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Modeling of molecular hydrogen and lithium adsorption on single-wall carbon nanotubes
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~Received 13 February 2001; published 4 June 2001!

Adsorption of lithium and hydrogen onto carbon nanotubes has been modeled using a neglect of diatomic
differential overlap semiempirical calculation. Our results predict that lithium can be adsorbed on zig-zag
nanotubes with a charge transfer, an adsorption energy, and a vibration frequency which depend on the tube
radius and whether the adatom approaches the surface from outside~exo-way! or inside~endo-way!. Adsorbed
lithium allows the anchoring of molecular hydrogen on the carbon nanotube with a binding energy in a
chemisorption regime compared to previous experimental and theoretical works which show that H2 is phys-
isorbed. We also predict that a shift of the hydrogen stretching mode upon adsorption should be observable
experimentally by vibrational spectroscopy.

DOI: 10.1103/PhysRevB.63.241402 PACS number~s!: 34.50.2s, 36.40.2c, 68.35.2p, 71.20.Tx
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Carbon nanotubes have attracted considerable atten
this last decade since their discovery by Iijima in 1991~Ref.
1! due to their unique structure and properties. Compare
other carbon materials, nanotubes show a wide variety
morphologies going from the single-wall nanotubes~SWNT!
to multiple-walled species associated in bundles or isolat2

This makes nanotubes challenging materials to relate t
atomic structure to their physical properties. In particul
some studies predicted that the electronic properties
SWNT’s are highly dependent to their helicity, ranging fro
semiconducting to metallic. Following simple band foldin
concepts and graphite band structure,3–6 it is predicted that
armchair nanotubes should always be metallic, while for z
zag nanotubes vanishing gap can be observed when circ
ference contains N unit cells with N multiple of 3.

As graphite intercalation compounds@GIC’s# present
huge variations of physical and chemical properties,7 some
studies have naturally been focused on doping nanotu
with electron donor or acceptor atoms.8–11 Like graphite,
nanotubes should present an amphoteric character acce
or giving electrons to the added element. Recent stu
about lithium and potassium adsorption have confirmed
tendency by showing an increase in the electronic conduc
ity of halogen or alkaline doped SWNT’s.12 Raoet al.13 have
also reported a shift of the RamanA1g mode when nanotube
were exposed to alkaline atoms. Those observations m
clear the electron transfer between SWNT and the adso
element resulting from electronic and vibrational propert
modifications.

Focussing on molecular hydrogen interaction with na
tubes, theoretical and experimental studies show that H2 is
physisorbed in nanotubes materials with a global adsorp
energy less than 0.1 eV.14–16 As the GIC’s are much more
reactive than graphite, alkaline-doped nanotubes should
good candidates for hydrogen storage with a low chemiso
tion energy, avoiding a high pressure and low-tempera
physisorption regime for tubes filling. Nevertheless, rec
experiments10,11 concerning hydrogen storage by alka
doped nanotubes are controversial and the adsorbed hy
gen amounts as well as the adsorption sites are not cle
determined. Theoretical investigations can be useful to
insights into the reaction mechanism and the adsorbed
ties.
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In this work, an electronic structure calculation has be
used to model the adsorption process of lithium and hyd
gen on SWNT. We have used a calculation based on a s
empirical Hartree-Fock linear combination of atomic orbita
scheme following a neglect of diatomic differential overla
~NDDO! approximation within AM1~Austin Model!
parametrization.17 This is one of the most sophisticated no
ab-initio computation scheme which neglects all the thr
and four centers exchange and Coulomb integrals in the
culation, while the corresponding monocentric terms are
ted to experimental data like electron affinities or ionizati
potentials. NDDO is known to give accurate results for c
bon and organic compounds18 both from electronic structure
and regio-selectivity in chemical reactions.19,20Our code~in-
dependently developed in Fortran 90! can hold runs for more
than 500 atoms in asp basis, taking advantage of the spa
sity of the density matrix. A geometry optimization is com
pleted by minimizing the total energy following a Broyde
Fletcher Goldfarb Shanno algorithm. Considering the atom
parameters, the lithium’s valence levels are described wi
a (2s12p0) atomic orbital scheme as it can be suggested
electronic structure calculations concerning simple m
ecules like LiH~Refs. 21 and 22! which show that a hybrid
orbital must be taken into account for Li bonding.

We focus our work on zig-zag tubes. A systematic stu
on the effect of the tube chirality and radius will follow in
detailed paper. All the tubes studied in this work were bu
with a C-C distance of 0.142 nm and clusters were satura
with hydrogen to avoid dangling orbitals on the tube edg
The tube’s length has been chosen in order to be near
converging limit for the band gap~seven hexagonal unit
along the tube axis!. When the adsorption process was sim
lated, carbon atoms in the vicinity of the ad-atom were
lowed to relax.

