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Ionization-induced enhancement of hydrogen storage in metalized C,H, and Cs;H; molecules
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The capacity of Li,C,Hj and TiCsHZ as hydrogen storage media is studied using first-principles density-
functional theory. The present results indicate that these complexes not only enhance the metal bond strength
but also increase the number of nondissociative hydrogen molecules attached. The adsorption capacity of
Li,C,H}(27.5 wt %) is doubled compared with that of Li,C,H,. The enhanced electrostatic field around the Li
atom originating from the increased charge transfers from Li to C,Hj accounts for the high capacity. For
TiCsHZ, the first H, is adsorbed in molecular form, while it is adsorbed dissociatively on the TiCsHs complex.
This is due to the favorable overlap of the highest occupied molecular orbital of Ti and the lowest unoccupied
molecular orbital of H,. Furthermore, the number of adsorbed H, on TiCsHj is limited to only four, whereas
the number increases to five on TiCsHZ. The availability of the d.2 orbital of Ti in TiCsHZ has been found to
be responsible for the fifth H, adsorption with a hydrogen uptake of 8.1 wt %. It is demonstrated that
controlling the charge state of the metal-organic molecules may play a significant role in the search for

hydrogen storage media.
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I. INTRODUCTION

Recently, the search for the promising hydrogen storage
media has attracted increased attention.'> The (U.S.) Depart-
ment of Energy target for the ideal hydrogen storage material
is that the gravimetric storage capacity of hydrogen should
reach 9 wt % by 2015.° Although much effort has been de-
voted to the design and study of novel materials with the aid
of high-performance supercomputers and sophisticated
quantum-mechanical method, the main obstacles lie in poor
reversibility and low-gravimetric storage capacity under am-
bient conditions.”

Recently, carbon-based nanostructures have been the fo-
cus of intensive studies in many areas due to their light
weight and many interesting properties. In particular, orga-
nometallic molecules based on fullerenes (especially Cg)
have been widely studied for their application in hydrogen
storage.}~!14 Cy spheres coated with transition metals (TMs)
have been found to be able to store large quantities of hydro-
gen. However it has been found that most TM atoms tended
to form clusters on the surface of the Cg.'> On the other
hand, alkali metals such as Li can coat uniformly due to the
cohesive energy of Li being substantially smaller than that of
transition metals. Hydrogen molecule physisorption, how-
ever, is rather weak with a binding energy of only a few
meV/H,, well below the ideal energy window of 0.2
~0.6 eV. A very recent study'® has shown that Ca is supe-
rior to all metallic-coating elements on Cg, suggested so far.
Cas3,Cqy gives rise to high electric fields (~2.4
X 10" V/m) and shows a hydrogen uptake of >8.4 wt %.
In addition, derivatives of Cg, such as C,H, (Ref. 16) and
CsHs,'7!8 have been predicted to be potential bases for high-
capacity hydrogen storage due to the C=C bond and cyclo-
pentadiene ring mimicking similar structures in Cg that bind
light-metal atoms. Calculations have shown that the ethylene
molecule should be able to complex with two Li atoms (via
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an electrostatic mechanism) and with two TM atoms (via
Dewar coordination) (Ref. 19) reaching hydrogen adsorption
capacities of 16 and 14 wt %, respectively.

On the experimental side, a Li,C,H, complex success-
fully formed by laser ablation exhibited 12 wt % uptake of
H, with rapid kinetics at room temperature.’’ However, each
Li and Ti atom could bind only two and four hydrogen mol-
ecules in LiC,H, and TiCsHs, respectively. This is in clear
contrast to isolated Li* and Ti* atoms which can bind at least
12 hydrogen atoms in molecular form.’

