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Hydrogen storage capacity in single-walled carbon nanotubes
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Molecular-dynamics simulations were used to investigate the storage capacity of hydrogen in single-walled
carbon nanotubes~SWNT’s! and the strain of nanotube under the interactions between the stored hydrogen
molecules and the SWNT. The storage capacities inside SWNT’s increase with the increase of tube diameters.
For a SWNT with diameter less than 20 Å, the storage capacity depends strongly on the helicity of a the
SWNT. The maximal radial strain of SWNT is in the range of 11%–18%, and depends on the helicity of the
SWNT. The maximal strain of armchair SWNT’s is less than that of zigzag SWNT’s. The tensile strengths of
SWNT’s decrease with increasing diameters, and approach that of graphite~20 GPa! for larger-diameter tubes.
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I. INTRODUCTION

Carbon nanotubes are formed by the seamless rollin
one or several graphite sheets over themselves. Being
example of low-dimensional nanostructures with inner h
low cavities, carbon nanotubes have attracted much theo
ical and experimental interests. Carbon nanotubes have
cellent mechanical, optical, electronical properties, e
which depend on the helicities and diameters of nanotu
The inner hollow cavity of a nanotube can serve as stor
media for atoms and small molecules and nanometer-s
capsules for chemical reactions.1–8 A carbon nanotube ha
good capillarity and can draw liquid and gas inside the na
tubes or the interstices between nanotubes.1,2 As a future
pollution-free energy source, the storage of hydrogen in
bon nanotubes has been studied extensively.1–8 In fact,
single-walled carbon nanotubes~SWNT’s! with diameters of
the order of 1 nm have been proposed as one of the pos
candidates to approach the pursued level of packing.2 From a
fundamental point of view, the strong confinement of p
ticles inside a SWNT offers the possibility of an experime
tal realization of a quasi-one-dimensional system.5 Carbon
nanotubes can withstand high stress in both axial and ra
directions.9,10 The excellent mechanical properties make c
bon nanotubes able to accommodate very high-den
materials.3,4

Most of the theoretical work on the hydrogen storage
SWNT’s tried to find the optimal geometry of SWNT array
including diameters of SWNT’s, distances between
nearest-neighbor nanotubes, and the relative arrangeme
nanotubes, so that the volumetric density and weight e
ciency of stored hydrogen can meet the goals of the D
~Department of Energy! hydrogen plan~62 H2 kg m23 and
6.5 wt. %, respectively! for fuel cell powered vehicles.6,7,11

Ambient temperature and pressure were also considered
and Lee3 performed density-functional and densit
functional-based tight-binding calculations to predict t
storage capacity in a SWNT. They claimed that the hydro
storage capacity increased linearly with the diameters
SWNT’s. The relation between the storage capacity and
type of a SWNT, including the diameter and helicity, are
from being clearly understood. The mechanical propertie
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the tube determine the storage capacity. For SWNT’s of
ferent diameters and helicities, the mechanical properties
different.12

The usual way to draw materials into nanotubes is
capillarity through the open ends of tubes,1,2,6–8, and the ma-
terials inside the tubes will reach an equilibrium with th
environments. The deformation of the nanotube, mainly
the radial direction, is expected to be very little, and till no
no experimental work has been done to investigate such
fect. Theoretical studies usually assumed that carbon na
tubes are rigid.6–8 The excellent mechanical properties
carbon nanotube have not been used in the storage of m
rials. To do so, a way different from the conventional cap
larity method should be used. Atoms can also be inserted
nanotubes by conventional implantation technique.4,13,14The
ends of the SWNT must be closed to prevent the leakag
encapsulated atoms during the implantation process, bec
the atoms still have some kinetic energy after entering
tube. Comparing with the ends of tubes, the walls of tub
have much more surface area. The efficiency of the impl
tation through the wall will be much higher than that throu
the closed ends. So in our simulations, hydrogen atoms
all implanted through the sidewall of the SWNT. Expe
ments in this respect have been performed,15,16 where the
walls of carbon nanotubes were irradiated by Ar ion beam
However, the purposes of these experiments were to s
nanotube amorphization and formation of defects, and so
incident energy of the Ar ion beam was very high~hundreds
to thousands eV!. Experiments in the low incident energ
range, just as the energy used in our simulations, have
been reported yet.

