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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 oi@saeay 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 thgthiys-
isorbed. We also predict that a shift of the hydrogen stretching mode upon adsorption should be observable
experimentally by vibrational spectroscopy.
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Carbon nanotubes have attracted considerable attention In this work, an electronic structure calculation has been
this last decade since their discovery by lijima in 198ef.  used to model the adsorption process of lithium and hydro-
1) due to their unique structure and properties. Compared tgen on SWNT. We have used a calculation based on a semi-
other carbon materials, nanotubes show a wide variety ompirical Hartree-Fock linear combination of atomic orbitals
morphologies going from the single-wall nanotub8$VNT)  gcheme following a neglect of diatomic differential overlap
to multiple-walled species associated in bundles or isofated NDDO) approximation within AMIAustin Mode)

This makes nanotubes challenging materials to relate the&arametrizatioﬁ? This is one of the most sophisticated non-

atomic structure to their physical properties. In particular,_, . . . . .
some studies predicted that the electronic properties Oz?b-mmo computation scheme which neglects all the three

SWNT'’s are highly dependent to their helicity, ranging from and f_our centers exchange anq Coulomb intggrals in the c_al—
semiconducting to metallic. Following simple band folding culation, Wh'.le the correspondlng monocentric terms are fit-
concepts and graphite band structéifit is predicted that ted to .experlmentagl data like eIeptron affinities or ionization
armchair nanotubes should always be metallic, while for zigPotentials. NDDO is known to give accurate results for car-
zag nanotubes vanishing gap can be observed when circuron and organic compoun@soth from electronic structure
ference contains N unit cells with N multiple of 3. and regio-selectivity in chemical reactiol’s° Our code(in-

As graphite intercalation compound$GIC’s] present dependently developed in Fortran)@@n hold runs for more
huge variations of physical and chemical properfissme than 500 atoms in ap basis, taking advantage of the spar-
studies have naturally been focused on doping nanotubesity of the density matrix. A geometry optimization is com-
with electron donor or acceptor atofis! Like graphite, pleted by minimizing the total energy following a Broyden
nanotubes should present an amphoteric character acceptiftetcher Goldfarb Shanno algorithm. Considering the atomic
or giving electrons to the added element. Recent studiegarameters, the lithium’s valence levels are described within
about lithium and potassium adsorption have confirmed this (2s2p°) atomic orbital scheme as it can be suggested by
tendency by showing an increase in the electronic conductivelectronic structure calculations concerning simple mol-
ity of halogen or alkaline doped SWNT*$Raoet al’*have  ecules like LiH(Refs. 21 and 22which show that a hybrid
also reported a shift of the Raman, mode when nanotubes orbital must be taken into account for Li bonding.
were exposed to alkaline atoms. Those observations make We focus our work on zig-zag tubes. A systematic study
clear the electron transfer between SWNT and the adsorbesh the effect of the tube chirality and radius will follow in a
element resulting from electronic and vibrational propertiesdetailed paper. All the tubes studied in this work were built
modifications. with a C-C distance of 0.142 nm and clusters were saturated

Focussing on molecular hydrogen interaction with nano-with hydrogen to avoid dangling orbitals on the tube edges.
tubes, theoretical and experimental studies show thaisH The tube’s length has been chosen in order to be near the
physisorbed in nanotubes materials with a global adsorptiononverging limit for the band gapgseven hexagonal units
energy less than 0.1 e¥/71% As the GIC’s are much more along the tube axjs When the adsorption process was simu-
reactive than graphite, alkaline-doped nanotubes should Hated, carbon atoms in the vicinity of the ad-atom were al-
good candidates for hydrogen storage with a low chemisorptowed to relax.
tion energy, avoiding a high pressure and low-temperature We present in Fig. 1 the evolution of the calculated band
physisorption regime for tubes filling. Nevertheless, recengap versus the tubes radius computed with our code and
experiment®!* concerning hydrogen storage by alkali- compare them to Hamada’s result¥Ve observe that the
doped nanotubes are controversial and the adsorbed hyd¥DDO calculation confirms the predicted property of a zero
gen amounts as well as the adsorption sites are not clearlyand gap for tubes with a circumference containing N unit
determined. Theoretical investigations can be useful to getells with N a multiple of 3. The calculated density of state
insights into the reaction mechanism and the adsorbed entier a zig-zag nanotube is displayed in Fig. 2 and clearly
ties. shows that NDDO computation gives a correct description
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Gap (102 Hy)