In this paper, we show that Li,C,H] and TiCsHZ com-
plexes can improve the capability of hydrogen storage. First,
due to more valence electrons transfer from metal atoms to
the charged templates, the bond strength between the Li (Ti)
atom and the C,H; (CsHZ) template is enhanced. Second,
according to the mechanism of the metal-H, interaction, i.e.,
Kubas?! or electrostatic interaction, the maximum number of
hydrogen molecules adsorbed is determined by the intensity
of the electrostatic field and the 18-electron rule.?> The ionic
processes, by enhancing the degree of polarization of the Li
atom and by reducing the number of electrons in the TiCsHs
system, would lead to higher capacity for H, molecule ad-
sorption. In the current work, we have not considered the
overall charge neutrality of the materials used for adsorbing
hydrogen since our intention is to understand the mecha-
nisms of adsorption. Clearly, charge neutrality would be a
consideration in the engineering of practical materials for
hydrogen storage.

II. COMPUTATIONAL DETAILS

The numerical calculations were performed using all-
electron density-functional theory (DFT) at the level of the
generalized gradient approximation (GGA) (Refs. 23 and 24)
using the Perdew-Burke-Ernzerhof? exchange-correlation
functional. A double numerical-polarized (DNP) (Ref. 26)
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FIG. 1. (Color online) Optimized geometries of (a;) Li,C,Hy,
(az) LizCzHZ, (33) LizCzHI(Hz)g, (b]) TiC5H5, (bz) TICSHg, and
(bs) TiCsHZ(H,)s along with important bond lengths (A).

basis set that includes all occupied atomic orbitals plus a
second set of valence atomic orbitals plus polarized
d-valence orbitals was employed. In the self-consistent-field
calculations, the electronic-density convergence was set to
1X107° ¢/A3. The convergence criteria during geometry
optimization were 107> Hartree for the energy, 2
X 1073 Hartree/A for the force, and 10™* A for atomic dis-
placements. For all the obtained structures, we performed
normal-mode analysis to check whether the structures opti-
mized without any symmetry constraints were true minima
on the potential-energy surface. To test the validity of the
above convergence parameters, the calculated properties of
neutral and charged ethylene molecules have been compared
with previous work. The three main vibrational normal
modes, CH, wag (934 cm™') and CH, stretch (3146 and
3249 c¢m™'), were in satisfactory agreement with the experi-
mental results:>” 949, 2989, and 3105 cm™!, respectively.
The ground-state geometric configuration of C,H; was found
to include a twist with an angle of 36.5°, which has been
predicted by theoretical studies and  confirmed
experimentally.?®?° The ionization potential, the energy dif-
ference between the optimized neutral C,H, and its posi-
tively charged counterpart, was 10.3 eV in accord with the
experimental result of 10.5 eV.3® All computations are imple-
mented in the DMOL? package (Accelrys Inc.).3!

III. RESULTS AND DISCUSSIONS

A. Configurations and electronic structures of Li,C,Hj and
TiCsHZ

We first optimized the equilibrium structures of Li-coated
C,H} and Ti-coated CsHZ as shown in Fig. 1. It has been
found that each Li atom is bound to two C atoms at two
distances (1.92 and 2.07 A) in Li,C,H, [Fig. 1, (a;)],
whereas all Li-C bond lengths (2.14 A) are equal in
Li,C,Hj [Fig. 1, (ay)]. The average Ti-C bond length in
TiCsH? is about 2.29 A [Fig. 1, (b,)], which is slightly
shorter than that of TiCsH5(2.36 A) [Fig. 1, (b;)]. In order

PHYSICAL REVIEW B 79, 245419 (2009)

to evaluate the stability, we calculated the binding energy
(E,) for the reaction channel T+M — C [T=C,Hj (CsH3),
M=Li,(Ti), and C=Li,C,H}(TiCsHZ)] using the expression

E,(M)=[Er+Ey—Eclin, (1)

where Ep, Ey;, Ec, and n represent the total energy of 7, M,
C, and the number of metal atoms, respectively. The binding
energy of the Ti atom to CsHZ was found to be 7.02 eV
which is significantly larger than the cohesive energy of bulk
Ti (3.68 eV). However, the Ti atom was found to bind to
CsHs with E}, of only 3.98 eV.!7 Thus the stability of TiCsHZ
is assured. In the case of Li,C,Hj, the average binding en-
ergy of each Li (3.73 eV) was much larger than that of Li in
Li,C,H4(0.69 eV).!6 From the above results, it may be seen
that the metal atoms are bound strongly to the templates and
are therefore prevented from clustering, suggesting that the
storage medium should be stable.