We present in Fig. 1 the evolution of the calculated ba
gap versus the tubes radius computed with our code
compare them to Hamada’s results.4 We observe that the
NDDO calculation confirms the predicted property of a ze
band gap for tubes with a circumference containing N u
cells with N a multiple of 3. The calculated density of sta
for a zig-zag nanotube is displayed in Fig. 2 and clea
shows that NDDO computation gives a correct descript
©2001 The American Physical Society02-1
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for the electronic structure of the tube with the lowest un
cupied molecular orbital~LUMO! and the highest occupie
molecular orbital~HOMO! energies, respectively, located
20.160 Hy and20.190 Hy. The top of the valence band
composed of radial 2p states (2p orbitals perpendicular to
the tube surface! while levels corresponding to tangential 2p
orbitals are deeper in energy due to more important orbi
overlapping as it is expected by first order perturbat
theory following Eq.~1!.

Local charge and molecular orbital spatial distribution a
crucial to localize reaction centers and to get insights ab
the chemical reactivity as the adsorption process and the
teraction energy are driven by the frontier orbitals parame
@Eq. ~1!# ~Ref. 23!

Eint'22
Cmh

2 Cm8 l 8
2

Dhl8
hmm8 . ~1!

FIG. 1. Gap of zig-zag carbone nanotubesZN plotted versus the
number N of hexagonal unit cells along the tube circumference.
results~black squares! are compared to the results of Hamada~Ref.
4!.

FIG. 2. Local densities of states on a central carbon atom of aZ8

tube. The radialp-type orbitals~bold! are localized at the top of the
valence band~full states! and the bottom of the conduction ban
~empty states!. The tangentialp type orbitals (1) are deeper in
energy for the full states while at the top of the conduction band
the empty states. The energy reference is the vacuum level.
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In this expression,Dhl85Eh2E l 8 accounts for the energy
difference between the HOMO~h! and the LUMO (l 8)
states,hmm8'Smm8

2 is proportional to the square of the ove
lap integralSmm8 . Cmh andCm8 l 8 correspond to the compo
nents of the HOMO and LUMO eigenstates for the reacta
relative to the atomic orbitals localized on the atoms labe
m andm8. TheZ8 tube LUMO is displayed in Fig. 3, show
ing that the lobes are greater outside the tube than ins
driving the overlap orbital and thus the adsorption proce
Moreover, we can see that the tube’s LUMO phases are
tibonding along the tube circumference.

When lithium is adsorbed onto a graphene layer,
found a stable adsorption on top of a hollow site~hexagon’s
center! at an equilibrium distance of 0.210 nm from th
graphene plane. In that case the electron transfer from L
graphene is 0.72 electron and the adsorption ener
21.70 eV. These results are consistent with what we
expect for GIC’s containing alkaline atoms24 and give good
agreement with the work of Hankinson25 on the cluster
model of lithium intercalated graphite using the MP2-RH
~where RHF denotes relativistic Hortree-Fock! calculation.
We notice that symmetry of the adsorption site reveals t
bonding of lithium involves both its 2s and 2p orbitals. In
fact, if only s type orbital were involved in the interaction
like it is the case of atomic H, the adsorption would arise
top of a carbon atom.26

When adsorbed on a zig-zag tube, we found a stable
sorption site outside and inside the tube with Li localiz
above the center of the nearest tube’s hexagon. However
adsorption energy and the electron transfer depend on
tube radius~Table I! and the side of the lithium approac

ur

r

FIG. 3. Face and side views of theZ8 LUMO lobes constructed
on a Gaussian basis set for the atomic orbitals.

TABLE I. Frontier orbitals~HOMO and LUMO! tube’s ener-
gies in Hartree~H!, lithium adsorption energies~eV!, and local
lithium charge for Li adsorption onZN tubes with different radius.

ZN HOMO LUMO Eexo Eendo Qexo
Li Qendo

Li

Z6 20.181 20.142 24.46 20.82 0.62 0.47
Z7 20.207 20.143 23.07 20.63 0.64 0.60
Z8 20.190 20.160 23.05 20.70 0.66 0.70
Z9 20.176 20.176 24.70 21.93 0.66 0.71
Z10 20.182 20.173 23.56 21.93 0.68 0.75
Z11 20.194 20.161 25.47 20.15 0.68 0.77
Z12 20.179 20.179 23.45 23.90 0.68 0.77
Z13 20.203 20.160 22.40 21.14 0.69 0.77
2-2
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~endo-way or exo-way!. The results in Table I show that th
electron transfer is a smooth varying function of the tu
radius and is always greater when lithium is adsorbed ins
the tube. A detailed analysis of the adsorbed lithium orb
populations reveals 0.103 electron for the Li 2s level while
0.240 electron for 2p orbitals when Li is adsorbed outsid
the Z8 tube. Relaxation of carbon atoms during the adso
tion process leads to an increase of the tube C-C distanc
the vicinity of the ad-atom. When the C-C bond belonging
the hexagonal adsorption site is parallel to the tube axis,
increase is of 331023 nm while it is of 1023 nm when the
C-C bond has a strong component along the circumfere
Concerning the adsorption energy, its variation is nonmo
tonic with the tube radius and we notice that the value for
exo-adsorption (25.47 eV to22.40 eV) is always greate
than for the endo-adsorption (23.90 eV to 20.63 eV).
This nonmonotonic evolution of the adsorption energy w
the tube radius could be due to the complex overlapp
evolution of both the 2s and 2p lithium orbitals with the
tube’s LUMO lobes. This is confirmed as for atomic hydr
gen interaction; our calculation predicts that the adsorp
energy smoothly decreases with increasing tube radiu26

