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ABSTRACT

We investigate the potential for hydrogen storage of a new class of nanomaterials, metal −diboride nanotubes. These materials have the merits
of a high density of binding sites on the tubular surfaces without the adverse effects of metal clustering. Using the TiB 2 (8,0) and (5,5)
nanotubes as prototype examples, we show through first-principles calculations that each Ti atom can host two intact H 2 units, leading to a
retrievable hydrogen storage capacity of 5.5 wt %. Most strikingly, the binding energies fall in the desirable range of 0.2 −0.6 eV per H2

molecule, endowing these structures with the potential for room-temperature, near-ambient-pressure applications.

As one of the most abundant elements in the universe,
hydrogen is receiving increasing attention as an attractive
alternative to fossil fuels for clean energy.1 However, a
wealth of fundamental and technical challenges on hydrogen
storage and transport, such as high gravimetric and volu-
metric density, low cost, and safety, must be overcome before
a hydrogen fuel economy can be realized. Traditional
methods to store hydrogen include using compressed gaseous
or liquid H2, which demands high pressure and/or low
temperature, or using solids that adsorb H2. Various systems
have been proposed as potential storage media such as metal
hydrides, carbon nanostructures, and porous materials.1 For
instance, Ti(AlH4)4, Li3Be2H7, and Li3N can store up to 9
wt % hydrogen, but these materials either do no exhibit
reversibility or are reversible only at high temperatures (>520
K).2 To date, the most promising materials performing near
ambient conditions can only store up to 2.6 wt % H2 at 10
bar and 313 K, using bulk TiV2;1 this is still far below the
desired target of 6 wt % for practical automotive applica-
tions.3

In searching for an ideal H2 storage medium operating at
ambient conditions, several generic guidelines have been
emphasized. First, the material should be light, usually
consisting of first- or second-row elements only, and the
active sites for molecular binding have to be dense in order
to reach high storage capacity. Second, the material should

have molecular binding energies in the range of 0.2-0.6 eV/
H2 for retrievable storage and fast kinetics at room temper-
ature (RT), whichusuallycorresponds to intact H2 molecules
binding. This requirement effectively rules out many materi-
als. In particular, because H2 is a relatively inert molecule,
the storage materials must have active sites to achieve
considerable H2 binding strengths that are substantially
stronger than van der Waals attraction.

Because of their large surface-to-weight ratios, nanotubes
are attractive candidates for high-density hydrogen storage.
However, most nanotubes are chemically inert and cannot
bind molecules strongly. Earlier experiments reported con-
siderable H2 storage capacity of carbon-based nanomaterials,
but the highest storage capacity demonstrated was only 0.43
wt % at RT after excluding experimental errors.4 To
overcome the inert nature of intrinsic nanotubes, one expects
that significant improvements in H2 storage capacity can be
achieved for metal-doped nanotubes.5-7 Indeed, it has been
shown theoretically that a maximum retrievable H2 storage
density of 8.77 wt % with a binding energy of∼0.3 eV/H2

can be achieved on Sc-coated, B-doped fullerenes C48B12-
[ScH]12

5 and a capacity of 7.69 wt % on Ti-coated carbon
nanotubes (CNT).6 However, formation of metal clusters can
be energetically much more favorable than uniformly coated
ions, as pointed out, for example, for the Ti-coated C60

system.8 Such clustering, in turn, would substantially reduce
the storage capacities of the hybrid nanomaterials from the
maximal values.8

In this letter, we investigate a class of nanomaterials,
metal-diboride nanotubes, as potential new media for
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hydrogen storage. Because the metal atoms are a natural part
of the tubular structures, these materials have the merits of
high-density binding sites on the tubular surfaces, inherently
forbidding the tendency for metal clustering. Using TiB2 (8,0)
and (5,5) nanotubes as prototype examples, we show that
each Ti atom can host two H2 molecularly, leading to a
retrievable H2 storage capacity of 5.5 wt %. Most strikingly,
the binding energies just fall in the desirable range of 0.2-
0.6 eV per H2, rendering them the potential for room-
temperature, near-ambient-pressure applications. A detailed
electronic structure analysis shows that the strong molecular
binding stems from the resultant effect of local d-s orbital
hybridization and intermolecular electrostatic attraction.

