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Using ab initio spin density functional theory, we investigate the energetics and kinetics of Ti
clustering on both neutral and charged Cg, surfaces. We compare the formation energy of sparsely
dispersed zero-dimensional (0D), compact single-layered two-dimensional (2D), and clustered
three-dimensional (3D) Tiy configurations as a function of cluster size (N < 12) and further study the
transformation kinetics between them. We find that OD configuration is always less stable than that
of 2D and 3D configurations and 0D to 2D transformation involves in a single Ti diffusion process
with kinetic barrier of <0.7 eV. On the other hand, there exists a critical cluster size (N¢) of N
=5, below which 2D layers are preferred to 3D clusters. Hole- or B-doping greatly enhance the
Ti-fullerene interaction and lead to stronger dispersion of Ti atoms. Even so, for moderate charge
doping (less than seven holes) the critical size of Ti atoms on neutral Cg, surprisingly remains
unchanged or only slightly increases to N-=6 by B-doping. However, we find that the formation of
3D clusters may be hindered by a high kinetic barrier related to the process of single Ti atoms
climbing up a single Ti layer. This barrier is ~1 eV or even 1.47 eV for B-doped Cg, surfaces which
is high enough to stabilize larger 2D structures (N=N,) at low temperatures. These findings may
prove to be instrumental in stabilizing transition metal coated nanostructures and especially
homogeneously Ti-coated fullerenes, which are believed to be a very promising material for

hydrogen storage. © 2008 American Institute of Physics. [DOL: 10.1063/1.2981043]

I. INTRODUCTION

Hydrogen is considered as a promising and environmen-
tally friendly energy carrier for renewable energy. The com-
mercialization of hydrogen fuel has been hampered by the
lack of a safe, effective, and cheap storage media.'™ Carbon-
based materials,*” such as graphite and carbon nanotubes
(CNTs), have been suggested as good candidates for hydro-
gen storage because of their light weight and large surface
area. However, it turns out that in these carbon sp2 structures
the hydrogen binding energy originating from van der Waals
interactions between the respective inert components is very
weak and of the order of ~0.08 eV/H,. As a consequence,
under near ambient conditions the hydrogen storage capacity
is only ~0.1 wt %.° which is far below the gravimetric target
of 6 wt % proposed by the U.S. Department of Energy.7

Recent theoretical studies showed that hydrogen binding
to the surface of transition metals (TMs), especially Ti doped
carbon-based nanostructures® '’ and organic molecules' ™
is much stronger than to pristine carbon structures. The hy-
drogen binding energies of 0.1-0.6 eV/H, fall in the desir-
able range of being suitable for practical applications under
near ambient conditions.'* Theoretical calculations demon-
strated that the reversible hydrogen storage capacity reaches
up to 8.77 and 7.7 wt% on TM-doped fullerenes® and
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CNTs, ' respectively. In these proposed carbon nanostruc-
tures the TM atoms are sparsely distributed on the surface of
fullerenes or CNTs. In this paper we define this configuration
as zero-dimensional (0D), and we identify the close-packed
single layer on the curved surface as two-dimensional (2D)
structure, and a multilayered cluster as three-dimensional
(3D) structure. The question remains whether such a sparse
0D TM distribution is experimentally achievable. It has been
shown experimentally that among many TMs only Ti can
evenly coat the surface of single walled CNTs
(SWCNTs).">!'¢ Also, fullerenes doped with Ti and V appear
to be stable.!” However, so far there is no experimental evi-
dence showing it is actually possible to coat the surface of
CNTs or fullerenes with sparsely distributed (0D) layer or a
single homogeneous (2D) of Ti atoms. In fact, the transmis-
sion electron microscopy images of metal coated SWCNTs
clearly demonstrated that Ti atoms coat over CNTs in the
form of closely packed multilayers or clusters rather than a
homogeneous single layer.ls’16 The mass spectrum of Ti-
coated Cg clusters' indicates that Ti atoms form 2D or 3D
clusters on fullerene surfaces rather than OD. A previous the-
oretical calculation suggested that a single Ti layer on a CNT
is energetically stable and the shape of the CNT is strongly
distorted by the Ti layer.18 On the contrary, another theoret-
ical calculation concluded that a 3D Ti cluster is energeti-
cally much more favorable than that of 0D by comparing the
formation energies of 12 Ti atoms in a sparse distribution and
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in a partial-icosahedron cluster on C60.19 However, there are
no theoretical studies which thoroughly discuss this topic. In
order to determine whether a given atomic configuration is
achievable or not, both energetics and kinetics of the forma-
tion process on an atomistic level have to be considered.

