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Geometric and electronic structures of hydrogenated transition metal (Sc, Ti, Zr) clusters
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We report first-principles electronic structure calculations of hydrogen adsorption and saturation on M3
(M=Sc,Ti,Zr) clusters of icosahedral () and cuboctahedral (0,) symmetries. Hydrogen saturation of the 7,
metal clusters yields energetically stable M3H,, and M3H;3, systems compared to M3H;; and M 3H,,
systems for O, clusters. In all these clusters, the hydrogen adsorption involves dissociative chemisorption of
H, molecules. Upon initial hydrogenation, the dissociated hydrogen atoms lie above either the triangular or
quadrangular face of the metal cluster. A further increase in hydrogen saturation leads to the formation of
bridged hydrogen bond between adjacent metal atoms. The role of the unfilled d orbitals in imparting stability
to the hydrogenated clusters is explored by examining their density of states (DOS) near the Fermi level. It has
been found that the inverse correlation between the d-band center and the chemisorption energies is valid only
at low hydrogen concentrations. At higher hydrogen coverages, the trend is reversed. The results illustrate that
at high adsorbate concentrations or surface coverage, the correlation of the chemisorption energies with the
d-band center of the pure metal cluster or nanoparticle may not be realistic but one has to take into account the
changes in the d-orbital DOS due to the presence of coadsorbed molecules. To obtain further insights into the
initial steps involved in hydrogen adsorption and dissociation, the transition states and activation energies of
the M3H, system have been determined and found to conform with the empirical Brgnsted-Evans-Polanyi
relationship. A highly intense infrared band in the 1000—1500 cm™' region, associated with the adsorbed
hydrogens in these hydrogenated metal clusters, may be used to experimentally monitor hydrogen coverage.
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I. INTRODUCTION

Transition metal clusters have attracted much attention re-
cently because of their utility as nanocatalysts and scaffolds
for functional nanomaterials.!™ Owing to their efficacy in
the design and development of novel nanomaterials for hy-
drogen storage, there has been an increased interest in under-
standing the interaction of hydrogen with metal clusters.’
Hydrogen storage on metal clusters is also of interest be-
cause recent experimental studies suggest that for some
metal systems, nanoparticles exhibit a higher affinity for hy-
drogen than the corresponding bulk materials.®

A number of recent studies have investigated the useful-
ness of titanium-decorated organic molecules or nanostruc-
tured materials such as graphene, carbon nanotubes, and
fullerenes as potential materials for hydrogen storage.”'? It
has been argued that the tendency of titanium atoms to form
energetically stable clusters may limit their applicability as
dopants in hydrogen storage materials.'> This brings the im-
portant issue of metal clustering and cluster stability in tran-
sition metal-decorated hydrogen storage materials.'*!> Ex-
posure to high concentrations of H, may also induce
structural changes in the parent cluster. Thus, a detailed in-
vestigation of energetics of hydrogen adsorption and desorp-
tion on metal clusters as well as any structural changes dur-
ing hydrogenation/dehydrogenation cycles would be
valuable in designing viable metal-doped hydrogen storage
materials. It should be noted that any practical hydrogen stor-
age material must (i) display favorable enthalpies for hydro-
gen absorption and desorption, (ii) enable quick uptake and
release, (iii) exhibit high storage capacity, (iv) provide effec-
tive heat transfer, (v) have small volumes and be lightweight,
(vi) form stable complexes with hydrogen, (vii) be durable
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and exhibit high mechanical strength, and (viii) be safe.'
Recent studies of hydrogen adsorption on metal nanopar-
ticles focused on clusters containing heavy metals such as
gold, palladium, and platinum.'”2° The few studies on light
metal clusters were restricted to theoretical investigations of
aluminum clusters.?!~>3 Here we examine hydrogen adsorp-
tion, saturation, and bonding characteristics of some of the
early transition metal clusters in isolation.