Our study is based on first-principles calculations in the
framework of density functional theory. We use the VASP
code9 with ultrasoft pseudopotentials and employ both the
local density approximation (LDA) and the PW91 general-
ized gradient approximation (GGA)10 for the exchange
correlation functional. It is well-known that GGA under-
estimates and LDA overestimates the binding energies,7 so
a comparison of the two approaches is useful for extracting
reasonable results. We will generally quote only the GGA
results and, wherever appropriate, we will also comment on
the LDA results for comparison with experiment. In most
cases, spin polarization is not required, as the metal-diboride
nanotubes have zero magnetic moment; however, whenever
unpaired H atoms are involved, spin-polarized calculations
are employed to properly account for the magnetic moments
of the unpaired electrons. The TiB2 nanotubes are modeled
in a supercell geometry, with dimensions 25 Å× 25 Å ×
2L or 25 Å × 25 Å × L, whereL is the unit length along
the tube axis: for a (8,0) nanotubeL ) 5.5 Å, and for a
(5,5) nanotubeL ) 6.3 Å. A plane wave cutoff of 260 eV
andk-point sampling of 1× 1 × 3 or 1× 1 × 5 are used.
Gaussian smearing width is 0.15 eV. All the atoms are
allowed to relax until the forces have magnitudes less than
0.02 eV/Å.

Before adding H2, we note that the bulk MB2 compounds
(M ) Be, Mg, Ti, Sc, etc.) have been well established to be

in the AlB2 phase with intercalated layered structure. Here,
the boron atoms form anAA-stacked graphitic network, with
the metal atoms residing above the center of each hexagon.11

The MB2 compounds have interesting electronic and transport
properties, as exemplified by the high superconducting
transition temperature of MgB2.11 The naturally layered
structure has also motivated extensive investigations using
these materials as potential tubular archetypes.12-15 In all of
these studies, the M atoms were found essential in maintain-
ing the charge neutrality and the honeycomb geometry of
the B networks. This is captured by a simplified picture in
which the ionized M2+ atoms stabilize the negatively charged
B- sheets.14,16 Segregation of the M atoms is not possible
because such a process would break the whole material. Our
calculations show that it is at least 2.9 eV/Ti less stable if a
Ti atom is removed from the B hexagonal centers and forms
Ti clusters. This finding is qualitatively consistent with the
result of Zhao et al., who showed that the introduction of B
as dopants into C60 will substantially enhance the binding
energy of Sc from 1.8 to 2.7 eV, thereby diminishing the
clustering tendency of the Sc adatoms on the doped C60

surface.5 Moreover, the M2+ ions serve as the active sites
for molecular H2 binding.

When H2 is adsorbed on several MB2 nanotubes and the
isoelectronic LiBC nanotube,16 different binding strengths
are obtained. Specifically, BeB2 and MgB2 have H2 binding
energies (Eb) of about 0.03 eV, which is too small. On the
other hand, TiB2 and LiBC have significantly enhanced H2

binding energy of 0.35 and 0.12 eV, respectively. In contrast,
the binding energy of H2 on a standard CNT, BN nanotube
or B-doped CNT is much weaker (0.007, 0.002, and 0.013
eV, respectively). On ScB2, the adsorption of the first H2 is
dissociative, giving the largest binding energy (1.63 eV) for
this class of materials. Overall, TiB2 has the most suitable
Eb for retrievable H2 storage. Accordingly, we primarily focus
on this system below.

Figure 1 shows the optimized geometry of a single H2

molecule (a,b) and two H2 molecules (c,d) on a Ti atom of
a TiB2 (8,0) nanotube. The first H2 molecule is adsorbed on

Figure 1. Atomic structures for single H2 (a,b) and double H2 (c,d) adsorption on a TiB2 (8,0) nanotube. The H-H bond lies along the
tube axis (“|” configuration, a and c) or perpendicular to the axis (“⊥”, b and d), shown in both top and side views.
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top of Ti, lying flat, with the H-H bond aligned either along
or perpendicular to the nanotube axis, hereafter referred to
as the “parallel” (|) or “perpendicular” (⊥) configuration,
respectively (Figure 1a and b). The two alignments have
energies of 0.35 and 0.34 eV, with nearly identical Ti-H
and H-H bond lengths ofdTi-H ) 2.1 Å anddH-H ) 0.79
Å (Table 1). Configurations with random H-H directions
have energies in between, indicating that H2 molecules can
easily rotate along the azimuthal angle, with an energy barrier
of 0.013 eV. In contrast, a single H2 molecule with vertical
H-H alignment automatically desorbs, indicating a repulsive
interaction between the Ti and H2 antibonding states.