Besides TM doping, another way to enhance hydrogen
binding on fullerenes is to make use of the charging effect.”’
The charge states of fullerenes can be controlled by ion/
electron bombardment, laser desorption, chemical doping,
electrochemical doping, etc.*® The hydrogen binding en-
ergy on both positively and negatively charged fullerenes
increases quadratically with the net charge. Therefore, the
hydrogen binding energy of 0.18—0.32 eV/H, with a hydro-
gen storage capacity as high as 8.04 wt % can be achieved
on a charged fullerene.”® The enhancement is attributed to
the polarization of hydrogen molecules by the high electric
field generated near the surface of a charged fullerene, which
is delocalized due to the delocalization of the extra charges.

Our main goal of this paper is to understand to what
extent and under which circumstances Ti coating on
fullerenes is stable against clustering. In order to address this
issue, we systematically compare the formation energies of
0D, 2D, and 3D Ti configurations on Cg surfaces and study
the transformation kinetics between them. This study bridges
the gap between theoretical idea of wusing Ti-coated
fullerenes as hydrogen storage media and experimental pro-
duction of the theoretically designed systems.

This paper is organized as follows. In Sec. I we present
the modeling and calculation methods used in this study. In
Sec. III we present data and results. In Sec. III A we explore
the energetics of Ti clusters as a function of cluster size (N),
i.e., the number of Ti atoms (N<12), on neutral and charged
Cgo surfaces. There, our goal is to compare the structural
stability of different Ti configurations of 0D, 2D, and 3D. In
Sec. III B we extend this study to B-doped Cg,. Section III C
discusses the kinetics associated with transformations from
0D to 2D and from 2D to 3D Ti configurations on neutral
and charged Cg, surfaces. The kinetic barriers of different
processes are compared to each other. Section IV is for dis-
cussion and conclusion.

Il. MODELING AND CALCULATION METHODS

Our ab initio spin density functional calculations were
performed using the Vienna Ab-initio Simulation Package
(vasP),”” with the exchange-correlation potential described
by the Perdew—Wang version of gradient generalized
approximation.28 We employed the projector-augmented
wave pseudopotentials29’30 to describe the interaction be-
tween ion cores and valence electrons. The energy cutoff for
the plane-wave basis set was 400 eV. All considered struc-
tures were relaxed, without any constraints, until the force on
each atom was less than 0.01 eV/A.

For selected cases, we compared spin-polarized results
with non-spin-polarized results. We found that spin-polarized
calculations are necessary for these systems with unsaturated
TMs. For instance, the total magnetic moment of the 0D
sparse configuration of 12 Ti atoms above 12 pentagons of
Cgo is 30up, and the energy difference between spin-
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polarized and non-spin-polarized results is ~5 eV. For each
structure, we considered different spin coupling between the
Ti adsorbates and chose the state with the lowest energy as
the ground state. The energy barrier calculations were per-
formed by using the Nudged Elastic Band (NEB)
method” ™ with a climbing image as implemented in VASP.
We inserted four replicas between the initial and final states
and relaxed the atomic positions until the atomic force acting
on the images is less than 0.01 eV/A in magnitude.