In this paper we used molecular-dynamics simulat
method to investigate the storage properties of a SWNT.
have proved that with appropriate initial kinetic energy, h
drogen atom can enter the tube without leaving defects
the tube wall.4,13 Hydrogen atoms were consecutively im
planted into the closed SWNT through the hexagonal ring
the tube wall at the incident energy of 20 eV. Hydrog
atoms inside the closed SWNT could form H2 molecules via
collisional reaction. The closure of the SWNT prevents2
molecules from escaping from its open ends.
©2002 The American Physical Society30-1
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II. SIMULATION METHODS

For our calculations, we used a realistic many-bo
Tersoff-Brenner potential17,18to model the interatomic force
between hydrogen and carbon atoms, among carbon at
and among hydrogen atoms. The potential has been use
describe diamond, graphite, carbon nanotubes, and many
drocarbon complexes, and the results are in agreement
those obtained from experiments and quantum chemical
culations. This potential was also splined to a hard-core
tential of Biersack-Ziegler type19 to take into account the
close-distance collisions. The long-distance van der Wa
forces among H2 molecules and between the SWNT and t
H2 molecules were described by the 6-12 Lennard-Jon
type interaction potential. The van der Waals parameters
the interaction between carbon and hydrogen were obta
from Ref. 20 and those for the interactions between H2 mol-
ecules from Ref. 21. The intermolecular van der Waals
tential between H2 molecules is spherical and independent
the orientation of the H2 molecules. The temperature of th
system under study could be changed if necessary, by us
Langevin molecular-dynamic scheme,22 which combines
simulated annealing with molecular-dynamics simulatio
During the implantation processes, the temperature of
H-tube system was kept at room temperature.

Calculations were performed for the following tube
~5,5!, ~9,0!, and~10,10! SWNT’s. Every end of the~5,5! and
~9,0! tubes was capped by a hemisphere of a C60 molecule,
and the~10,10! tube by a hemisphere of a C240 molecule, as
shown in Fig. 1. The~5,5!, ~9,0!, and~10,10! capsules con-
sist of 210, 222, and 540 carbon atoms, respectively.
radii of the fully relaxed~5,5!, ~9,0!, and ~10,10! SWNT’s
are 3.43 Å, 3.57 Å, and 6.79 Å, respectively. Farajianet al.14

proved that the impact waves induced by the collisions of
and K atoms with the wall of a SWNT at high incident e
ergy ~70 eV for Na and 150 eV for K! propagate only a shor
distance, roughly equal to the length of two hexagons, al
the axial direction of the SWNT. We also tried long
SWNT’s, but the results are same. So the given SWN
were long enough so that the capped ends have neglec
fects on the middle parts of the tubes and the middle p
could represent infinite long tubes.

III. RESULTS AND DISCUSSION

The interaction between the SWNT and H2 molecule
comes mainly from the intermolecular van der Waals forc
Due to the small diameters of the~5,5! and ~9,0! tubes, the
interaction energies have minimal values when the H2 mol-
ecule locates at the axes of these tubes. But the min
value is at the position 2.96 Å away from the tube wall f
the ~10,10! tube, the same as the interaction between2
molecule and graphite.23 So H2 molecules first coat the
~10,10! tube’s inner wall, but first populate at the axes of t
~5,5! and~9,0! tube. With the increase of implanted hydrog
atoms, more H2 molecules are formed inside the tubes. T
van der Waals interactions between H2 molecules make them
distribute uniformly. The repulsive forces exerted on the tu
wall by the H2 molecules make the tube expand according
15543
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When the repulsive interactions exceed what the SWN
can withstand, the tube wall will break. We found that t
defined~5,5!, ~9,0!, and ~10,10! capsules can accommoda
at most 43, 61 and 267 H2 molecules, respectively. The co
responding volumetric densities are 142 kg/m3, 172 kg/m3

and 177 kg/m3 for the ~5,5!, ~9,0!, and~10,10! tubes respec-
tively. The corresponding weight efficiencies are about
wt. %, 5.0 wt. %, and 9.1 wt. %, respectively~the carbon at-
oms and hydrogen atoms around the ends are excluded w
calculating the weight efficiency!. The structures of the
H-SWNT complexes at these densities are shown in Fig
All the complexes have been fully relaxed. Figures 1~a! and
1~d! are for the~5,5! tube, 1~b! and 1~e! for the ~9,0! tube,
and 1~c! and 1~f! for ~10,10! tube. Figures 1~a!–1~c! are the
top views after cutting the atoms around the ends for clar
Figures 1~d!–1~f! are the side views. Besides H2 molecules,
there are some free single hydrogen atoms and some hy
gen atoms chemisorbed on the wall.4 H2 molecules accoun
for 95%. As seen from Fig. 1, the stored H2 molecules can
form a cylindrical lattice~shell-localized phase!, and an axial
phase in the tube.24 In the ~5,5! SWNT, only shell phase can
be found. In~9,0! SWNT, both shell phase and axial pha
emerge.

