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Molecular simulation of hydrogen adsorption in single-walled carbon
nanotubes and idealized carbon slit pores
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The adsorption of hydrogen gas into single-walled carbon nanotubes~SWNTs! and idealized carbon
slit pores is studied by computer simulation. Hydrogen-hydrogen interactions are modeled with the
Silvera-Goldman potential. The Crowell-Brown potential is used to model the hydrogen-carbon
interactions. Calculations include adsorption inside the tubes, in the interstitial regions of tube
arrays, and on the outside surface of isolated tubes. Quantum effects are included through
implementation of the path integral formalism. Comparison with classical simulations gives an
indication of the importance of quantum effects for hydrogen adsorption. Quantum effects are
important even at 298 K for adsorption in tube interstices. We compare our simulations with
experimental data for SWNTs, graphitic nanofibers, and activated carbon. Adsorption isotherms
from simulations are in reasonable agreement with experimental data for activated carbon, but do
not confirm the large uptake reported for SWNTs and nanofibers. Although the adsorption potential
for hydrogen in SWNTs is enhanced relative to slit pores of the same size, our calculations show
that the storage capacity of an array of tubes is less than that for idealized slit pore geometries,
except at very low pressures. Ambient temperature isotherms indicate that an array of nanotubes is
not a suitable sorbent material for achieving DOE targets for vehicular hydrogen storage. ©1999
American Institute of Physics.@S0021-9606~99!70301-6#
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I. INTRODUCTION

Hydrogen is a renewable and environmentally friend
energy source.1 One of the most promising uses for hydrog
is in fuel cells for applications such as power generation
transportation. Fuel cells are electrochemical devices
convert chemical energy, provided by a fuel and oxida
into electricity. In a typical fuel cell hydrogen and oxyge
react to generate electricity, heat, and water. There are
eral technical challenges to the wide-spread use of hydro
in fuel cell powered vehicles. One of the most important
these is the lack of safe and efficient hydrogen stor
technologies.1,2

There are currently four main technologies for hydrog
storage.3 These are: compressed gas, liquefaction, metal
drides, and physisorption. It has been claimed that physis
tion is the most promising hydrogen storage technology
meeting the goals of the DOE Hydrogen Plan for fuel c
powered vehicles.1 The DOE Hydrogen Plan requires syste
weight efficiency~weight of stored H2/system weight! of 6.5
wt % and volumetric density of 62 kg H2 m23.1,4 Activated
carbon has been considered to be the best adsorbent fo
drogen storage.5,8 Chahine and Bose have compared the
sorption of hydrogen on different activated carbons a
zeolites.5 It has been shown that activated carbons are be
adsorbents for hydrogen than zeolites. AX-21 activated c
bon shows substantially better performance than reg
grade activated carbons for hydrogen storage.5 AX-21 type
carbons have cage-like pore structures. The apparent
surface area of AX-21 carbons are on the order of 30
m2/g, while the surface area of regular grade microporo
5770021-9606/99/110(1)/577/10/$15.00
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carbons are between 700 and 1800 m2/g. The gravimetric
density of hydrogen is about 100 g H2/kg adsorbent and the
volumetric density is around 32 kg H2 m23 in AX-21 car-
bons at 77 K and 50 atm. Amankwah and co-workers h
measured the adsorption of hydrogen in superactivated
bon ~AX-31M! at filling conditions of 150 K and 54 atm.3

They have obtained a gravimetric density of 90 g H2/kg ad-
sorbent and a volume efficiency of 17.18 kg H2 m23. While
these carbons give substantially better performance t
other activated carbons tested, they nevertheless do not
the DOE targets for hydrogen storage. Hence, there is a n
to develop a highly efficient adsorbent that is specifica
designed for hydrogen storage. Graphitic nanofibers h
very recently been proposed as a novel material for hydro
storage.9 These materials are claimed to have a pheno
enally high capacity to adsorb hydrogen at room tempera
and pressures close to 100 atm. It has been suggested
single-walled carbon nanotubes~fullerene tubes! with diam-
eters on the order of a nanometer can adsorb large quan
of hydrogen.4 The purpose of this paper is to evaluate t
ability of single-walled carbon nanotubes~SWNTs! and ide-
alized slit pore graphitic structures to store hydrogen un
ideal conditions.

Carbon nanotubes were first produced as nested s
tures of concentric shells.10 Single-wall nanotubes have sub
sequently been produced using catalytic metal particles
carbon-arc vaporization.11,12 They have also been synthe
sized by catalytic decomposition of organic vapors13 and la-
ser vaporization.14 Typical dimensions of SWNTs are 1 to
nm in diameter and many microns in length.15 SWNTs self-
© 1999 American Institute of Physics
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organize into ‘‘ropes,’’ that consist of hundreds of align
SWNTs on a two-dimensional triangular lattice, with an i
tertube spacing~van der Waals gap! of approximately 3.2
Å.14,16 The van der Waals gap is defined as the dista
between the walls of the nearest neighbor tubes in
bundle, as measured from the carbon centers. Nanot
must have open ends to allow adsorption inside the tubes
as produced, tubes are capped with hemispherical fulle
domes containing six pentagons required to produce clos
The tube ends may be opened by oxidation of the ca
which are more susceptible to oxidation because of
strained nature of the five-membered rings.14,17,18