In calculating the energy of a charged cluster, a uniform
background charge was introduced to keep the system charge
neutral within a supercell. The spurious electrostatic interac-
tions due to the introduction of the uniform background
charge, and that associated with the long-range interaction
between different supercells, were corrected with monopole
and multipole terms using the schemes implemented in
vASP. % We carefully monitored each correction compo-
nent with respect to the supercell size. We choose a 22
X 22%22 A cubic supercell and energy convergence has
been carefully checked. If Cg is charged with more than two
electrons, fictitious states, stemming from spurious interac-
tions between adjacent charged images due to periodic
boundary conditions, appear near the Fermi level and cause
unphysical effects for highly negatively charged fullerenes.”
Therefore we limited our studies to Cg,? systems with —2
<g=06, where ¢ is the net charge of the system. The Tiy
cluster binding energy per Ti atom (E,) on the surface of Cg
is defined as E,=[E(Cg)+N X E(Ti)—E(TiyCgy)]/ N, where
E(TiyCgp) is the total energy of the TiyCgy complex and
E(Cgp) and E(Ti) are the energies of an isolated Cg and a Ti
atom, respectively. A positive E), corresponds to an exother-
mal adsorption process.

lll. ENERGETICS OF Ti CLUSTERS AND KINETICS
OF THEIR FORMATION PROCESSES

A. Energetics of Ti, clusters on neutral and hole-doped
Ceo surfaces

Figure 1(a) shows the three most stable configurations of
a single Ti atom on the surface of Cg,. The most stable ad-
sorption site is above a hexagonal ring, with a binding en-
ergy of 2.50 eV, while the adsorption above a pentagonal
ring and a carbon double bond is less favorable by 0.50 and
0.67 eV, respectively. On positively charged fullerenes (g
>O),20_26 the Ti binding energy increases nearly linearly
with the net charge as it is shown in Fig. 2(a). On the other
hand, on negatively charged fullerenes (¢ <0) (Refs. 20-26)
the Ti binding energy remains similar to that of a neutral
system. This is because Ti prefers to donate electrons to the
fullerene cage since it is more electropositive than C. There-
fore Ti can donate more electrons to a positively charged
fullerene, resulting in a stronger Ti-fullerene interaction,
while it donates less electrons to a negatively charged
fullerene, compensating the charge effects. We would like to
emphasize that unlike in the case of molecular hydrogen in-
teracting with charged fullerenes where the binding energy
enhancement originates from the polarization of hydrogen
molecules,zo Ti atoms directly form chemical bonds with the
fullerene. The possible polarization of Ti atoms is negligible
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(a) N=
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FIG. 1. (Color online) The lowest energy structures and the Ti binding
energy per Ti (in eV) of neutral TiyCg, complexes for (a) N=1, (b) N=2, (c)
N=3, (d) N=4, and (e) N=5. C and Ti atoms are denoted by yellow and
magenta balls, respectively.

in its effect. Thus the Ti binding energy does not increase
quadratically with the net charge unlike in the case of hydro-
gen molecules.”’

Two Ti atoms prefer to dimerize rather than be sepa-
rately distributed [see first two panels of Fig. 1(b)] because
the Ti-Ti interaction is much stronger than the interaction
with the fullerene. The Ti binding energy of two separately
distributed Ti atoms [right panel of Fig. 1(b)] is similar to the
binding energy of a single Ti atom. The energy difference
between the dimer and the sparse distribution is 1.06 eV on a
neutral fullerene surface. This difference decreases linearly
as the number of holes on the fullerene increases, as pre-
sented in Fig. 2(b). If there are more than two holes (¢>2)
the relative stabilities are changed and the separated distri-
bution becomes energetically more favorable than the dimer,
i.e., the Ti-fullerene interaction becomes stronger than the
Ti-Ti interaction. Three Ti atoms show a similar behavior;
they prefer to form trimers on neutral Cg, [first two panels of
Fig. 1(c)] and for ¢>3 the sparse distribution [right panel of
Fig. 1(c)] becomes more stable.

Here we note that the stability of the TiyCq, complex is
dependent on adsorption sites and spin coupling as well. For
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FIG. 2. The binding energies per Ti atom in the TiyCq, complexes as a
function of net charge. (a) N=1. Binding energies of a Ti atom positioned on
top of a hexagonal or pentagonal site. (b) N=2. Binding energies of a Ti
dimer [left panel of Fig. 1(b)] and the separated distribution [right panel of
Fig. 1(b)]. (c) N=4. Binding energies of 2D layer [left panel of Fig. 1(d)]
and 3D cluster [middle panel of Fig. 1(d)]. (d) N=5. Binding energies of 2D
layer [left panel of Fig. 1(e)] and 3D cluster [middle panel of Fig. 1(e)].