The interaction between the enclosed H2 molecules and

FIG. 1. Top views and side views of the H-SWNT complexes
the maximal hydrogen storage capacities for three differ
SWNT’s. ~a! and~d! for ~5,5! SWNT; ~b! and~e! for ~9,0! SWNT;
~c! and ~f! for ~10,10! SWNT. A,B,D,E,F denote the cylindrical
shells formed by H2 molecules andC denotes the axial phase. Ho
low circles represent hydrogen atoms.
0-2
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the tube wall induces the strain (Dr /r 0) of the tube in the
radial direction, wherer is the radius of the SWNT andr 0 is
the original radius of the SWNT before implantation. T
strains and the strain energies (DEwall /nC) of the three
SWNT’s are shown in Figs. 2~a! and 2~b!, respectively, as a
function of the H2 molecules density, whereDEwall is the
energy gain of the wall of the nanotube with strainDr /r 0
relative to the wall of the original nanotube before implan
tion, andnC is the number of carbon atoms on the wall. T
maximal strains of the~5,5! and the~10,10! tubes are nearly
the same, 11%, while the~9,0! tube can sustain much highe
strain, 18%. The maximal strain energy of the~9,0! tube is
nearly two times those of the~5,5! and the~10,10! tubes. It is
evident that the strain depends on the helicity. So altho
the~5,5! and the~9,0! SWNT’s have nearly the same origin
radii, the maximal radii will be different, 3.80 Å and 4.20

FIG. 2. The strains~a! and the strain energies~b! of the
SWNT’s, the interaction energies (Ewall-H2

) between the SWNT’s
and the stored H2 molecules ~c!, and the interaction energie
(EH2-H2

) between the stored H2 molecules~d!, as a function of the
stored H2 molecules densities for the~5,5!, ~9,0!, and ~10,10!
SWNT’s.
15543
-
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for the ~5,5! and ~9,0! SWNT’s, respectively. The~9,0!
SWNT can provide more space and so may accommo
more H2 molecules than the~5,5! SWNT. This can explain
why in the ~5,5! SWNT only shell phase emerges but bo
shell phase and axial phase are formed in the~9,0! SWNT.
The radial expansion of the~5,5! SWNT comes mainly from
the elongation of the bonds on the wall, which are perp
dicular to the axis of the tube. The number of such bonds
an armchair ring on the wall is ten. However the radial e
pansion of the~9,0! SWNT comes mainly from the elonga
tion of the bonds on the wall which have angles of about 6
to the axis of the tube. The number of such bonds in a zig
ring on the wall is 18. Under the maximal strains, the leng
of these bonds approach the threshold, above which
bonds will break. According to this, we can estimate the ra
of the maximal strain of the~5,5! SWNT to that of the~9,0!
SWNT to be 10/18, approximate to the simulation results
11/18. This can explain why the armchair nonotubes are b
tler than the zigzag nanotubes. As seen from both figure
Fig. 2, the curves have several turning points for the th
SWNT’s. After each turning point, the strains and the str
energies increase more rapidly with respect to the H2 mol-
ecules density. This phenomenon is attributed to the cha
of the arrangement of H2 molecules in the tube, such as th
formation of new shells or the axial phase.

The interaction energies between the tube wall and2
molecules (Ewall-H2) and those among the H2 molecules

(EH2-H2
) come mainly from the intermolecular van der Waa

energy. Figures 2~c! and 2~d! show the interaction energie
Ewall-H2

and EH2-H2
as a function of the H2 molecules den-

sity. Ewall-H2
is calculated by

Ewall-H2
5@Et~SWNT1H!2Et~SWNT!2Et~H!#/nH2

,
~1!

and similarlyEH2-H2
is calculated by

EH2-H2
5@Et~H!2nH2

EH2
#/nH2

, ~2!

whereEt(SWNT1H) andEt(SWNT) are the total energie
of the SWNT with and without hydrogen inside, respective
Et(H) is the total energy of hydrogen in the SWNT,nH2

and

EH2
are the number of H2 molecules and the energy of

single H2 molecule, respectively.Ewall-H2
of the ~10,10!