A single H2 molecule will not dissociate on the TiB2

nanotube. The dissociated configuration, where two H atoms
bind on the Ti bridge sites forming four Ti-H bonds, is 0.16
eV less stable than molecular adsorption and is likely
prohibited by a large energy barrier. This is different from
a Ti-coated CNT, where the first H2 is dissociated with a
large Eb ) 1.43 eV,6 but similar to the molecular H2
adsorption on Be-doped fullerenes (BeC35).7 It is therefore
interesting to explore the energetic landscape and the bonding
nature of the molecular H2 adsorption on TiB2. Figure 2
illustrates the potential energy surface with respect to the
H2 adsorption height (z) and the H-H bond length (strength)
upon H2 adsorption. It shows clearly that H2 can bind on
the tube for a large range ofz ) 1.7-4.0 Å anddH-H )
0.65-1.05 Å (the negative energy region). Pushing H2 closer
to Ti results in a sharp energy increase and a dramatic

elongation of the H-H bond, and finally splits the H2
molecule atz ) 1.6 Å due to large charge overlap. The
binding region extends toz > 4 Å despite the smallEb,
indicating that the H2 molecule is attracted by the long-range
electric field of Ti2+ beyond this point (z ) 4.0 Å). Similar
results have been found in Ni+-6H2.17 A detailed analysis
reveals that Ti binds H2 through the Dewar mechanism18 to
form Kubas metal-dihydrogen complexes,19 with 0.1 elec-
trons transferred from Ti to H2.

The binding of two H2 molecules to the same Ti atom is
shown in Figure 1c and d. Here, both of the adsorbed H2

molecules have been displaced from the top site by 1.1 Å.
The Ti-H bonds are shortened and the H-H bonds
elongated, compared to the case of single H2 adsorption
(Table 1). The corresponding adsorption energies are roughly
one-half of that for a single H2, and the perpendicular 2H2

adsorption configuration is 0.06 eV/H2 more favorable than
the parallel one. This is due to intersite electrostatic attraction
between a H2 molecule and a neighboring Ti: In the
perpendicular configuration, each H2 has two neighboring
Ti ions located only 3.0 Å away on the Ti rings around the
tube axis, while in the parallel configuration, each H2 has
only 1 Ti ion 3.9 Å away on one side. The counting is based
on the observation that a neighboring Ti only moderately
attracts a H2 molecule when the Ti-H-H complex forms a
planar geometry (roughly an equilateral triangle) but repels
a H2 molecule when the Ti-H-H complex forms a collinear
geometry, as in the case of the first H2 adsorption.

We have also carried out detailed calculations to show
that, when a third H2 molecule is adsorbed to the same Ti
site, the molecule will be repelled to a neighboring un-
occupied Ti. Furthermore, as the coverage increases further,
the H2 molecules can reach a uniform monolayer (ML)
configuration on the TiB2 nanotube. Here 1 ML is defined
by the condition that every TiB2 unit in the tube is occupied
by a single H2 molecule. Each H2 in the monolayer geometry
resembles the case of the first H2 adsorption, with a similar
binding strength of 0.33 eV.

Interesting results are achieved for 2 ML adsorption, where
each Ti binds two H2 molecules. The parallel configuration
forms a sunflower-like geometry (Figure 3a) and has a large
Eb of 0.20 eV/H2, higher by 0.06 eV (∼30%) than that for
single 2H2-Ti adsorption. This enhancement stems from the
fact that the 2H2-Ti units in a ring around the tube axis
polarize each other and facilitate significant intersite attrac-
tion. In contrast, the energy for the perpendicular configu-
ration is reduced to as small a value as 0.09 eV. This
reduction is caused by the lack of attractive neighboring Ti
ions, as well as the presence of strong inter-H2 repulsion
between nearest rings. We also note that a ring of perpen-
dicular 2H2 is not favorable because of the strong intersite
repulsion. According to the 18-electron rule,5 each Ti in the
TiB2 tube could bind a maximum of 5 H2 molecules (there
are six π-electrons from the negatively charged B- sheet
coordinated with each Ti atom, and two valence electrons
left in Ti; to form a closed shell, each Ti needs 10 more
electrons). Nevertheless, for the system studied here, the
concentration of H is much lower than that required by this