instance, the three Ti atoms prefer to locate on top of the
same hexagonal ring rather than on different rings in order to
minimize the strains in the complex. The spin coupling be-
tween Ti atoms shows complicated behavior, which is deter-
mined not only by interactions between Ti atoms but also by
their adsorption sites. The total magnetic moments of a Ti
atom are 2.0up, 4.0up and 0.0up for a Ti located above the
hexagon, pentagon, and double bond, respectively. A Ti-
trimmer has a net magnetic moments of 6.0up for a sparse
distribution [right panel of Fig. 1(c)] and 2.0u; for a
compact-layer structure shown in the left panel of Fig. 1(c).
Depending on its spin coupling, various magnetic states are
possible and the energy differences between these states are
typically less than 0.2 eV. In general, the ferromagnetic cou-
pling between Ti atoms is always energetically preferred if Ti
atoms are homogeneously and sparsely distributed on Cgy
surface, while the antiferromagnetic coupling is preferred for
a compact configuration. In considering energetics we al-
ways choose a spin state with the lowest energy for each
configuration.

For the Ti,Cgqy complex, we denote 2D layer structures
by N=4 and 3D clusters by N=3+1. Among all configura-
tions, the layer structure shown in Fig. 1(d) is the most stable
with a total energy gain of 0.22 eV relative to that of the 3D
cluster. No changes in the relative structural stability be-
tween 2D and 3D structures are observed by changing the
amount of net charge (¢ =<6); the Ti binding energies of the
2D layer and 3D cluster increase with nearly the same slope
as the positive charge increases [Fig. 2(c)], indicating that
extra charges have similar effects on both structures. In the
case of five Ti atoms the 3D cluster (N=4+1) becomes more
stable than the layer structure (N=>5) [see Fig. 1(e)] and there
is no change in the stability sequence of 2D layer and 3D
cluster with respect to net charge [see Fig. 2(d)]. In general,
if N is larger than or equal to the critical size (N-=5), the 3D
cluster is energetically more stable than the 2D layer inde-
pendently of hole doping (g <6).

The binding energy of compact Ti configurations signifi-
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FIG. 3. (Color online) Three configurations of Ti;»Cg, (a) homogeneous
distribution, (b) 3D cluster, and (c) 2D layer structure. E, is the binding
energy per Ti atom and AE is the total energy with respect to the energy of
configuration (b). (d) Ti;, 3D cluster on Cy 4B, surface. B atoms are denoted
by dark gray balls. (¢) Binding energy per Ti atom as a function of net
charge for Ti;,Cg, complexes shown in (a)—(c).

cantly increases with increasing cluster size because of a rise
in the coordination number. On the other hand, the binding
energy of the sparse distribution (0D) only slightly changes
with the number of Ti atoms (as seen from Fig. 1). Therefore,
the energy difference between the 0D configuration and the
3D cluster increases significantly with the number of Ti at-
oms and the sparse distribution becomes highly unstable at
large N. The largest cluster we consider in this study is Tij,.
Twelve Ti atoms can form the OD configuration by homoge-
neously occupying the 12 pentagon sites on Cg (Refs. 8 and
37) [Fig. 3(a)] or form the 3D cluster of a partial icosahedron
frame'’ [Fig. 3(b)]. Besides these two geometries, we also
consider the 2D layer structure which is shown in Fig. 3(c).
The 0D distribution is less stable by 25.03 eV in total energy
(AE) than the 3D cluster, in agreement with the result of Sun
et al."”’ The energy difference of the 2D layer structure and
the 3D cluster is much smaller; the 3D cluster is energeti-
cally more favorable by 5.23 eV in total energy. By hole
doping, the total energy differences between the OD distribu-
tion (or 2D layer) and the 3D cluster decrease with increas-
ing net charge, as shown in Fig. 3(e). For instance, the total
energy difference of the OD and the 3D cluster at g=5 is
11.62 eV, which is smaller by 13.41 eV than that of the neu-
tral state. By extrapolating the curves in Fig. 3(e), it can be
seen that relatively highly charged states (¢=9) are required
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to reverse the stability of these two structures. The total en-
ergy difference between the 2D layer and 3D cluster de-
creases even slower with increasing net charge as shown in
Fig. 3(e), and an even higher charge state is required to
change the structural stability sequence. However, it is diffi-
cult to reach and maintain such high charge states.