Our interest in hydrogen adsorption on isolated metal
clusters is also motivated in part by recent experimental ob-
servations which indicate that scandium, titanium, and zirco-
nium metals are excellent catalysts for the hydrogenation and
dehydrogenation kinetics of complex metal hydrides such as
NaAlH,.?#=32 In particular, it has been found that nanopar-
ticles of these metals are better catalysts than the correspond-
ing bulk metal.’* However, most theoretical studies appear to
limit the role of the metal catalysts to dissociating molecular
hydrogen in complex metal hydrides.*** Recent studies
have indicated that small icosahedral titanium clusters form
stable hydrogen-saturated complexes.**~*® In this paper we
investigate icosahedral and cuboctahedral clusters of Sc, Ti,
and Zr and examine if this is a general phenomenon exhib-
ited by neighboring elements of titanium from the same row
or group. In the absence of any experimental and theoretical
studies of hydrogen adsorption and saturation on these metal
clusters, we compare and contrast our findings with the more
widely studied aluminum clusters.?!-??

Electronic structures of isolated and hydrogen-loaded ti-
tanium clusters have been the topic of a number of recent
investigations.**=>! To the best of our knowledge, effects of
hydrogen adsorption and saturation have not been investi-
gated for zirconium or scandium clusters. However, elec-
tronic structures of isolated zirconium and scandium clusters
have been the focus of some recent theoretical studies.’?->
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Our work on bare titanium clusters showed that the 13-atom
distorted icosahedral cluster*® is exceptionally stable, in
agreement with experimental observations.’>-° Interestingly,
studies on bare scandium and zirconium clusters also indi-
cate high energetic stability for the 13-atom icosahedral clus-
ters. The work on Scys reveals that the binding energies for
spin multiplicities ranging from 2 to 20 are nearly similar.>

It is pertinent to note that cuboctahedral or icosahedral
shapes are preferentially formed in cluster growth leading to
magic number clusters (7, 13, 55, etc.), and they generally
correspond to the global minima in  structural
optimizations.’”>® Moreover at high temperatures, bulk met-
als energetically prefer icosahedral or becc symmetries which
are an extended form of cuboctahedral symmetry.>® This ob-
servation is relevant to the present work because most ex-
perimental studies of hydrogenation and dehydrogenation in-
volve high temperatures and pressures.

For the reasons mentioned above and for computational
ease, the present study is restricted to 13-atom icosahedral or
cuboctahedral metal clusters. We employ density functional
theory (DFT) methods to evaluate the optimum structures
and energetics of hydrogenated clusters. We calculate the
activation energies for initial hydrogen adsorption on Ti, Sc,
and Zr clusters by mapping the reaction path and analyzing
the corresponding transition states. In Sec. II, we provide an
overview of the computational methods employed and dis-
cuss the results for the bare and hydrogenated M5 clusters.
A summary of our findings is given in Sec. IV.

II. COMPUTATIONAL DETAILS

The electronic structure calculations were carried out us-
ing DFT with the generalized gradient approximation (GGA)
of Perdew and Wang (PW91).%° The single-particle Kohn-
Sham equations were solved using the plane-wave-based Vi-
enna ab initio simulation program (VASP).®!-%* The interac-
tions between the ions and valence electrons were described
by the projector-augmented wave (PAW) method® as de-
scribed by Kresse and Joubert.% For the plane-wave basis set
a cutoff energy of 400 eV was used. Only the gamma point
was needed for the finite systems considered here. All clus-
ters were simulated by placing them at the center of cubic
supercells that are large enough to neglect cluster-cluster in-
teractions. The size of the unit cell was chosen such that the
distance between neighboring images was more than 20 A.
This choice was shown to be sufficient to eliminate the in-
teraction between neighboring images. Full geometry relax-
ation was performed for both the bare and hydrogenated
metal clusters. Optimization of static structures were accom-
plished by moving atoms to the positions at which all atomic
forces were <0.02 eV/A. Parameters such as the cutoff en-
ergy and the size of unit cell were tested and optimized for
securing converged results. The efficacy of VASP-based DFT
methods in obtaining reliable electronic structures and prop-
erties of hydrogen storage materials has recently been
documented.®’

The binding energy per atom of M5 clusters, where M
=Al, Sc, Ti, and Zr, is obtained by
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The average dissociative chemisorption energy of M3H,
clusters is calculated by

where n=2, 20, and 30 for 7, clusters and 14, and 24 for O,
clusters considered in this study. Ey,, is the electronic en-
ergy of the isolated clusters, Ey, is the energy of H, mol-
ecule, and EMBH” is the total energy of the cluster with n
adsorbed hydrogen atoms.