Considering theZ8 tube, the equilibrium distance between
and the tube’s wall is 0.265 nm when the ad-atom is ins
and 0.210 nm when it is outside. This is a general beha
for the zig-zag tubes investigated here, and is directly rela
to the lower binding energy for the endo-adsorption. T
bigger electron transfer from the lithium to the tube in t
endo adsorption case reveals a backdonation process

FIG. 4. Total energy of Li adsorbed on aZ8 nanotube function
of the radial Li-tube distance.~a! exo-adsorption;~b! endo-
adsorption.
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the tube’s orbitals to the empty 2p states of the ad-atom a
this phenomenon is amplified when the equilibrium distan
decreases.

From the total energy curves shown in Fig. 4, we c
estimate the vibrational frequenciesn corresponding to the
radial Li-Z8 stretching mode. We estimaten5332 cm21 for
the endo-adsorption andn5467 cm21 for the exo-
adsorption, while we calculaten5420 cm21 for Li ad-
sorbed on a planar graphene molecule. The last comp
value is in close agreement with the experimental energy
obtained by neutron scattering~nearn5440 cm21) for the
@001# L-phonon dispersion in LiC6 by Zabel.27 These results
confirm the strong influence of the tube curvature on its
sorption property as could be expected from the electro
structure variations with tube shape.3–6 Simple consider-
ations can be advanced to explain these results by obser
the shape of the tube’s LUMO depicted in Fig. 3. Equati
~1! tells us that the greater the overlapping, the bigger
chemical bonding and thus the adsorption energy. W
lithium approaches the tube’s surface by the exo-way,
total overlapping will be greater than in the endo way for tw
reasons: The first is that the tube’s LUMO lobes are big
and away one from each other due to the curvature comp
to the graphene case while these lobes are smaller and n
from each other for the endo-side. The second reason is
sign changes of the LUMO lobes along the circumferen
This implies that the overall overlapping of the tube
LUMO and lithium’s HOMO is greater on the exo-side tha
on the endo-side.

When considering the interaction of H2 with nanotubes,

FIG. 5. Total energy of H2 adsorbed on a Li/Z8 nanotube.~a!
Function of the Li-H2 distance.~b! function of the H2 interatomic
distance.
2-3
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we found the same behavior as for the graphene case, i.e
molecule is repealed from the tube’s wall both from the en
and the exo-way. On the contrary, when lithium is prea
sorbed, our calculation predicts a molecular adsorption
hydrogen at 0.2 nm of the Li ad-atom. The adsorption ene
is 20.50 eV when the lithium atom is preadsorbed ins
the tube and this value is quite constant with the tube rad
We predict that the molecular complex Li-H2 is nearly sym-
metric with an electron transfer of 0.05 electron from ea
hydrogen atom to Li. The equilibrium geometry obtained
H2 is 0.0694 nm instead of 0.0680 nm for the free molecu
Such an effect implies a decrease of the H2 stretching mode
for the adsorbed molecule as the H2 bond decreases unde
adsorption on the Li center. The total energy~curve b! pre-
sented in Fig. 5 allows an estimation of the adsorbed2
stretching frequency ofn54078 cm21 instead of n
54200 cm21 for the free molecule. The curve~a! corre-
sponds to a Li-H2 stretching mode characterized by a fr
ev

tio

, J

ley
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quency nearn5190 cm21. When molecular hydrogen inter
acts with predsorbed lithium on the exo-side of the tube
also find a stable molecular entity, and a systematic stud
the Li-H2 molecular complex as a function of the tube chira
ity and radius will be presented elsewhere.26

In summary, we found that lithium can be adsorbed ins
or outside carbon nanotubes with an adsorption energy
pending on the radius of the nanotube and the side of
ad-atom approach. Lithium on carbon nanotube allows
chemisorption of molecular hydrogen. Both adsorbed lithiu
and Li-H2 complex should be observable by vibration
spectroscopy. As we have investigated a low cover
limit;’’ the effect of the dopant concentration on the surfa
reactivity should be investigated.
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