B. Energetics of Tiy clusters on boron-doped
Ceo surfaces

We now consider B-doped carbon fullerenes, where the
charge neutrality of the system is maintained. Nevertheless,
substitutionally doped boron induces a spatially localized
hole, which generates a strong Ti-binding site. Therefore,
effective role of B-doping turns out to be very similar to that
of hole doping. As an example, we take C,4B;,, which is
isoelectric to Cyy'** (Ref. 25). Here, the introduced holes are
spatially localized at B sites and the TM binding energy in-
creases on the B-doped Cg, surface.

If a Ti atom is located on top of a hexagonal ring con-
taining one or two B atoms, the binding energy is more than
~2 eV higher than that of Ti on pristine Cg,. This high en-
ergy gain originates from a stronger hybridization between Ti
and cage orbitals upon boron doping. After Ti adsorption, the
charge on the B atom closest to Ti is increased by 0.05 elec-
trons, indicating a local charge transfer from Ti to B atom.
This promotes a strong hybridization between the delocal-
ized Ti d orbitals and C,4B,, orbitals (highest occupied mo-
lecular orbitals and lowest unoccupied molecular orbitals).
For five Ti atoms, the 3D cluster (N=4+1 configuration)
becomes slightly less stable than the 2D layer because the
topmost Ti atom of the 3D cluster can hardly take advantage
of the extra charge near B sites. Therefore, in this case the
critical size takes the value of N-=6. This phenomenon is
closely investigated by comparing the occupation numbers of
individual atomic orbitals, which were calculated by project-
ing the wavefunction onto spherical harmonics centered on
individual atoms. We especially focus on the amount of
charges of each Ti atom on C44B;, and on Cg,. The amount
of charges of a single Ti atom on C4gB, is smaller than that
on Cg4 surface by 0.06e in 2D layer structure, i.e., the Ti
donates more electrons to C44B, comparing to the case of
pristine Cg. On the other hand, in 3D clusters, the amount of
total charge of the topmost Ti atom is almost the same for
both pristine and B-doped cases, i.e., once Ti atom is at the
second layer it mainly interacts with other Ti atoms and there
is no significant interaction with carbon cages.

For neutral Ti;,CyB, complexes, the average binding
energy per Ti atom of the OD configuration is 0.95 eV higher
than on pristine Cq,. However, there is no change in the
relative stability between 2D and 3D structures for 12 Ti
atoms; the 3D cluster is still the most favorable configura-
tion. The total energy difference between the OD distribution
(or the 2D layer) and the 3D cluster is 18.83 (or 4.37) eV
reduced by 6.20 (or 0.86) eV compared to that on pristine
Cgo- The average Ti binding energies of three Ti;,CysB5
complexes (0D distribution, 3D cluster, and 2D layer) as a
function of net charge are similar to the corresponding
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Ti;,Cgqo complexes. In the case of high charge states, g>7,
the 0D is more favorable than the 3D cluster.

To summarize, the above calculations show that both
hole doping and B-doping can help to stabilize both the 0D
distribution and the 2D layer structure. Nevertheless, if N
>N (N being the critical size of the neutral complex) and
q <, energetically, the 3D Ti cluster is still the most favor-
able configuration. However, the total energy is not the only
factor that determines whether a given configuration is likely
to be observed, we also need to consider kinetic effects.

C. Kinetics of Tiy cluster formations on neutral, hole-,
and B-doped Cg, surfaces

The transformation of 0D sparse distribution to 2D layer
involves in a Ti atom diffusion on Cg surfaces. The diffusion
barrier of a single Ti atom diffusing from a hexagonal to an
adjacent pentagonal site on the surface of Cg turns out to be
0.78 eV, whereas the barrier in the reverse direction is only
0.28 eV. Therefore, it is relatively easy for a single Ti atom
to diffuse from a pentagonal site to one of its adjacent hex-
agonal sites. The diffusion barrier between two adjacent
hexagons on Cg turns out to be 0.71 eV.