SWNTs have many potential advantages for hydrog
adsorption over currently available adsorbents. They h
large theoretical surface areas that are on the order of t
for high-surface area activated carbons. Crystallized arr
of SWNTs have a very narrow pore size distribution that h
virtually all their surface area in the micropore region.
contrast, surface area in activated carbons is broadly dis
uted between macropores, mesopores, and micropores.
pore sizes in an array of tubes could be controlled by tun
the diameter of the SWNTs making up the array. Theoret
calculations predict that carbon nanotubes have very str
capillary forces for encapsulating both polar and nonpo
fluids.19,20 The filling of multiwalled nanotubes with liquid
lead has been experimentally observed.21 Wet chemistry
techniques have recently been used to open SWNTs
form single crystals of ruthenium metal inside th
nanotubes.22 Dillon and co-workers have used temperatu
programmed desorption to study hydrogen adsorption on
bon soots containing small amounts of SWNTs.4 They re-
ported high hydrogen uptake under conditions that do
induce adsorption on activated carbon or carbon soots tha
not contain nanotubes. Maddox and Gubbins have mod
adsorption of argon and nitrogen in single- and doub
walled nanotubes.23 They found that argon and nitrogen a
strongly adsorbed in a SWNT of diameter 1.02 nm. Layer
transitions and hysteresis were observed for double-wa
nanotubes with a diameter of 4.78 nm. Model calculatio
for the adsorption of hydrogen in a SWNT at low covera
~zero pressure limit! were performed by Stan and Cole.24 The
quantum motion of hydrogen molecules was treated by
effective potential method. The effects of the corrugation
the solid potential were included by treating the carbon
oms in the nanotube explicitly.

We present calculations of hydrogen adsorption in arr
of SWNTs and isolated SWNTs at 77, 133, and 298 K o
a range of pressures. Simulations at 133 K were performe
facilitate comparison with the experiments of Dillonet al.4

In order to compare SWNTs with activated carbon and g
phitic nanofibers on an equal theoretical footing, we perfo
simulations of hydrogen adsorption in idealized graphitic
pores. The pore width is chosen to maximize the adsorp
capacity of slit pores. This model has previously been u
to estimate the maximum adsorptive capacity of activa
carbon for methane.25,26 Graphitic slit pores are used as
first approximation to the structure of graphitic nanofibe
recently used as sorbents for hydrogen storage.9
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II. POTENTIAL MODELS

Hydrogen molecules are treated as structureless sp
cal particles. This has been found to be a good approxi
tion for fluid and solid hydrogen at reasonable pressures.27–31

The H2-H2 interaction is modeled by the Silvera-Goldma
potential,31 which is a pair potential that includes a pair-wis
effective three-body term.

Idealized carbon slit pores are modeled by single gra
ite sheets with a pore widthH. The pore widthH is defined
as the distance between graphite sheets, as measured
the carbon centers. We use the Crowell-Brown potential32 to
model the interaction between H2 and the graphite sheets
Crowell and Brown derived a laterally averaged interact
potential for H2 on the basal plane of graphite.32 We chose
the Crowell-Brown potential because the anisotropy of
polarizability of graphite is explicitly taken into account. Th
Crowell-Brown potential, summed overn11 graphite sheets
parallel to the surface, is given by

Vs f~z!5
2prEHECPHPi

~EH1EC!h0
4

3F3

8S 11
P'

Pi
D(

i 50

n

~x1 i !242
sCH

6

5x10h0
6S 11

P'

2Pi
D G ,

~1!

whereEH andEC are atomic energies for hydrogen and ca
bon, respectively,Pi and P' are atomic polarizabilities,
where the subscripts denote orientations parallel to and
pendicular to the graphitec axis, PH is the polarizability of
hydrogen,r is the carbon atom planar density,h0 is the
interlayer spacing of graphite, andx5z/h0 . In our case we
seth0 equal to the pore widthH. The values of the param
eters are given in Table I. We truncated the sum aften
55. The error due to truncating the sum is less than 1
~0.1%! at the minimum of the potential well. We have pe
formed additional simulations withn510 to evaluate the ef-
fect of the truncation. The error caused by the truncation
the potential aftern55 is generally very small, especially a
high pressures. The solid-fluid interaction experienced b
hydrogen molecule at a positionz in a carbon slit pore of
width H is the sum of the interactions with graphite plan
above and beneath,

Vs f~z,H !5Vs f~z!1Vs f~H2z!. ~2!

The hydrogen-nanotube interaction is modeled by
Crowell-Brown potential for hydrogen interacting with ca
bon atoms in an oriented graphitic sheet. The hydrog
carbon potential is given by

TABLE I. Potential parameters for the Crowell-Brown potential.

