating that the corresponding bulk pressure would have carbon atoms (about 11e/Li and 20.1e /C) so that the
to be extraordinarily high, probably in the GPa range. charge in the simulation unit cell was neutral.

5. Adsorption on metal–nanotube compounds 5.2. Interaction potentials

Carbon nanotubes can be doped with electron donors All atomic (molecular) interactions were truncated at a
˚and acceptors with resulting charge transfer to the SWNTs distance of 20 A. No long-range corrections were applied.

[25,26,39–43]. In a previous simulation we showed that
charged SWNTs show an increased ability to store hydro-
gen [30]. We here present the first simulations of hydrogen Table 1
adsorption on alkali metal intercalated SWNT bundles. Potential parameters for the interaction potentials
Both the metal clusters and the charge transfer to the Parameter Value Parameter Value
SWNTs are accounted for explicitly in the model. 3˚ ˚P 0.57 A s 3.2 Ai Li –H2 23˚P 1.995 A e 136.8 K' Li –H2 235.1. Simulation details ˚ ˚P 0.81 A s 3.51 AH Li –Li2 23˚g 0.314 A e 122.8 KH Li –Li2 2

Q 10.63 esuThe classical grand canonical Monte Carlo (GCMC) H
5E 2.337 3 10 KHmethod was used to perform molecular simulations of

5E 1.39254 3 10 KChydrogen physisorption on SWNT samples. The average
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gH2 2]]q P 1 1 (3cosu 2 1)F GH 3PH
]]]]]]]]]V 5polar 48pe r0 i

2qQ (3cosu 2 1)H
]]]]]1 , (2)68pe r0

where r is the distance between center of mass of a
hydrogen molecule and a point-charge location, u is the
angle between symmetry axis of the hydrogen molecule
and r, q is the magnitude of the charge, Q is the hydrogenH

quadrupole moment, and g is the polarizability anisotropy
of H . Parameter values are listed in Table 1. The first2

term of Eq. (2) describes the interaction of a point charge
with the induced dipole of H . The second term describes2

the interaction of a charge with the permanent quadrupole
of hydrogen.Fig. 3. Structure of the nanotube–alkali metal composite.

5.3. Results

In a previous study we have shown that this cut-off is large The results of hydrogen adsorption isotherms at 298 K
enough to avoid substantially effecting the results [33]. on a metal-doped bundle and on the same bundle without

The isotropic Silvera–Goldman [46] potential (SG) was the metal are shown in Fig. 4. The metal-free bundle does
used to describe the hydrogen–hydrogen interactions. The not include any electrostatic interactions. We observe from
SG model treats each hydrogen molecule as a spherical Fig. 4 that the adsorption at low pressures is very similar
center and includes the effects of three-body interactions for the metal-doped and metal-free bundles on the scale of
through a pair-wise effective term. The semi-empirical SG the figure. The actual adsorption is in fact larger for the
potential has been found to be a good model for solid, metal-doped bundles even at the lowest pressure. Note that
liquid, and gaseous hydrogen [46–48]. there is less free volume available for adsorption in the

The interaction of a hydrogen molecule with the ad- metal-doped bundles. Nevertheless, the enhanced adsorp-
sorbent was calculated as a summation over all pair-wise tion potential due to the charge interactions more than
interactions. The LJ potential was used to describe the compensates for the loss of free volume. At the highest
interaction of the hydrogen molecules with the Li atoms. pressure, the increase in adsorption in the metal-doped
The parameters were fitted to agree with the theoretical systems is close to 30%. This is a substantial increase, but
estimate [45] of the H –Li interaction energy (see Table2 2

1). The Crowell–Brown anisotropic 6–12 potential [49]
was used to model the dispersion and overlap interactions
with nanotube

E E P P 1 1 P /2Ps dH C H i ' i
]]]]]]]V 5disp 12r (E 1 E )H C

2E E P 3(P 2 P )cos (a) 1 (P 1 5P )f gH C H i ' i '
]]]]]]]]]]]]1 ,64r (E 1 E )H C

(1)

where r is the distance between the center of mass of a
hydrogen molecule and carbon atom in a nanotube, a is
the angle between surface normal at the corresponding
carbon atom position and the line connecting that atom
with center of mass of a hydrogen molecule. Atomic
polarizabilities and atomic characteristic energies are
shown in Table 1.

The H -charge interactions were accounted for by2 Fig. 4. Total hydrogen adsorption on an alkali metal-doped nanotube
including the two leading terms in the electrostatic po- bundle (circles) and on the same bundle without the metal (diamonds).
tential, The temperature is 298 K.
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