Table 1. Bond Lengths and Binding Energies Per Molecule for
H2 Adsorption on a TiB2 (8,0) Nanotube in Different Coverage
and Configurations [Parallel (|) or Perpendicular (⊥)]

1H2
| 1H2

⊥ 2H2
| 2H2

⊥ 1 ML| 1 ML⊥ 2 ML| 2 ML⊥

dTi-H (Å) 2.06 2.05 2.02 1.97 2.07 2.06 2.01 2.04
dH-H (Å) 0.79 0.79 0.81 0.83 0.79 0.79 0.83 0.82
Eb (eV) 0.35 0.34 0.14 0.20 0.33 0.33 0.20 0.09
Eb (eV)a 0.63 0.61 0.44 0.53 0.61 0.62 0.52 0.45

a LDA results.

Figure 2. Contour plot of the potential energy surface for H2

adsorption on a (8,0) TiB2 nanotube. The dashed line indicates the
minimum energy pathway for H2 dissociation. The binding geom-
etry is shown in the insert.
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rule because of the steric repulsion among the H2 units in
the dense adlayer and the sharing of electrons from H2 units
adsorbed on neighboring Ti atoms within a distance of 3.0-
3.3 Å from the Ti atom at focus.

To elucidate the physical origin for the above observations,
we plot in Figure 3b,c the projected density of states (PDOS)
and the charge density difference upon adsorption of 2 ML
H2 on a TiB2 nanotube. The TiB2 nanotube is metallic, with
dominant Tid states at the Fermi energy (zero), in agreement
with many calculations of MB2 nanotubes,12-14 although
Guerini and Piquini predicted TiB2 (6,0) to be a semiconduc-
tor.15 These states are responsible for broadening the H-H
bonding states from-11 to -6 eV and weakly perturb the
antibonding states around the Fermi level. From the charge
density plot, we clearly see that a Ti atom interacts with the
s orbitals of adsorbed H2 through thedxy and dyz states,
producing electron depletion (accumulation) ofdxy (dyz). As

a result, the H2 molecule is polarized, with electron gain on
the side near Ti and electron loss on the side away from Ti,
resulting in a net charge excess of 0.15e.The charge-transfer
facilitates intersite attraction between a negatively charged
H2 and the neighboring cations Ti2.3+; this attraction, in turn,
accounts for 30-40% of the binding energy to maintain the
high-density H2 monolayers.

In addition to its appealing geometry, the 2 ML H2

configuration on a TiB2 nanotube is also highly desirable
for practical purposes, as it stores 5.5 wt % H2. The calculated
GGA binding energy is∼0.2 eV/H2, thereby favoring RT,
near-ambient-pressure operations without metal clustering.
Using the LDA results (Table 1), this estimate is raised to
∼0.6 eV for single H2 and ∼0.5 eV for 2 ML; an
intermediate value between the GGA and LDA results is
most likely closer to the binding energies from experiment
and quantum Monte Carlo simulations.7 Furthermore, our
molecular dynamics (MD) simulations at RT show that a
TiB2 (8,0) nanotube can hold six more H2 per unit length
inside the tube, further increasing the capacity to 6.5%. For
comparison, we also studied the adsorption energetics of fully
H2-saturated ScB2 (8,0). A unit length of the ScB2 tube (16
ScB2 units) could adsorb a maximum of 32 H2 molecules.
Eight of them are found to adsorb dissociatively, forming
covalent Sc-H bonds, with an average adsorption energy
of 1.43 eV/H2; the remaining H2 adsorb molecularly, with
an average binding energy of 0.12 eV/H2, giving a reversible
H2 storage capacity of 4.3 wt %.

At this point, it is worthwhile to address various issues
that may prove critical in experimental realization of the TiB2

nanotubes for high-density H storage: (i) Various MB2

nanotubes have been predicted to be stable in a number of
previous studies.12-14 In particular, the cohesive energy is
6.0 eV for a TiB2 (8,0) nanotube per atom. Furthermore,
compared with the curvature energy cost of CNT (0.15 eV),
the low curvature energy cost (0.04 eV) makes a TiB2 tube15

energetically accessible, possibly by template synthesis or
film convolution, as discussed in ref 14.