SWNT changes much less than those of the~5,5! and the
~9,0! tubes. For the~10,10! tube, Ewall-H2

has a minimal

value of244 meV at the density of 57 kg/m3. The absolute
value is close to the isosteric heat of adsorption of a co
plete monolayer of H2 adsorbed on plana graphite~4
kJ/mol!.23 At this density,EH2-H2

also has a minimum of

290 meV in the~10,10! tube. The H2 molecules form a
cylindrical shell with the distance of 2.95 Å to the tube wa
The shell density (ni /Si) is about 0.087 H2 Å22 and is
within the experimentally observed density range of hyd
gen molecules physisorbed on graphite,25 where ni is the
number of H2 molecules on thei th cylindrical shell andSi is
the surface area of this shell. So we predicted that H2 mol-
ecules can even exist stably in open-ended~10,10! SWNT at
0-3
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this density if there are no external perturbations. T
~10,10! SWNT has exhibited some properties of graphi
The average distances between the nearest-neighbor H2 mol-
ecules at the maximal storage densities in the~5,5!, ~9,0!,
and ~10,10! tubes are 2.29, 2.29, and 2.42 Å, respectively

The H2 molecules inside the SWNT impose pressure
the inner surface of the tube. If the pressure exceeds
tensile strength of the tube, the tube will rupture and the2
molecules will leak out. From the pressure, we can get
tensile strength of the SWNT. Figure 3 shows the press
for the three tubes as a function of the stored H2 molecules
density. We consider the pressure at RT~300 K!. The pres-
sure can be divided into two different components. The fi
is called the static pressure, and represents the repu
force exerted on the inner wall of the tube by the H2 mol-
ecules inside the tube. The second is the dynamic pres
which stems from the momentum transfer to the inner w
of the tube caused by the thermal motion of the H2 molecules
at RT. We have evaluated these pressures, and the pre
values given in this paper are the sum of these two kin
The maximal pressures that the~5,5! and the~9,0! tubes can
withstand are 43 GPa and 49 GPa, respectively. Conside
the statistical error, they can be regarded as the same.
helicity has little effect on the tensile strength. The maxim
pressure that the~10,10! SWNT can withstand is only half o
them, 20 GPa; the same as the in-plane tensile strengt
graphite~20 GPa!.26 The tensile strength of the SWNT de
pends on the diameter. We predicted that for SWNT’s w
diameters in the range of 7.0–14.0 Å, the tensile strengt
in the range of 20–50 GPa. For SWNT’s with diamete
larger than 14.0 Å, the tensile strength will be around
GPa, the same as graphite. This tensile strength rang
within the values obtained by Yuet al.,9 who measured the
average breaking strength of 15 SWNT’s experimentally a
gave the range from 13 to 52 GPa. Considering that
~10,10! SWNT has more space inside, although the ten
strength of the~10,10! SWNT is only half of those of the
~5,5! and~9,0! SWNT’s, the storage capacities of the~10,10!
tube, including volumetric density and weight efficiency, a
not less than those of the~5,5! and ~9,0! tubes.

In Fig. 1, A,B,D,E, and F denote the cylindrical shells
and C denotes the axial phase. The shell densities of sh
A,B,D,E, andF are about 0.18, 0.18, 0.16, 0.16, and 0.

FIG. 3. The pressure imposed on the inner walls of the SWN
as a function of the stored H2 molecules densities for the~5,5!,
~9,0!, and~10,10! SWNT’s.
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H2 Å22, respectively. The linear density of the axial pha
C is about 0.44 H2 Å21. The distance between shellB to the
axisC (dB2C) is 2.15 Å. The distances between shellsD and
E (dD2E), betweenE and F (dE2F) are both about 2.0 Å.
The distance between shellD and the tube wall is 2.27 Å
The shell density of shellB in the ~9,0! SWNT is larger than
that in the~10,10! tube, butdB2C is greater thandD2E and
dE2F . Under the confinement of the tube in the axial dire
tion, the shell density and the linear density cannot be m
low, so the distances between adjacent shells cannot be m
small. We predicted that for a larger-diameter SWN
(.14 Å), the shell density, the distance between adjac
shells, and the distance from the tube wall to the outest s
will be around 0.16 H2 Å22, 2.0 Å, and 2.27 Å, respec
tively. The ~9,0! and the~5,5! SWNT’s have the minimal
(0°) and themaximal (30°) helical angles, respectively. Th
maximal strain of the SWNT with other helicity (0°;30°)
will be between those of the~5,5! and~9,0! SWNT’s ~11%–
18%!. According to the above data, we can estimate the s
age capacity of a SWNT with definite diameter and helici
Figures 4~a! and 4~b! show the estimated storage capacit
of other 11 SWNT’s with diameters in the range of 7 Å–3
Å by the above assumption—five armchair SWNT’s and
zigzag SWNT’s. When the diameter is less than 20 Å, vo
metric density depends on the helicity of the SWNT. W
the increase of diameter, the effect of helicity diminish
gradually. The increase in volumetric density lessens w
the increase of the diameter. For both armchair and zig
SWNT’s, weight efficiency increases nearly linearly in th
diameter range. The weight efficiencies of the zigz
SWNT’s is always larger than those of the armchair SWN
with same diameters.