To investigate the kinetics of 3D Ti cluster formation we
assume that the Ti atoms are initially homogeneously depos-
ited on the surface of pristine C¢, forming mostly layer struc-
tures at low and medium coverages. The transformation pro-
cess from a 2D layer to the energetically more favorable 3D
cluster of N= N always starts with a single Ti atom climb-
ing up a single Ti layer. Using NEB methods, we calculate
the energy barriers at the critical size N-=35, i.e., the transi-
tion barriers from the N=5 to the N=4+1 structure for two
possible transition mechanisms: direct hopping and position
exchange as illustrated in Fig. 4(a). The energy barriers of
these processes are 0.98 eV [see Fig. 4(b)] and 1.04 eV, re-
spectively.

Next, we consider how hole doping affects the kinetics
of the Ti-cluster formation. On a positively charged Cg sur-
face, the Ti binding energy increases linearly with increasing
net charge, while the kinetic barriers only change by a small
amount. For example, the direct hopping barrier of the N
=5 to N=4+1 formation process at g=3 is 0.93 eV, which is
even smaller than the barrier of the neutral system (¢=0). At
a first glance this seems counterintuitive because one would
expect that higher binding energies at the local minima result
in a higher kinetic barrier. However, the homogeneously dis-
tributed extra charges enhance not only the Ti binding ener-
gies of local minima but also the binding energies of inter-
mediate states as well. This results in a similar or even lower
barrier height compared to that of the neutral system.

In contrast to simple hole doping, B-doping significantly
increases kinetic barriers. The kinetic barrier of the N=5 to
N=4+1 process on Cy3B;, increases to 1.47 eV [see Fig.
4(c)], which is 50% higher than the barrier on pristine Cg,.
This can be explained as follows. The holes introduced by
B-dopants are localized near their respective B sites (unlike
in the case of hole doping where extra charges are delocal-
ized on the surface) and thus the Tis cluster binds stronger
near B-dopants. Especially, the charge-induced stabilization
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FIG. 4. (Color online) (a) Two possible mechanisms of 2D layer to 3D
cluster transformation for TisCy, complex, i.e., direct hopping (left) and
position exchange (right). Both processes have similar kinetic barrier
heights. Energy barriers of direct hopping for TisCg (b) and for TisCygB >
(c).

effect on Ti configurations acts locally as discussed in Sec.
IIT B. Consequently, the 2D layer, which is the initial state of
the transformation process, and transitions states close to
dopants are lowered in energy, while far away lying transi-
tion states and the 3D cluster state are not affected. Thus, the
kinetic barrier of the transition process effectively increases.
Figures 4(b) and 4(c) show how the kinetic barrier rises by
~0.5 eV due to the lowered energy of the initial state. Fur-
thermore, due to the stronger interaction between Ti and
B-dopants, the shape and the adsorption site of the Tis 2D
layer and 3D cluster on CygB, are different from those on
pristine Cg,. In fact, also the fullerene cage is slightly dis-
torted by B-doping. Such changes in the geometry during the
N=5 to N=4+1 process also contribute to a higher energy
barrier. The increase in the kinetic barrier significantly re-
duces the probability of a 2D to 3D structure transformation
on B-doped fullerene surfaces at a given condition.

IV. DISCUSSION AND CONCLUSION

In deciding an achievable, best (transition) metal coating
configuration for use as hydrogen storage, there are two main
factors to be considered: its structural stability as well as its
chemical activities to hydrogen molecules.