Parameter Value Parameter Value

Pi 0.57 Å3 P' 1.995 Å3

PH 0.81 Å3 r 0.382 Å22

EH 2.3373105 K EC 1.392543105 K
sCC 3.43 Å sHH 3.075 Å
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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V~r i ,f i !5
EHECPHPi~11P'/2Pi!sCH

6

~EC1EH!r i
12

2
EHECPH@3~Pi2P'!cos2 f i1~Pi15P'!#

4~EH1EC!r i
6

,

~3!

wherer i is the distance from carbon atomi in the tube, to the
hydrogen molecule~which could be either inside or outsid
the tube!, andf i is the angle between the axis normal to t
tube surface and a line connecting the hydrogen and ca
atoms. The anisotropy of the polarizability of the graph
sheet making up the tube is taken into account through
potential. It is important to note that no account is made
the perturbation of the potential due to curvature induc
strain of the carbonsp2 bonding network, or due to the elec
tronic properties of the tube, which depend on chirality.33–35

We assume that the positions of the individual carbon ato
in the tube are unimportant at the temperatures of interes
this study. At very low temperatures corrugation effe
would become important. An effective potential is develop
by integrating over the positions of all carbon atoms in a u
cell of the tube. The potential for a hydrogen molecule ins
a nanotube is denotedV(r ,z,u), wherer is the distance from
the center of the tube,z is the distance along the tube axi
and u is the radial angle. This can be reduced to a o
dimensional potential by integrating overz and u for each
value ofr . We have applied a cutoff distance of 30 Å for th
H2-C interactions by including several unit cells of the tub
The averaged fluid-wall potential inside the tube is given

V~r !5
1

2pLcell
E

0

LcellE
0

2p

V~r ,u,z!du dz, ~4!

whereLcell is the length of a unit cell of the tube. We no
that an analytic expression for the solid-fluid potential ins
a cylindrical pore has been developed by Tjatjopou
et al.36 for spherical Lennard-Jones interactions. Romb
quadrature37 was used to numerically integrate overu andz.
The averaged potential was fitted to a seventh-order poly
mial,

V~r !5(
i 50

7

ai S R

R2r D
i

, ~5!

whereR is the radius of the tube. The interaction potent
for hydrogen with the external surface of an isolated tu
was computed in a similar fashion. The solid-fluid potent
for an array of tubes includes the interaction of hydrog
with all the carbon atoms within the cutoff distance in t
tube array. We have performed simulations for two differe
achiral nanotubes, denoted as~9,9! and ~18,18! in the nota-
tion of Hamadaet al.34 The ~9,9! tube has a diameter o
about 12.2 Å and the~18,18! tube has a diameter of 24.4 Å
Figure 1 shows the solid-fluid potentials for the idealized
pore, the~9,9!, and the~18,18! tube arrays. The potentials fo
the ~9,9! and~18,18! isolated tubes are not shown. The dep
of the potential well for the~9,9! tube array is larger than tha
for the slit pore with a width ofH* 53 because the curvatur
Downloaded 07 May 2002 to 129.137.193.234. Redistribution subject to 
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of the tube increases the number of nearest neighbor ca
atoms. The potential curve for the isolated~9,9! tube has the
same shape as that for the~9,9! tube array, but the well depth
of the tube array is 55 K deeper. The isolated~18,18! tube
potential is almost identical to the potential for the~18,18!
tube array.

In our simulations we account for the adsorption of h
drogen in the interstitial regions~where three tubes meet! of
a tube array. The fluid-wall potential of a hydrogen molecu
located in the interstice was calculated by summing over
interactions of an adsorbate molecule and three nearest tu

V~r ,u!5V~r 1!1V~r 2!1V~r 3!, ~6!

where r 1 , r 2 , and r 3 are the distances from the hydroge
molecule to the centers of the three nearest tubes, andV(r ) is
the averaged potential for a hydrogen molecule outsid
nanotube.V(r ) was computed with the same method as t
for the potential inside a nanotube. Unlike the potential
side the tube, the fluid-wall potential in the interstice is n
cylindrically symmetric.

III. SIMULATION METHOD

The path integral method of Feynman38 has been used to
account for the quantum effects of hydrogen. In the p
integral formalism, each quantum particle is replaced b
classical ring polymer. The number of beads on the polym
is increased until no further changes in the equilibrium pro
erties of the ring polymer system are noted. The proper
tistical mechanical averages of the classical ring polym
system yield the equilibrium properties of the quantum s
tem of interest. We have combined multiple-time step p
integral hybrid Monte Carlo with grand canonical Mon
Carlo ~GCMC!, giving a direct method for computing th
adsorption of quantum fluids.30 A detailed discussion of this
method can be found elsewhere.29,30 Three types of moves
are involved in the GCMC method:~i! displacement,~ii !
creation, and~iii ! deletion. Molecule displacements are a
complished with the multiple-time step path integral hyb
Monte Carlo algorithm.39 In the molecule creation step,
path is inserted in the simulation box with a random posit

FIG. 1. Adsorption potentials for hydrogen in tube arrays and idealized
pores. The solid line denotes the idealized carbon slit pore with a pore w
of H* 53. The dashed line is the potential for a~9,9! tube array, and the
dot-dashed line represents a~18,18! tube array.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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580 J. Chem. Phys., Vol. 110, No. 1, 1 January 1999 Q. Wang and J. K. Johnson
and random orientation. The conformation is picked ra
domly from the conformations of a system of ideal gas r
polymers. The probabilities of making a displacement
molecule creation, and a deletion were set to 0.1, 0.45, 0
respectively. The bead-bead intermolecular cutoff was se
5s f f , where thes f f is the diameter of the fluid molecules
No long range corrections was applied. Classical simulati
for hydrogen were also carried out to assess the importa
of quantum effects. The classical simulations used exa
the same fluid-fluid and solid-fluid potentials as the path
tegral simulations; the only difference being that the num
of beads per ring was always set to unity in the class
calculations.