’s

FIG. 4. The storage capacities of H2 molecules in 14 SWNT’s
with different diameters and helicities.~a! volumetric density,~b!
weight efficiency.
0-4
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It is interesting to compare our results with th
experimental1,2 and theoretical6,7 results obtained by othe
scientists. In their work, H2 molecules not only exist in the
open-ended SWNT’s, but are also adsorbed by the exte
surfaces of SWNT’s and/or the interstitial spaces betw
bundled tubes. Yeet al.1 have found that hydrogen adsorp
tion could exceed 8 wt. % on the ropes of SWNT’s wi
individual SWNT diameters of about 13 Å. Dillonet al.2 also
reported that crystalline SWNT’s with individual SWNT d
ameter being;12 Å had a capacity for hydrogen sorptio
of 5–10 wt. % at pressure less than 1 bar near RT and t
also predicted that SWNT’s with large diameters, such
~12,12! and~15,15! SWNT’s, could meet the target of DOE’
hydrogen plan if excess pressure was applied to overc
the H2-H2 repulsive interactions. The simulation performe
by Williams and Eklund7 showed that the adsorption capa
ity of H2 on the outer surface and in the interior space of
individual ~10,10! SWNT could reach 9.6 wt. %. These re
sults are close to our results of 9.1 wt. % for the~10,10! tube.
Theoretically, Darkrim and Levesque6 predicted maximal hy-
drogen adsorption in SWNT’s with a diameter of 22 Å a
spacing of 11 Å equal to 11.24 wt. %, and the correspond
volumetric density reached is about 60 kg m23. This diam-
eter is close to those of~15,15! and~26,0! tubes used in our
simulation. The volumetric densities and the weight e
ciency are both less than ours, especially the volumetric d
sity. Their results are encouraging. It will be a promising w
to combine their method and our implantation method. Fi
hydrogen atoms are injected into individual capped SWN
by the implantation method, then the SWNT’s are collec
to form crystalline ropes to adsorb more H2 molecules on the
exterior surfaces and the interstitial spaces between SWN
The DOE target may be met by this way. If this implantati
method is for the application of a SWNT as a fuel cell, a w
must be found to extract the hydrogen from the SWNT. T
hydrogen extraction process needs to be studied in
s
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furthur work. Leeet al.27 have presented a flip-out mech
nism for hydrogen extraction from the interior of a SWN
through the sidewall of the tube. Considering the advant
of stable and safe storage of superhigh volumetric densit
SWNT’s at RT, one may think about the potential for usi
this method in the field of storage of nuclear fusion fu
~deuterium and tritium!. Therefore the high mechanica
strength of SWNT’s may find an application in hydrog
isotope containers under irradiation by super laser beam
super-high-energy heavy-ion beams for fusion studies.

IV. CONCLUSION

H2 molecules could form cylindrical shell phase and ax
phase in a SWNT. The storage capacity of H2 molecules in a
SWNT increases with the increase of the diameter o
SWNT. For SWNT’s with diameters less than 20 Å, vol
metric density of H2 in SWNT’s depends on the helicities o
SWNT’s, and the density in zigzag a SWNT is always larg
than that in an armchair SWNT with about the same dia
eter. However, this dependency diminishes gradually w
the increase of diameter. The storage weight efficiency of2
in zigzag SWNT’s is always larger than that in armch
SWNT’s with about the same diameter. The maximal rad
strain of a SWNT ranges from 11% to 18%, depending
the helicity of the SWNT. The maximal strain of the arm
chair SWNT’s is less than that of the zigzag SWNT. T
tensile strengths of SWNT’s decrease rapidly with the
crease in their diameters, and approach that of graphite~20
GPa! when the diameter is 13.6 Å.
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