The sequential desorption energy per hydrogen atom is
defined as

AEpg=Ey + (1/2)[EM13H"_2 - EMBHn]s (3)

where n=2,4,6, ...,30.

To provide mechanistic insights into the hydrogenation
process, we computed the transition states and the corre-
sponding activation energies using the linear synchronous
transit (LST) method®® implemented in the DMOL program.®
In the LST method, the minimum-energy path between reac-
tants and products is interpolated by performing a LST maxi-
mization. The LST calculations were performed using DFT
within the GGA with the PWO1 functional. Double numeri-
cal basis sets augmented with polarization functions (DNPs)
were utilized to describe all the electrons of scandium and
titanium and the valence electrons in zirconium. Effective
core potentials were used to describe the core electrons in
zirconium. For the sake of comparison, calculations includ-
ing effective core potentials were also carried out for the
titanium clusters.

III. RESULTS AND DISCUSSION
A. Isolated M,; clusters

As discussed in Sec. II, 13-atom magic number clusters
have an energetic preference for globular geometries pos-
sessing icosahedral or cuboctahedral symmetries. Our calcu-
lations of the isolated metal clusters indicate small distor-
tions from the perfect icosahedral (1) symmetry. However,
there are no distortions for the cuboctahedral (O;,) symmetry.
Similar distortions from the perfect icosahedron have been
noted in earlier studies of the isolated Ti;; cluster.”®’! The
main difference between the icosahedral and the octahedral
symmetries is that the former is comprised of 20 triangular
faces, 30 edges, and 12 vertices, while the latter has 6 qua-
drangular faces, 8 triangular faces, 24 edges, and 12 vertices.
This difference has a bearing on the hydrogen adsorption and
saturation abilities of these clusters.

The binding energies per atom of Sc, Ti, and Zr clusters of
I}, and O;, symmetries are tabulated in Table I. The binding
energies of Tij;3 and Zr 3 clusters are much higher than that
of Scy;3 and Alyz clusters. This can be attributed to the in-
creased availability of d electrons for bonding in Ti and Zr
clusters.”> The presence of more nearest neighbors around
each atom in the [, clusters and the energetic stabilization
accruing from an increased hybridization of the available p
or d electrons account for their enhanced stability over the
corresponding O, clusters. Similar energetic trends for 7, ge-
ometries have been found in other metal clusters such as
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TABLE I. Energetics of M5 clusters of Al, Sc, Ti, and Zr with
I, and O, symmetries.

Icosahedral symmetry Cuboctahedral symmetry

AEgg AE, ® AEgg AE, *
System (eV) (eV) (eV) (eV)
Aljz 2.57 1.96 (1.93) 2.50 1.25 (1.13)
Scyz 2.94 0.62 (0.41) 2.76 0.31 (0.23)
Ti 4.35 1.11 (0.96) 4.14 0.63 (0.36)
Zr3 4.63 1.27 (0.25) 4.32 0.20 (0.20)

aThe highest occupied molecular orbital (HOMO)-lowest unoccu-
pied molecular orbital (LUMO) gaps are the difference between the
energies of the highest singly occupied molecular orbital (SOMO)
and the lowest-energy unoccupied orbital of the same spin (spin-up
configuration). The values in parentheses correspond to the evalu-
ated HOMO-LUMO gap, irrespective of the spin.

Fe;3,”* Ru,3, Rh3, and Pd;3.”* When the number of d elec-
trons increases, the increased hybridization leads to the oc-
cupation of the destabilizing antibonding orbitals and conse-
quently O, geometries are more stable for Pt;5 (Ref. 75) and
Auy; (Ref. 76) clusters.

The calculated HOMO-LUMO gaps AE, are shown in
Table I. The magnitudes of the gaps for some of the clusters
such as the [, Al;3 are in agreement with recent
studies.?>””78 Tt should be noted that a few earlier studies
have reported much smaller gaps for this system,’®%0 the
reasons for which have been elaborated in a recent and de-
tailed study of 7, Al;.”8