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

6 7 8 9 10 1 12 13 In this expressionAhl’=&,—&,, accounts for the energy
NofZ tubes difference between the HOM®@h) and the LUMO (')
states,nwrwsfw, is proportional to the square of the over-
lap integralS,, .. C,, andC,/, correspond to the compo-
Yhents of the HOMO and LUMO eigenstates for the reactants
relative to the atomic orbitals localized on the atoms labeled
pandu’. TheZg tube LUMO is displayed in Fig. 3, show-

for the electronic structure of the tube with the lowest unoc—Ing that the lobes are greater outside the tube than inside,

; . . . driving the overlap orbital and thus the adsorption process.
cupied molecular orbitafL UMO) and the highest occupied Moregver we canpsee that the tube’s LUMO p?haseg are an-
molecular orbitalHOMO) energies, respectively, located at tibonding ’along the tube circumference
—0.160 Hy and—'0.190 Hy. The top' of the valenge band is When lithium is adsorbed onto a graphene layer, we
composed of radla_l @ states (P orbltaI§ perpendlculgr o found a stable adsorption on top of a hollow gitexagon’s
the.tube surfaQeNhllg levels corresponding to tangentlapg centej at an equilibrium distance of 0.210 nm from the
orbitals are deep'er'm energy due to more important Orb'.talaraphene plane. In that case the electron transfer from Li to
overlapping as it is expected by first order perturba’uongraphene is 0.72 electron and the adsorption energy
theory following Eq.(1). . e —1.70 eV. These results are consistent with what we can

Local charge and molecular orbital spatial distribution ar

crucial to localize reaction centers and to get insights aboezxpect for GIC's containing alkaline atofffand give good
ucl 12 : get insig Ygreement with the work of Hankins®non the cluster

the chemical reactivity as the adsorption process and the i odel of lithium intercalated graphite using the MP2-RHF
teraction energy are driven by the frontier orbitals parameterRNhere RHE denotes relativistic Hortree-Epakalculation

[Eg. (1] (Ref. 23 We notice that symmetry of the adsorption site reveals that
bonding of lithium involves both its 2 and 2p orbitals. In
C;ch,zuw fact, if only s type orbital were involved in the interaction,
Eint= _ZW Nup' - 1) like it is the case of atomic H, the adsorption would arise on
top of a carbon atorf’
When adsorbed on a zig-zag tube, we found a stable ad-
028 £ TR TRITRTEAT AT sorption site outside and inside the tube with Li localized
' B above the center of the nearest tube’s hexagon. However, the
adsorption energy and the electron transfer depend on the
tube radius(Table ) and the side of the lithium approach

FIG. 1. Gap of zig-zag carbone nanotulgsplotted versus the
number N of hexagonal unit cells along the tube circumference. O
results(black squaresare compared to the results of Hamdgef.
4).
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TABLE |. Frontier orbitals(HOMO and LUMO tube’s ener-
] gies in Hartree(H), lithium adsorption energiegeV), and local
lithium charge for Li adsorption o, tubes with different radius.

PR LR

012 [
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0.08

!

41 , ,
008 49 Zy HOMO LUMO  Eeo  Eeo  Quo Qe
Ny : 1 Zg —-0.181 -0.142 —-446 -0.82 0.62 047
=12 s 08 06 0 02 9 02 Z; —-0.207 -0.143 -—-3.07 -0.63 0.64 0.60
Energy (Hy) Zs -0.190 -0.160 -3.05 -0.70 0.66 0.70
FIG. 2. Local densities of states on a central carbon atonZgf a Zg —-0.176 -0176 -470 -1.93 0.66 0.71
tube. The radiap-type orbitals(bold) are localized at the top of the Z10 ~ —0.182 —-0.173 -3.56 —-193 068 0.75
valence bandfull stateg and the bottom of the conduction band Zi; —-0.194 -0.161 -—-547 -0.15 0.68 0.77
(empty states The tangentialp type orbitals () are deeper in  Z;, -0.179 -0.179 -345 -390 0.68 0.77
energy for the full states while at the top of the conduction band forz, , -0.203 -0.160 —-240 -1.14 0.69 0.77

the empty states. The energy reference is the vacuum level.
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(endo-way or exo-waly The results in Table | show that the 760.5860 F N
electron transfer is a smooth varying function of the tube 2
radius and is always greater when lithium is adsorbed inside
the tube. A detailed analysis of the adsorbed lithium orbital :
populations reveals 0.103 electron for the Is vel while 760.5864 3
0.240 electron for @ orbitals when Li is adsorbed outside ’ 2
the Zg tube. Relaxation of carbon atoms during the adsorp-
tion process leads to an increase of the tube C-C distances i
the vicinity of the ad-atom. When the C-C bond belonging to 3
the hexagonal adsorption site is parallel to the tube axis, the -760.5867
increase is of X102 nm while it is of 10°° nm when the