The electronic structures for both neutral and charged
C,H,, CsHs, Li,C,H,, and TiCsHs were analyzed by study-
ing the highest occupied molecular orbital (HOMO), lowest
unoccupied molecular orbital (LUMO), and energy levels
around the Fermi level. In Fig. 2, since the metal atoms are
bound to neutral templates, the HOMO-LUMO gap, as
shown in Fig. 2 [(a,) or (b,)], is not only reduced compared
with that of neutral templates [Fig. 2, (a;) or (b;)] but the
interactions between the metal atom and the template also
change the energy-level distribution. Comparison of the en-
ergy levels of C,H, (CsHs) with those of C,Hj (CsHI) in
Fig. 1 shows that the most pronounced effect of replacing the
neutral system with the corresponding charged one is a sig-
nificant lowering of the electron energy levels. In addition,
the energy levels of Li,C,H;(TiCsH3) shift upward relative
to those of C,H;(CsHz). This shift is larger than that be-
tween Li,C,H,(TiCsHs) and C,H,(CsHs), suggesting a
stronger interaction between the metal atoms and charged
templates. Analysis of molecular-orbital coefficients for the
neutral Li,C,H, complex shows that the HOMO comes from
the hybridized 2p orbital of Li and the 7" antibonding orbital
of C,H,. Likewise, the main contributions to the LUMO are
the 2s-2p, hybridization of Li and the 2s-2p, hybridization
of C. On the other hand, for C,H}, the HOMO appears as a
mixture including ~50 %s from orbitals of H atoms and the
rest from 2p, and 2p_ orbitals of C atoms. The components
of the LUMO are similar to those of the HOMO, except that
the s orbitals of H atoms contribute ~12%, suggesting that
in the next growth stage the incoming Li atoms will bind
with the template through 2p electron transfer. In fact, the
Mulliken charge analysis demonstrates that about 0.8 elec-
trons are transferred from Li to C,HJ, indicating the bond
feature has significant ionic character. Essentially, the bond-
ing orbital for the TM atoms and CsHj results from the hy-
bridization of the lowest unoccupied molecular orbital of the
CsHs and the TM d orbitals, in accord with Dewar
coordination.?? In the TiCsHs complex, charge is transferred
from the metal atom to the organic molecule owing to the
electron deficiency of CsHs. Among the five d orbitals of Ti,
only three orbitals, i.e., d_,, d,,, and d2, have the right sym-
metry to interact with the 7r orbital of the complex. In Fig. 2
(b,), the HOMO shows the hybridization of a linear combi-
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FIG. 2. (Color online) The left panels show energy levels for the ground state of (a;) C,Hy, (a;) Li,C,Hy, (a3) CoHy, (ay) Li,CoHy, (by)
CsHs, (b,) TiCsHs, (bs) CsHE, and (b,) TiCsHi. The solid lines refer to occupied states and the dotted lines refer to unoccupied states. The
blue dotted lines indicate the Fermi energy for the respective energy levels. For each system, two level diagrams are given. The arrow
denotes the spin state: up for the spin-up state and down for the spin-down state. The HOMO and LUMO correspond to the smaller
HOMO-LUMO-gap value in the individual gaps for the spin-up and spin-down states. The right panels show the corresponding electron
density of the HOMO and LUMO orbitals at an isovalue of 0.02 e/A3.

nation of 4s, 3dxy, and 3a’yZ with the 7 orbital of CsHs, and
the LUMO shows hybridization of the 3d,> with 3d,,. How-
ever, Ti interacts differently with CsHZ, owing to the reduced
7 electron. The HOMO in Fig. 2 (by) illustrates the hybrid-
ization of 3d,, and 3d,, with the orbital of CsHj. The Ti-4s
orbital can hardly be seen due to its electron being partly
transferred to CsH3. The LUMO exhibits hybridization of lrg

orbitals (3d,,, 3d,,, and 3d,,) with the orbitals of CsH.