Adsorption isotherms of hydrogen in idealized carb
slit pores with reduced pore widthsH* 5H/s f f of 2, 3, 4,
and 6.7 have been computed at temperatures of 77 and
K. The number of beads per ring was set to 15 at 77 K,
5 at 298 K. Periodic boundary conditions inx and y direc-
tions were employed. The lateral dimensions of the box,Lx

5Ly , were chosen to be 10–30s f f , which gave average
numbers of molecules ranging from 80 to 200.

We have calculated the adsorption of hydrogen on
internal and external surfaces of an isolated tube. By isola
tubes, we mean tubes that are far enough apart from e
other that the interactions between adsorbate molecule
different tubes in the array are negligible. The simulatio
were carried out in a rectangular box, with the tube in
center. Periodic boundary conditions were employed in
three directions. The lateral dimensions of the box,Lx5Ly

were chosen to be 10s f f and 14s f f for the ~9,9! and~18,18!
tubes, respectively. The lateral box dimensions were cho
so that the distance between adjacent tubes was larger
6s f f , which allowed the interaction of adsorbate molecu

FIG. 2. Adsorption isotherms for hydrogen in idealized carbon slit pore
various widths at 77 K. Triangles are for theH* 52 pore, circles are for
H* 53, diamonds are forH* 54, and squares are forH* 56.67. The dashed
lines represent experimental data for AX-21 from Ref. 6. The gravime
densities are given in~a! and the volumetric densities are shown in~b!.
Downloaded 07 May 2002 to 129.137.193.234. Redistribution subject to 
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with neighboring tubes to be neglected. The height of
simulation box was 10– 20s f f , which gave average number
of molecules ranging from 50 to 300, depending on the s
point. Molecules were inserted inside or outside the tu
with equal probabilities.

Path integral simulations of hydrogen in an array
tubes are extremely CPU intensive because of the numbe
solid-fluid and fluid-fluid interactions to compute whe
neighboring tubes are included. As a reasonable first
proximation to adsorption in a full array of tubes we ha
computed adsorption in a single tube with the effective p
tential for a tube array. The height of the tube was chose
be 20– 40s f f . The average number of molecules rang
from 50 to 200. Periodic boundary conditions were appl
only in the z direction. Adsorption in the interstice wa
evaluated through separate GCMC simulations of a sin
interstice bounded by three tubes.

IV. RESULTS AND DISCUSSIONS

A. Adsorption in carbon slit pores

We have calculated the adsorption isotherms for the i
alized slit pores of three widths,H* 52 ~6 Å!, 3 ~9 Å!, 4 ~12
Å!, and 6.7~20 Å!. These widths correspond to being able
hold a maximum of one, two, three, and five layers of a
sorbed hydrogen, respectively. Simulations were perform
at 77 and 298 K over a pressure range of 1 to 100 a
Adsorption isotherms are shown in Figs. 2 and 3. We sh
the total gravimetric~g H2/kg C! and volumetric~g H2/l !
densities, because both are important criteria for evalua
hydrogen storage systems. The theoretical surface are
idealized carbon slit pores is 2620 m2 g21.

f

c

FIG. 3. Adsorption isotherms for hydrogen in idealized carbon slit pores
various widths at 298 K. Triangles are for theH* 52 pore, circles are for
H* 53, diamonds are forH* 54, and squares are forH* 56.67. The dashed
lines represent experimental data for AX-21 from Ref. 7. The gravime
densities are given in~a! and the volumetric densities are shown in~b!.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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The smallest slit pore (H* 52) has the highest uptake a
the very lowest pressures because it exhibits the stron
solid-fluid interaction potential. However, at higher pressu
wider pores have a higher storage capacity because theH*
52 pore can only hold a single layer of hydrogen. At 77
the total amount of hydrogen adsorbed in theH* 52 pore
remains essentially constant over the entire pressure r
~see Fig. 2!. The density of hydrogen inside theH* 52 pore
quickly reaches a value of 0.3 cm3/m2, which is close to the
experimentally observed monolayer coverage 0.32– 0
cm3/m2,40–42 even though the temperature is over twice t
critical temperature of hydrogen. In contrast, the two larg
pores do not completely fill even for a pressure of 100 a

From Fig. 2~a! it is clear that the optimum pore size fo
hydrogen storage depends upon the storage pressure. A
pressures, the pore with a width ofH* 53 holds the most
hydrogen on a per weight basis, but at pressures greater
about 5 atm the larger pores are more effective. This is
cause the weight fraction is dominated by the amount
available pore space at higher pressures. The volumetric
sity is shown in Fig. 2~b!. The smallest pore gives the highe
volumetric density at pressures lower than 1.5 atm, while
H* 53 pore holds the most hydrogen per unit volume ove
wide range of pressures. This is in agreement with the si
lation results of Matrangaet al.25 and Cracknellet al.26 for
methane storage. Experimental data for adsorption on a
vated carbon~AX-21! from Bénard and Chahine6 are plotted
in Fig. 2 along with the simulation data. Simulations for t
H* 56.7 slit pore agree quite well with the activated carb
data on a per weight basis. The agreement is rather fo
itous, considering the simplicity of the model adsorbent co
pared with AX-21. The volumetric density of adsorbed h
drogen on AX-21 is much lower than any of the idealized
pores, reflecting the low density of the activated carbon~0.3
g cm23).