C-C bond has a strong component along the circumference
Concerning the adsorption energy, its variation is nonmono-E tot (Hy)
tonic with the tube radius and we notice that the value for the i
exo-adsorption { 5.47 eV to—2.40 eV) is always greater -
than for the endo-adsorption—@3.90 eV to —0.63 eV). 3
This nonmonotonic evolution of the adsorption energy with ~ -760.5830 f
the tube radius could be due to the complex overlapping -
evolution of both the 8 and 2 lithium orbitals with the
tube’s LUMO lobes. This is confirmed as for atomic hydro-
gen interaction; our calculation predicts that the adsorption
energy smoothly decreases with increasing tube r&dius. 7605866 Fous v o0 o0, B80T 0L
Considering theZg tube, the equilibrium distance between Li 0055 006 0.065 0.07 0.075 0.08
and the tube’s wall is 0.265 nm when the ad-atom is inside
and 0.210 nm when it is outside. This is a general behavior

for the zig-zag tubes investigated here, and is directly related g, 5. Total energy of K adsorbed on a Liig nanotube (a)

to the lower binding energy for the endo-adsorption. Therynction of the Li-H distance.(b) function of the H interatomic
bigger electron transfer from the lithium to the tube in thegistance.

endo adsorption case reveals a backdonation process from

the tube’s orbitals to the emptyp2states of the ad-atom as
this phenomenon is amplified when the equilibrium distance
decreases.

From the total energy curves shown in Fig. 4, we can
estimate the vibrational frequenciescorresponding to the
radial Li-Zg stretching mode. We estimate=332 cm ! for
the endo-adsorption andv=467 cm'! for the exo-
adsorption, while we calculate=420 cm! for Li ad-
sorbed on a planar graphene molecule. The last computed
value is in close agreement with the experimental energy loss
obtained by neutron scatteririgear v=440 cm'!) for the
[001] L-phonon dispersion in Ligby Zabel?” These results
confirm the strong influence of the tube curvature on its ad-
sorption property as could be expected from the electronic
structure variations with tube shapé&. Simple consider-
ations can be advanced to explain these results by observing
the shape of the tube’s LUMO depicted in Fig. 3. Equation
(1) tells us that the greater the overlapping, the bigger the
chemical bonding and thus the adsorption energy. When
lithium approaches the tube’s surface by the exo-way, the
total overlapping will be greater than in the endo way for two
reasons: The first is that the tube’s LUMO lobes are bigger
and away one from each other due to the curvature compared
to the graphene case while these lobes are smaller and nearer
0.23 0.24 025 0.26 0.27 028 from each other for the endo-side. The second reason is the
sign changes of the LUMO lobes along the circumference.
This implies that the overall overlapping of the tube’s

FIG. 4. Total energy of Li adsorbed onZ nanotube function LUMO and lithium’s HOMO is greater on the exo-side than
of the radial Li-tube distance(a) exo-adsorption;(b) endo- on the endo-side.
adsorption. When considering the interaction of,Hvith nanotubes,
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we found the same behavior as for the graphene case, i.e. tg@ency neav=190 cm . When molecular hydrogen inter-
molecule is repealed from the tube’s wall both from the endaacts with predsorbed lithium on the exo-side of the tube we
and the exo-way. On the contrary, when lithium is pread-also find a stable molecular entity, and a systematic study of
sorbed, our calculation predicts a molecular adsorption ofhe Li-H, molecular complex as a function of the tube chiral-
hydrogen at 0.2 nm of the Li ad-atom. The adsorption energity and radius will be presented elsewhéfe.

is —0.50 eV when the lithium atom is preadsorbed inside |n summary, we found that lithium can be adsorbed inside
the tube and this value is quite constant with the tube radiussr outside carbon nanotubes with an adsorption energy de-
We predict that the molecular complex LiHk nearly sym-  pending on the radius of the nanotube and the side of the
metric with an electron transfer of 0.05 electron from eachad-atom approach. Lithium on carbon nanotube allows the
hydrogen atom to Li. The equilibrium geometry obtained forchemisorption of molecular hydrogen. Both adsorbed lithium
H, is 0.0694 nm instead of 0.0680 nm for the free moleculeand Li-H, complex should be observable by vibrational
Such an effect implies a decrease of thedtretching mode  spectroscopy. As we have investigated a low coverage
for the adsorbed molecule as the Hond decreases under [imit;” the effect of the dopant concentration on the surface
adsorption on the Li center. The total energyrve b pre-  reactivity should be investigated.

sented in Fig. 5 allows an estimation of the adsorbed H

stretching frequency ofr=4078 cm?! instead of v This work was supported by the French CNRS institute.
=4200 cm! for the free molecule. The curv@) corre-  F. Cenedese is specially thanks for is constant help concern-
sponds to a Li-H stretching mode characterized by a fre- ing the performance of our team’s Mac environnement .
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