B. Hydrogen adsorption on Li,C,H}

The first H, introduced into the Li,C,H] system remains
in the form of a dihydrogen molecule due to the polarization
interaction between the charged Li atom and the H,. The
H-H bond length expands slightly from 0.74 to 0.76 A and
the equilibrium Li-H distance is found to be 2.03 A, which
is very close to the value (2.04 A) found in the case of a free
Li* ion interacting with H,.3? In the presence of H,, the Li-C
distances change from 2.14 A to 2.15 A. The C-C bond
length (1.44 A) in the Li,C,H}(H,) is close to that in neutral
C,H,. As the number of adsorbed H, molecules increases,
the extent of bond-length elongation of H, decreases slightly.
Optimized geometries for the Li,C,Hj(H,)s complex are
sketched in Fig. 1 (a;). In contrast to the Li,C,H,(H,), sys-
tem, we can now add eight H, molecules to the Li,C,H; for
an adsorption capacity of 27.5 wt %. All the H-H bond
lengths of the H, molecules are 0.75 A. When the ninth H,
is attached to Li,C,H}(H,)s, the separation distance between
the Li and the H, molecule increases to 4.2 A suggesting
that the ninth H, molecule may not be useful as far as hy-
drogen storage is concerned.

To understand the reason that Li atom can adsorb eight H,
molecules, we now turn to an electronic-structure analysis of

the system. The Li-H, interaction is easy to understand as an
electrostatic interaction. To give a more detailed account of
the effects induced by the charge distribution, we show in
Fig. 3 a two-dimensional contour plot of the all-electron
electrostatic potential energy calculated for Li,C,H, and
Li,C,Hj. The different potential energies between the two
cases show that the enhanced electric field around the Li
atom in Li,C,H] causes other H, molecules to be adsorbed.
Yoon et al."d also expressed the view that the charge redis-
tribution gives rise to large electric fields surrounding the
coated fullerenes.

-1.0

-0.0

FIG. 3. (Color online) Planar contour plots of the all-electron
electrostatic potential energy of Li,C,H, (panel a and panel b) and
Li,C,Hj (panel ¢ and panel d). The potential energy is lowest (high-
est) in the blue (red) regions.
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FIG. 4. (Color online) The HOMO (a) and LUMO (b) orbitals of
the first hydrogen molecules adsorbed onto TiCsHZ complex. (c)
and (d) give the deformation electron density of TiCsHZ(H,)s and
the LUMO orbital of TiCsHi(H,)4, respectively. The isovalue
equals 0.02 e/A3.