Hydrogen adsorption at 298 K in slit pores from sim
lations is shown in Fig. 3, along with experimental data7 for
adsorption on AX-21. The storage capacity is much lowe
298 K than at 77 K. The amount of adsorption is rough
lowered by a factor of 6 for the pore of widthH* 53. In
contrast to adsorption at 77 K, the smallest pore is not co
pletely filled even up to 100 atm. This indicates that t
density of hydrogen is not liquid-like inside theH* 52 pore,
even at the highest pressures studied. The gravimetric
sity increases with the pore width, as the pore volume te
to be more important than the solid-fluid interaction poten
at this high temperature. The pore with a width ofH* 53
gives the highest volumetric density over the entire press
range.

We now compare the idealized slit pore of widthH*
53 with the AX-21 activated carbon. TheH* 53 slit pore
has a bulk density of 0.85 g cm23, while AX-21 has a bulk
density of 0.3 g cm23.5,7 At 77 K, the volumetric densities in
the slit pore are 100%, 150%, 200%, and 250% higher t
those in AX-21 at 50, 20, 5, and 1 atm, respectively. T
gravimetric densities in theH* 53 pore are higher than in
AX-21 at pressures below 13 atm at 77 K. However, the p
holds less hydrogen per weight of carbon at higher press
because of the larger pore volumes available in AX-21.
Downloaded 07 May 2002 to 129.137.193.234. Redistribution subject to 
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298 K AX-21 gives slightly higher volumetric densities tha
the slit pore at pressures less than 15 atm. This may be du
high-energy sites present on activated carbon that are
accounted for in our slit pore model. These sites may be
to either chemical heterogeneity or to geometric featu
such as corner sites.43,44 For higher pressures the slit por
holds approximately 10% more hydrogen on a volume
basis than AX-21. The total gravimetric density at 298 K
somewhat higher for AX-21 than for any of the idealized s
pores. The higher gravimetric density for AX-21 reflects t
larger pores available relative to the idealized slit pores. T
excess gravimetric densities from simulations and exp
ments at 298 K~not shown! are in closer agreement than th
total densities, but the simulations are still systematica
lower than the experimental data for AX-21. This indicat
that the higher gravimetric density for AX-21 cannot b
completely explained by the larger pores.

The simulation results for idealized slit pores at 298
and a pressure of 100 atm can be compared with the exp
mental data for hydrogen adsorption on graphitic nanofib
at about the same conditions.9 The graphite nanofibers con
sist of parallel stacks of graphite platelets, 30–500 Å
width, and having lengths of tens to hundreds of micron9

This configuration suggests that our model of idealized
pores would be an appropriate first-order approximation
this structure, although all edge effects are ignored in
calculations. The experiments were performed by chargin
vessel containing a small amount of carbon nanofiber sorb
with hydrogen at 298 K and pressures around 100 atm.
pressure drop was monitored as a function of time. The s
tem was assumed to be in equilibrium after the pressure
bilized. The process took on the order of 24 h, and the
ference between the initial and final pressures was use
compute the amount of hydrogen adsorbed~excess adsorp
tion! on the nanofibers. In order to model this system
compare the gravimetric densities from the 298 K isother
at a pressure of 100 atm for each of the slit pores. This d
not correspond exactly to the experimental setup, but i
easy to see that the simulation method will overestimate
amount of hydrogen adsorbed compared with the experim
tal situation where the pressure is allowed to drop dur
adsorption. Experimental measurement of the spacing
tween the graphite platelets gives a value of 3.4 Å, simila
the spacing between layers of turbostratic graphite. We n
that it is not possible for hydrogen to adsorb into a graph
slit pore of width 3.4 Å because the pore width, as measu
by x-ray diffraction coupled with electron diffraction, is th
distance between the carbon centers. From simple geom
considerations, it is easy to show that a pore width of 2ss f or
greater is required to adsorb even a single layer of a fl
inside a slit pore. The solid-fluid interaction diameters is d
noted byss f . For the hydrogen-graphite systemss f53.25
Å. This means that the platelet spacing must increase
matically for large amounts of adsorption to take place. T
wall spacing is held fixed in the simulations, so we cann
directly compare any single simulation with the nanofib
experiments, because thein situ platelet spacing has not bee
experimentally measured. We should point out in pass
that such large expansions of the platelet spacing on hy
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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gen up-take should be experimentally observable. We th
fore compare each of the four slit pores with the data
Chamberset al. The experiments indicate that graphi
nanofibers can adsorb on the order of 100–2000 g H2/kg C at
298 K and an initial pressure of hydrogen of about 100 a
The highest excess gravimetric density for the slit pores
these conditions is 4.5 g H2/kg C. This is a factor of 20 less
than even the smallest amount of hydrogen adsorption
ported by Chamberset al. While edge effects are missin
from our model, it is difficult to imagine that such larg
amounts of hydrogen can be adsorbed by the edges o
graphite platelets. Nevertheless, we are currently develo
a more sophisticated model of the graphite nanofibers in
der to assess the importance of edge effects on adsorp
Figure 4 shows the excess gravimetric adsorption isothe
in various idealized carbon slit pores at 298 K. In contras
the total adsorption~Fig. 3!, the excess adsorption decreas
with pore width except for the smallest pore (H* 52). This
is due to the fact that the solid-fluid potential in the center
the larger pores is very weak, and therefore has little ef
on the gas density near the center of the pore. The densi
the center of the largest pore (H* 56.7) is identical to the
bulk density. Increasing the pore width to higher values w
not increase the excess adsorption in the pore. Therefore
conclude that any larger separations would not increase
amount of fluid actually adsorbed. From our simulations
appears that the hydrogen uptake reported for graph
nanofibers cannot be explained in terms of the standard
tential models for graphite-hydrogen interactions. It appe
that a much stronger and long-ranged solid-fluid interact
potential is needed to explain the very large values of
sorption reported by Chamberset al.9