(ii) Ti does not bind at the inner B wall of a TiB2(8,0)
nanotube. Instead, if one or more Ti atoms were placed at
the inner wall, the Ti-B network would break. Our calcula-
tions using larger nanotubes such as TiB2 (11,11) show that
the Ti-outside configuration is 0.10 eV/atom more stable than
the Ti-inside configuration. This contradicts the conclusion
of ref 14, where the Ti-inside configuration is predicted to
be more stable. We attribute the difference in stability to
the different interactions used in the two studies, namely,
the empirical tight binding method in the earlier study versus
the more accurate first-principles method in the present case.

(iii) Once formed, a TiB2 nanotube is rather stable. Our
MD simulations show that the (8,0) tube is stable up to
>1000 K.

(iv) The strong binding between nanostructures could
reduce the optimal H2 storage capacity because they form
into clusters and bundles.20 But the attraction between two
TiB2 (8,0) nanotubes is weak, only 0.027 eV/atom at the
nearest Ti-Ti distance of 3.0 Å. This makes it easy to have
well-separated TiB2 nanotubes for H2 storage. Interestingly,

Figure 3. (a) Relaxed geometry of 2 ML H2 adsorption on a (8,0)
TiB2 nanotube. The H-H bonds are parallel to the tube axis. (b)
PDOS contributed from a unit of TiB2 and adsorbed H2, containing
4 H, 1 Ti, and 2 B atoms. (c) Isodensity surface of the charge
difference between the total system and that for well-separated
nanotube and hydrogen subsystems, at levels of(0.05 e/Å.3

Electron accumulation/depletion regions are shown in blue(+)/red-
(-). For clarity, only isosurfaces around a Ti atom are shown in
the panels on the right.
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this is not the case for the AlB2 nanotube. Quandt et al.
predicted the most stable structure of AlB2 (6,6) nanotube
bundles,which have Al both inside the tube and between
the B walls, forming strong Al-B bonds. This agrees with
our finding that a single AlB2 tube is not stable (Al
segregates).

(v) During and/or after its synthesis, it is inevitable that
the TiB2 nanotubes will interact with residual gases in the
chamber, a process that might passivate the nanotubes before
H2 are introduced into the system. We calculated the
interaction of TiB2 (8,0) with the likely common gases in
an experimental setting and found that the binding strength
is medium. Specifically, the binding energy with a H2O
molecule and an (OH+ H) group is 0.82 and 2.22 eV,
respectively, while that for CO is 1.43 eV. Therefore, these
molecules can be removed at relatively low temperatures.

(vi) Finally, we have carried out detailed MD simulations
to show that indeed H2 desorbs intact during heating.

Before closing, we note that other types of TiB2 nanotubes
would have the same optimal hydrogen storage capacity as
the (8,0) tube. For instance, a (5,5) TiB2 nanotube can bind
H2 molecules strongly, with a binding energy of 0.47 eV (|)
and 0.30 eV (⊥) for single H2, and 0.24 eV/H2 for 2 ML
adsorption (|). The capacity might increase if the radius of
the nanotube changes, allowing more H2 molecules to bind
at the interstitial sites through long-ranged electrostatic
attraction. Moreover, our detailed calculations show that even
a freestanding planar layer of TiB2 can have appealing
properties for H2 storage. Here, the first layer of H2

dissociates, with an adsorption energy of 0.743 eV/H2; the
second layer of H2 adsorbs as intact molecules, with a binding
energy of about 0.17 eV/H2. The dissociated H atoms also
facilitate peeling off more freestanding TiB2 layers from the
TiB2(0001) surface, as indicated in experiment.21 In contrast,
a H atom in bulk TiB2 has a binding energy of 0.7 eV (with
reference to a free H atom) and is not stable. Considering
the binding energy of 4.5 eV in a H2 molecule, it requires at
least 4.5-0.7× 2 ) 3.1 eV to split a H2 and store it inside
bulk TiB2.

In conclusion, we have found that metal-diboride nano-
tubes and related nanomaterials have the merit of dense sites
for molecular hydrogen adsorption without the adverse effect
of metal clustering. Together, the predicted H2 storage
capacity of 5.5 wt % and the desirable binding energies of

0.2-0.6 eV/H2 make these materials appealing candidates
for room-temperature, near-ambient-pressure applications.
We have also examined the various issues that might be
encountered in experimental realization of these intriguing
predictions.
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