C. Hydrogen adsorption on TiCsHZ

The equilibrium geometry of the TiCsH3(H,)s complex is
shown in Fig. 1 (b3). Generally for most transition metals,
due to significant charge transfer, the first H, molecule is
found to dissociate on the complex and bind atomically to
metal atoms.! Accordingly, the first H, molecule is adsorbed
dissociatively on the TiCsHs complex with the distance be-
tween the two H atoms being 3.11 A which agrees well with
Kiran’s results.!” However, in the case of the TiCsHI com-
plex, the first H, has been found to bind in molecular form to
the Ti atom. The bond length of the H, molecule is 0.83 A.
Interestingly, even though, in our calculations, the distance
between the two H atoms is set to 3 A for the initial con-
figuration of TiCsHZ(H,), the two H atoms approach each
other and finally form an H, molecule. In order to understand
the nature of the different bondings between TiCsHs and
TiCsHZ with the first H,, the frontier orbitals have been char-
acterized. The HOMO and LUMO of TiCsHZ interacting
with H, are shown in Figs. 4(a) and 4(b). As mentioned
above, the HOMO of TiCsHs has predominant 3d and 4s
characteristics and matches the symmetry of the ¢ orbital of
H,. The favorable HOMO-LUMO overlap leads to the dis-
sociation of the molecule. It can be shown from Mulliken
atomic-charge analysis that each H atom receives about 0.2
electrons in TiCsHs(2H). Additional hydrogen molecules do
not dissociate and are adsorbed in molecular form around the
Ti atom.!” In spite of having enough space available for a
fifth hydrogen molecule to bind, attempts to attach it failed.
In contrast, it is energetically favorable to add a fifth H,
molecule at the top site [Fig. 1 (bs)] of the Ti atom in the
TiCsHZ(H,), complex, with a binding energy of 0.35 eV. The
Ti-H distance for the fifth H, is 2.26 A, and the H-H bond
length is 0.76 A which is about 0.06 A shorter than for the
other four H-H bond lengths. All attempts to bind a sixth H,
molecule failed, as expected, due to the limit of the 18-
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FIG. 5. (Color online) Energy gaps between the HOMO and
LUMO for Li,C,H} and TiCsHZ complexes with successive addi-
tions of H, molecules.

electron rule. Nevertheless, adsorption of five hydrogen mol-
ecules corresponds to 8.1 wt % hydrogen, which is higher
than the hydrogen wt % of 6.6 in the TiCsHs(H,),
complex.!”

To obtain insight into the nature of the Ti-H, bonding, we
analyzed the deformation of the electron density of this com-
plex, which was calculated as the difference between the
total complex electron density and the density of the isolated
atoms. The plot of the deformation electron density exhibits
the localized characteristics of H-H bonds [Fig. 4(c)]. The
electron back donation from the d orbital of Ti to the anti-
bonding hydrogen s orbital can be found. The remaining two
d orbitals (d,, and d,>_y»), which are parallel to the carbon
framework, interact with both bonding and antibonding with
respect to the four planar H, molecules. A close analysis of
the LUMO [Fig. 4(d)] of TiCsH:(H,), reveals that the d.2
orbital, perpendicular to the carbon framework, is respon-
sible for the binding between the last H, molecule and the
TM atom. The relative weakness of this bond stems from the
large polarization of the d molecular orbital toward the car-
bon ring. The effective charge of the metal atom, irrespective
of the organic template, varies from positive to negative de-
pending on the number of hydrogen atoms bound to it. We
studied the Mulliken charge of the Ti atom as a function of
the number of H, molecules added to it and found that when
the fourth and fifth H, adsorbed onto it, the Ti atom carried
—0.19 and —-0.42 electrons, respectively.

D. Kinetic stability and hydrogen desorption

In order to test the kinetic stability of the above hydrogen
coated metal-organic systems, we have plotted in Fig. 5 the
HOMO-LUMO gaps as a function of the number of adsorbed
hydrogen molecules. In particular, the HOMO-LUMO gap of
the Li,C,H}(H,)g complex is 3.1 eV, which is comparable to
that of Cg. For Ti(CsHs)(H,),, we note that the energy gap
noticeably decreases after addition of the first H, molecule
and remains relatively large as subsequent hydrogen mol-
ecules attach until the 18-electron rule is satisfied.
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TABLE 1. Calculated energy gains AE,, (eV) by successive additions of H, molecules to organometallic

complexes and average binding energy per H,, AE.

Complex n=1 n=2 n=3 n=4 n=>5 AE(eV/H,)
Li,(C,H,)(Hy),, * 0.24
Liy(C,H,)*(Hy), 0.28 0.24 0.15 0.43 0.28
Ti(CsHs)(Hy), ® 1.36 0.51 0.45 0.56 0.72
Ti(CsHs)*(H,), 0.56 0.61 0.92 0.80 0.35 0.65

aCalculated with VASP (Vienna Ab-initio Simulation
bCalculated with DMol® package in Ref. 17.