B. Adsorption in tube arrays

We have calculated adsorption isotherms forpara-
hydrogen in the~9,9! and ~18,18! tube arrays. Adsorption
isotherms for the interior of the tube and the interstitial si
were computed from independent GCMC runs. The total
sorption was calculated by simply adding the amounts
sorbed in the tube interior and interstice at each pressur

FIG. 4. Excess adsorption isotherms for hydrogen in idealized carbon
pores of various widths at 298 K. Triangles are for theH* 52 pore, circles
are forH* 53, diamonds are forH* 54, and squares are forH* 56.67.
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The adsorption isotherms at 77 K are shown in Fig.
The open symbols give the amount of hydrogen adsor
inside the tube and the filled symbols represent the t
amount of adsorption~inside plus interstitial!. In the low
pressure range, the~9,9! tube array gives higher gravimetri
and volumetric densities than the~18,18! tube because of the
stronger fluid-wall interaction potential for the~9,9! tube.
The gravimetric and volumetric densities in the~18,18! tube
array become larger than those in the~9,9! tube at pressures
above 5 and 10 atm, respectively. This is due to the lar
available volume in the~18,18! tube array. The~9,9! tube has
a diameter of 12.2 Å, as measured from the center of
carbon atoms in the tube. It can therefore hold a single la
of hydrogen adsorbed on the inside surface of the tube,
a single column of hydrogen molecules confined to the c
ter of the tube. The~18,18! tube has a diameter of 24.
Å and can theoretically hold three concentric rings of hyd
gen, and a column of hydrogen in the center of the tube.
volumetric density of the adsorbed hydrogen is based on
total volume of the tube array available for adsorption,
cluding the interstitial space. The total volume of a unit c
containing one tube and two interstices isA3L(2R1h)2/2,
whereR is the radius of the tube as measured from the c
bon centers, andh is the van der Waals gap between the tu
walls, also measured from the carbon centers, andL is the
length of the tube array. The effective volume is less than
total volume because of steric interactions between the
bon atoms and hydrogen molecules. The ratio of effect
volume to total volume is approximately given by

Veff

V
512

4pRss f

A3~2R1h!2
. ~7!

lit

FIG. 5. Adsorption isotherms for hydrogen in SWNT arrays at 77 K. T
open circles and triangles represent adsorption inside the~9,9! and ~18,18!
tubes, respectively. The filled circles and triangles give the total amo
adsorbed~including interstitial adsorption! in the ~9,9! and ~18,18! tube
arrays, respectively. The filled circles lie on top of the open circles beca
there is virtually no interstitial adsorption for the~9,9! tube array.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



ile
y
a

ig
-

e
d

is
e

o

se
it
l
rv

n

, a
-
ns
in
-

rp

the
tm.
ad-
bed

sti-
the

ion
ive
ad-
on
98
ut

an-
uan-
tely

ith
tion

be

r of
.

ut to

he

the
be

t-

583J. Chem. Phys., Vol. 110, No. 1, 1 January 1999 Q. Wang and J. K. Johnson
For the~9,9! tube this ratio turns out to be about 0.4, wh
for the ~18,18! tube it is close to 0.6. This clearly shows wh
the ~18,18! tube array exhibits higher amounts adsorbed
high pressures.

The 77 K adsorption isotherms for the tubes show s
nificant uptake at low pressures. The~9,9! tube becomes es
sentially saturated at pressures higher than 40 atm where
adsorption isotherm shows a plateau. The solid-fluid pot
tial in the ~18,18! tube is fairly weak past the first adsorbe
layer, so the fluid density in the center of the~18,18! tube is
much lower than for the~9,9! tube at the same pressure. Th
can be seen from a plot of the density profiles at a pressur
50 atm as shown in Fig. 6.

Interstitial adsorption constitutes a significant fraction
the total amount adsorbed for the~18,18! tube. However, in
the smaller~9,9! interstices, adsorption is negligible becau
hydrogen is effectively excluded from the interstice due to
large zero-point energy. The~18,18! interstice shows a loca
enhancement of potential energy analogous to that obse
for non-parallel graphitic systems.43,44 The minimum energy
in the interstice is greater than that inside the~18,18! tube by
nearly a factor of 2. The~18,18! interstice allows a single
row of molecules to adsorb. Interstitial adsorption accou
for at most 14% of the total adsorption for the~18,18! tube
array at 77 K.

Quantum effects are significant at 77 K. For example
50 atm the density inside the~9,9! tube from classical simu
lations is about 17% higher than from quantum simulatio
Quantum effects are extremely important for calculating
terstitial adsorption for the~9,9! tube. The classical simula
tions for hydrogen adsorption in the~9,9! interstice at 77 K
and 50 atm give a value of 0.2 g H2/kg C. Quantum simula-
tions at the same conditions give 0.004 g H2/kg C.