In terms of structural stabilities, as discussed in the pa-
per, both 2D and 3D Ti configurations are energetically much
more stable than 0D configuration, which is due to high co-
hesive energies of Ti atoms. Thus, OD structure can be pre-
served only if kinetic process prevents aggregation of Ti at-
oms. We found that diffusion of a Ti atom on Cg, surface, a
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process required for OD to 2D transformation, has a barrier
height of <0.7 eV, which is smaller than the energy barrier
of 2D to 3D structure transformation, which is =1.0 eV.
This clearly shows that comparing to 0D structure, 2D layer
is not only energetically more favorable but also kinetically
easier to be preserved. In order to preserve 0D structure, on
the other hand, all processes, which include Ti coating and
fuel-cell operation, should be done at a very low temperature
with very low metal deposition flux. The temperature should
be low enough to prevent any Ti atoms to overcome the
diffusion barrier of ~0.3 eV during the experimental time.
We expect that boron doping helps to stabilize the OD con-
figuration by increasing Ti diffusion barrier, which has a
similar mechanism of increasing adatom climbing up barrier
in 2D to 3D transformation.

Some TMs produce too strong hydrogen binding sites in
their OD configuration, which results in either the dissocia-
tion of H, or a too strong H, binding energy and greatly
reduces the hydrogen storage capacity at ambient conditions.
Three-d TMs, for example, can hold two to four hydrogen
molecules per atom,® where the dissociation of the first hy-
drogen molecule always occurs. A single Ti atom on Cg
binds up to four dihydrogen molecules®'” and a Ti-dimmer
binds 16 H atoms where 10 atoms remain in molecular
form."” We also investigated the interactions between hydro-
gen molecules and the Ti 2D structures. Our study shows that
the hydrogen binding to a small Ti cluster sensitively de-
pends on the initial configuration of hydrogen near the clus-
ter. The Ti-dimmer configuration we considered, for instance,
can contain up to nine H, molecules with a binding strength
of 0.44 eV/H, and only one H, molecule being dissociated.
A Ti-trimmer binds 12 H, in molecular form with a binding
energy of 0.28 eV/H, and a four Ti layer can bind 15 H,
with 12 in molecular form, corresponding to a reversible
storage capacity of 3H,/Ti. In summary, the hydrogen bind-
ing capacity of a small 2D Tiy configuration (N<5) is as
good as that of OD. Therefore, we conclude that a small 2D
Tiy layer is the most interesting configuration for use as hy-
drogen storage, considering its structural stability and chemi-
cal activity.

Next, we discuss the materials consisting of finite num-
ber of organometallic complexes. There, the interactions be-
tween dipoles may prevent two TM atoms on two separated
Cgp from sticking to each other’ but they may stick to each
other depending on the material phase and strength of the
induced dipole moments. The coalescence of two or more
TM-decorated fullerenes by sharing metals will reduce their
active sites available for hydrogen.38 Such issues are the in-
teresting topics to be addressed in the future studies.

In conclusion, we investigated the energetics and kinet-
ics of Ti clustering on both neutral and charged Cg surfaces
using ab initio spin density functional theory. First, we stud-
ied the energetics of Tiy clusters as a function of the number
of Ti atoms (N=<12). We found that there exists a critical
cluster size, N-=5, below which 2D layer structures are pre-
ferred to 3D structures. Hole- or B-doping greatly enhance
the Ti-fullerene interaction. Even so, for moderate charge
doping (less than seven holes) the critical size of Ti atoms on
neutral Cg surprisingly remains unchanged or only slightly
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increases to N-=6 by B-doping. However, we found that 3D
cluster formation is hindered by a high kinetic barrier related
to the process of single Ti atoms climbing up a single Ti
layer. This barrier is ~1 eV or even 1.47 eV for B-doped Cg,
surfaces which is high enough to stabilize larger 2D struc-
tures (N=N,) at low temperatures.

At higher temperatures this new effect may not be suffi-
cient to prevent clustering of Ti atoms on Cg, surfaces. How-
ever, other metals with a lower cohesive energy but also a
strong interaction with the surface of Cg, could produce ho-
mogeneously single-layer coated or sparsely coated
fullerenes at higher temperature. There, charge effects might
stabilize 2D layer structures to a much stronger extent and up
to higher critical numbers. One candidate could be Sc. The
fullerene binding energy of single Sc is almost the same as
that of Ti,g’lo‘3 ? while its cohesive energy is 3.90 eV,4O about
1 eV smaller than that of Ti. Our study may prove to be
instrumental in stabilizing TM coated nanostructures and es-
pecially homogeneously Ti-coated fullerenes, which are be-
lieved to be a very promising material for hydrogen storage.
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