An ideal storage system would not only be kinetically
stable but would also involve molecular adsorption of hydro-
gen with a binding-energy intermediate between that of phy-
sisorption and chemisorption. The energy gains AE by suc-
cessive additions of H, molecules to M(C,H,) (a=2, b
=4, M=Li; a=5, b=5, M=Ti) complexes were calcu-
lated using the formula

AEVL = E[MCaHb(H2)n] - E[MCaHb(HZ)n—I] - E[H2] (2)

From Eq. (2), the average binding energy per H, molecule
was computed using

AE=n, > AE;. (3)
Our calculated values of AE, and the average binding ener-
gies are summarized in Table I. For Li,(C,H4)*(H,),, the
first two consecutive binding energies are close to their av-
erage value due to the Li-H, binding interaction being close
to physisorption. The average binding energy for
Ti(CsHs)(H,), is quite large due to the strong binding of the
first H, in the form of a dihydride. Owing to the weak bond
between the fifth H, molecule and Ti(CsHs)*(H,)4, the mag-
nitude of AE is larger for the nonionic complex than for the
ionic one. On the other hand, the opposite is true for the
Li-based complex.

Having discussed binding energies we now estimate the
desorption temperature T}, using the van’t Hoff equation'®

(4)

written in terms of E;, the Boltzmann constant kg, the change
in the H, entropy from gas to liquid phase AS, the gas con-
stant R, and the equilibrium pressure of 1 atm. Using AS
from Ref. 33 and the average binding energy from Table I,
we can estimate the average desorption temperature 7. By
using the binding energies of the first and last H, molecules
to be adsorbed by the metal atom, we are also able to deduce
the lowest (TDL) and highest (TDH) temperature for onset of
the desorption and full discharge of hydrogen from the me-
dium. In the case of Li,(C,H,)*(H,),,, the estimated T}, Tp,,
and Tp, for the desorption of H, are 357, 357, and 548 K.
For Ti(CsHs)*(H,),, the corresponding values are 715, 830,
and 447 K.

Package) code in Ref. 16.

IV. CONCLUSIONS

In conclusion, using all-electron DFT-GGA calculations, a
fundamental study of the interaction and kinetic stability of
H, molecule adsorption on Li,C,H} and TiCsHZ complexes
has been performed. These charged templates are prevented
from clustering and can bind Li and Ti with comparable and
significant chemisorption energy. In particular, we have
shown that Li,C,H} can store up to 27.5 wt % of hydrogen.
The average binding energy of the H, molecule is found to
be 0.28 eV. This not only meets the gravimetric density tar-
get set by the (U.S.) Department of Energy for the year 2015
but the binding energy is also ideal for the system to operate
under ambient thermodynamic conditions. The positively
charged CsH; increases the charge transferred from the metal
atom to the organic molecule and the bonding between them
is strong. In particular, the first H, adsorbs in molecular form
on the TiCsHZ, while it is adsorbed dissociatively on the
TiCsHs complex. The bonding mechanism between the Ti
atom and the first H, in TiCsHs(2H) has also been presented;
the favorable overlap of HOMO of TiCsH5 and LUMO of H,
leads to the dissociation of the H, molecule. We can deduce
that controlling the charge state of the metal-organic mol-
ecules and decreasing charge transfers between transition-
metal atoms and H, may prevent the breaking of the
hydrogen-hydrogen bond in H,. The maximum retrievable
hydrogen uptake is predicted as 8.1 wt% for the
TiCsHZ(H,)s complex based on the 18-electron rule. The re-
sulting binding energies of the hydrogen molecules to the
transition-metal atom in the complex are intermediate be-
tween physisorption and chemisorption energies. We antici-
pate that the theoretical results here will provide a useful
reference for understanding the mechanism of H, interacting
with charged complexes and the search for new hydrogen
storage media.
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