Figure 7 shows the gravimetric and volumetric adso

FIG. 6. Density profiles inside the~18,18! and ~9,9! tubes at 77 K and 50
atm. The~18,18! tube density is given in~a!, and the~9,9! density is shown
in ~b!.
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tion isotherms in the~9,9! and~18,18! tube arrays at 298 K.
Increasing the temperature from 77 to 298 K lowers
amount adsorbed by approximately a factor of 5 at 100 a
The higher temperature largely masks differences in the
sorption potentials of the two tubes and the amount adsor
is dominated by the effective volume. The~18,18! tube array
adsorbs substantially more hydrogen than the~9,9! tube array
over the entire pressure range. Interstitial adsorption con
tutes at most 15% of the total amount of adsorption for
~18,18! tube array, but less than 1% for the~9,9! tube. Quan-
tum effects are not as significant at 298 K for adsorpt
inside the tubes. Calculations for classical hydrogen g
about 3% higher adsorption than for quantum hydrogen
sorbing inside the tubes. Surprisingly, quantum effects
adsorption in the interstitial regions are very important at 2
K. Interstitial adsorption from classical simulations is abo
40% higher than from quantum simulations for the~9,9!
tube. Even for the larger interstice of the~18,18! tube, ad-
sorption of classical hydrogen is 15% higher than for qu
tum hydrogen. This clearly demonstrates a case where q
tum effects are large in a confined system, yet comple
absent in the bulk fluid.

The adsorption isotherm data for the~9,9! tube array at
133 K are shown in Fig. 8. The results can be compared w
recently reported experimental data for hydrogen adsorp
on carbon soots containing 0.1 to 0.2 wt % SWNTs.4 The
diameters of the SWNTs in the soot were estimated to
about 12 Å, which is close to the~9,9! tube diameter of 12.2
Å. The nanotube containing soot was exposed to 300 Tor
hydrogen at 273 K for 10 min, followed by 3 min at 133 K
Temperature programmed desorption was then carried o

FIG. 7. Adsorption isotherms for hydrogen in SWNT arrays at 298 K. T
circles are data for the~9,9! tube arrays, and the triangles are for the~18,18!
arrays. As in Fig. 5 the open symbols give the amount adsorbed inside
tubes while the filled symbols give the total adsorption, including the tu
interstices. The interstitial adsorption in the~9,9! array is negligible. The
gravimetric densities are plotted in~a! and the volumetric densities are plo
ted in ~b!.
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measure the amount of hydrogen adsorbed and the isos
heat of adsorption. Dillonet al. reported an isosteric heat o
adsorption of 19.6 kJ mol21.4 Simulations at the same con
ditions yield a value of 6.3 kJ mol21. Experimental estimate
of the amount of hydrogen adsorbed in the nanotubes ra
from 5 to 10 wt %, while simulation gives 0.8 wt % at 133
and 300 Torr. Even at the highest pressure studied, 100
the simulation results show only 1.9 wt %, which is still f
below the experimental estimate. Much of the discrepa
may be due to inaccuracy in the estimation of the numbe
nanotubes in the soot. Another potential source of erro
our use of a graphite potential to describe the SWNT pot
tial. This potential does not account for the well-known d
ferences in the electronic structure of the tube compared
graphite. We are currently investigating the effect of t
solid-fluid potential on the adsorption isotherms of SWNT
However, there is a need for experiments on high-pu
samples of SWNTs in order to facilitate more direct co
parison with computer simulations.

C. Comparison of tube and slit pores

Comparing Figs. 2 and 5 we see that the~9,9! and
~18,18! tube arrays adsorb less hydrogen on both a volum
ric and gravimetric basis than the idealized slit pores ofH*
53 and greater. Recall that theH* 53 pore can hold a maxi
mum of two layers of adsorbed hydrogen, one on each
face of the pore walls. The difference between the tubes
the slit pores can be explained in terms of the effective s
face area available for adsorption. Most of the external s
face area of the tubes is blocked from adsorption by
close-packing of the tube arrays. In addition, the effect
surface area inside a tube is only a fraction of the nom
surface area. Given a tube of radiusR, the ratio of the effec-
tive and nominal surface areas inside the tube isR

FIG. 8. Adsorption isotherm for hydrogen in an array of~9,9! single-walled
nanotubes at 133 K. The gravimetric density is shown in~a! and the volu-
metric density is shown in~b!.
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2ssf)/R. The effective surface area ratio for the~9,9! tube is
about 0.5, while the ratio for the~18,18! tube is close to 0.7.
Even though the solid-fluid potential in the~9,9! tube is more
attractive than theH* 53 slit pore, the difference is no
enough to make up for the loss of effective surface area

The usable capacity ratio~UCR! is an important criterion
used to judge the performance of an adsorbent.1 The UCR is
defined as the mass of available fuel in a sorbent-loa
vessel divided by the mass of available fuel in a vessel w
out adsorbent~compressed gas only!. The available fuel, in
this case hydrogen, is the mass of hydrogen in the vess
the storage, or working pressure, minus the mass of hy
gen in the vessel at the discharge pressure. The UCR
measure of the effectiveness of physisorption compared
gas compression at the same pressures. If the UCR h
value greater than unity then the sorbent is more effec
than compressed gas. If the value is less than unity t
physisorption is actually less effective than simple co
pressed gas storage.

Usable capacity ratios for the~9,9! and ~18,18! SWNTs
and the idealized graphitic slit pores are plotted as a func
of storage pressure in Fig. 9. The discharge pressure is 1
and the temperature is 298 K. The slit pores examined in
9 have widths ofH* 52, 3, and 6.67. The value of the UC
for the ~9,9! tube is always less than unity for a dischar
pressure of one atmosphere. For smaller discharge press
the UCR could be greater than unity, but this is not import
from a technical view point. Assuming that our solid-flu
interaction potential is accurate, these calculations dem
strate that a close-packed array of~9,9! SWNTs is not an
effective sorbent for hydrogen at 298 K. The~18,18! tube
has a UCR of about 1.2 at the lowest storage pressure,
creasing to a value just above unity at 100 atm. Note that
UCRs for all sorbents decrease with increasing storage p
sure, as expected. All of the slit pores~open symbols in Fig.
9! have UCRs that are larger than the SWNTs. The slit p
of width H* 53 gives the highest UCR, withH* 52 being
next highest, andH* 56.7 after that.

FIG. 9. The usable capacity ratios for SWNT arrays and idealized slit po
at 298 K. The discharge pressure is 1 atm. The filled circles and trian
denote the~9,9! and~18,18! tubes, respectively. The open symbols repres
data for the slit pores. Diamonds are forH* 52, circles are forH* 53, and
squares are forH* 56.67.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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D. Adsorption in isolated tubes

As noted above, adsorption in the interstices constitu
a small fraction of the total amount adsorbed. Much of
volume and surface area in the tube array is unavailable
adsorption because of steric effects in the close-packed s
ture of the tubes. The observed van der Waals gap of
Å is obviously not optimum for hydrogen adsorption.
tubes in the array could be separated from one another
sorbent would have a greater effective surface area and
ume available for adsorption. We have calculated the ads
tion of hydrogen on the external and internal surfaces of
isolated SWNT as a test of making the maximum surfa
area available for adsorption. Figure 10 shows the gravim
ric adsorption isotherms of hydrogen for the isolated~9,9!
and ~18,18! tubes at 77 K. Note that the volumetric dens
for an isolated tube is not well defined. The solid-fluid p
tentials used in this case correspond to the isolated tube
the tube in an array of tubes. The~18,18! tube adsorbs
slightly more hydrogen than the~9,9! tube, except at the
lowest pressures. The separation of the tubes greatly
hances the gravimetric density of hydrogen over the clo
packed tube array at the same conditions. Adsorption on
external surface of the tube makes a significant contribu
to the total amount of hydrogen adsorbed. The gravime
densities in the isolated tubes are comparable to the
idealized slit pore with a width ofH* 53 and AX-21 at
moderate pressures. At 50 atm the gravimetric density in
~18,18! tube is 70% higher than that in theH* 53 slit pore
and 20% higher than for AX-21. Figure 11 shows the dens
profile of hydrogen adsorbed in the isolated~9,9! tube at 50
atm. The three highest peaks inside the tube correspon
the hydrogen adsorbed on the internal surface of the tube
the column of hydrogen in the center of the tube. Two lay
of fluid are adsorbed on the outside surface of the tube
though the second layer is rather low density. The den
outside the tube approaches the bulk gas phase density
distance of about 3sf f away from the wall.

V. CONCLUSION

We have calculated the adsorption isotherms of hyd
gen in arrays of SWNTs, isolated SWNTs, and idealized c

FIG. 10. Adsorption isotherms in isolated SWNTs at 77 K. The circles
triangles denote the total amount adsorbed in the~9,9! and ~18,18! tubes,
respectively.
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bon slit pores. We have found that the idealized slit po
give significantly better performance for hydrogen stora
than SWNT arrays. The gravimetric and volumetric densit
in the idealized slit pore with a width ofH* 53 operating at
77 K and 50 atm are very close to the DOE targets, altho
this temperature is much too low to be of use for vehicu
fuel storage. The usable capacity ratios for the pore of wi
H* 53 are substantially higher than those for SWNT arra
Arrays of SWNTs with a van der Waals gap of 3.2 Å giv
relatively low usable capacity ratios. This is mainly becau
of the excluded surface area in the close-packed array
tubes. Hydrogen adsorption in nanotubes is strongly in
enced by the effective surface area and volume at high p
sures and temperatures. The packing geometry of
SWNTs plays an important role in hydrogen storage. T
gravimetric density of hydrogen in isolated tubes at 77 K a
50 atm is well above that for the AX-21 activated carbon a
the idealized slit pore of widthH* 53. The volumetric den-
sity for a tube array can be improved by optimizing the v
der Waals gap. Work is in progress on optimizing the pa
ing geometry in tube arrays at different temperatures. N
of the adsorbate configurations studied in this work are a
to approach the DOE storage goals at ambient temperatu

These simulations do not confirm the large amounts
hydrogen adsorbed for similar systems of SWNTs and g
phitic nanofibers ~slit pores! recently observed
experimentally.4,9 While our simulations are only approxi
mations to the real experimental systems, it is difficult
understand the magnitude of hydrogen adsorption repo
by Chamberset al.9 in terms of standard statistical mechan
cal models of adsorption, even considering errors in our
sorption potential.
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dFIG. 11. Density profile for hydrogen adsorbed on the internal and exte
surface of an isolated SWNT at 77 K and 50 atm.
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