B. M;H,, clusters

Earlier studies by Goldberg and Yarovsky?? indicated that
Al;3H,, (m=20,30,42) clusters are energetically not stable
because of the presence of imaginary frequencies in the
ground-state configuration. Therefore, they carried out calcu-
lations on the corresponding Al,H,, and Al,,H,, clusters,?’
wherein the central metal atom was removed. However for
titanium-containing clusters, our recent studies have shown
that hydrogen molecules undergo dissociative chemisorption
as they approach the metal cluster at close proximity.*® The
high stability of these hydrogen saturated clusters was fur-
ther confirmed by the absence of imaginary frequencies in
the Hessian, indicating that they correspond to minimum-
energy configurations. The dissociated hydrogen atoms lie
either above the center of the triangular face of three titanium
atoms or above the bond connecting two titanium atoms,
depending on the degree of hydrogen saturation. Unlike hy-
drogenated aluminum clusters,?? structures possessing termi-
nal Ti-H bonds were found to be energetically unstable.*’
Recent studies have indicated that hydrogen dissociation on
platinum clusters also lead to similar two-center (u,) or
three-center (u;) bonding motifs.382 A two-center site cor-
responds to the hydrogen lying above the bridge between
two metal atoms, and a three-center site corresponds to the
hydrogen forming an apex to three metal atoms.

Like small titanium clusters, hydrogen adsorption on both
I, and O, M35 (M=Sc,Zr) clusters involves dissociative
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FIG. 1. (Color online) Optimized structures of hydrogenated (a)
Iy Zry3Hyg, (b) Oy Zri3Hyy, (¢) 1, Zri3Hzg, and (d) Oy Zri3Hy,
clusters. The other hydrogenated metal clusters have similar
structures.

chemisorption. For [, clusters, the dissociated hydrogen atom
initially binds to the triangular face formed by three apex
metal atoms. For O, clusters, the hydrogen atom binds to the
triangular or quadrangular face formed by three or four metal
atoms. This leads to the formation of M 3H,, and M sH 4
clusters [Figs. 1(a) and 1(b)]. Our recent investigation of
sequential dissociative chemisorption of H, on 1, Ti;3 clus-
ters showed that at low hydrogen concentrations, structures
possessing singly bonded Ti-H or twofold hydrogen-bonding
motifs were energetically less stable than those with three-
fold bonding motifs,*’ similar to that observed for hydrogen
adsorption on platinum clusters.®? Interestingly, u,-type hy-
drogen bonding has also been observed in octahedral Pt;s,”>
boron,®? and yttrium clusters.®* As the hydrogen concentra-
tion is increased, a transition from u; or uy to u, bonding
occurs, leading to M 3Hj, (I,) and M3H,, (O,) clusters
[Figs. 1(c) and 1(d)]. The energetic changes accompanying
m3 (Hy) to us (Hsp) transition has been elaborated in our
recent study of hydrogen saturation of I, Ti; cluster.*’

In Table II, we provide the average bond lengths between
central (M,) and apex (M,) metal atoms in isolated M5 and
hydrogenated M 5 clusters of [, and O,, geometries. It can be
noted that at low or moderate hydrogen concentrations
(M 3Hy), the geometry of the metal cluster is unaffected by
hydrogen loading. However at higher hydrogen concentra-
tions (M 3Hs), there is a slight elongation of the M .M,
bonds. The trends in the bond lengths indicate similarities
between aluminum and titanium and scandium and zirco-
nium. The similarity of the electronic spatial extent of the d
orbitals of scandium and zirconium can be expected from
their similar atomic radii, which is 1.62 A for Sc and
1.60 A for Zr. Similarly, titanium and aluminum with their
comparable atomic radii of 1.47 and 1.43 A would lead to
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TABLE II. Comparison of the bond lengths of the isolated and
hydrogenated 7, and O,, M3H,, clusters of Al, Sc, Ti, and Zr.
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TABLE III. Energetics of M 3H, clusters of Al, Sc, Ti, and Zr
with 7, and O) symmetries.

MM, M, M, AEcg AE,
System (pm) (pm) System (eV) (eV)
Icosahedral clusters Icosahedral clusters
Alj; 267 281 Aly3H, 0.33 0.87 (0.36)
Sci3 291 313 Sci3Hyg 2.20 0.83 (0.66)
Tips 262 276 Tiy3Hog 1.99 1.01 (0.60)
Zri3 286 301 Zr13Hy 1.81 0.92 (0.47)
Sci3Hyg 290 304 Alj3H;zg
TijzHyg 264 275 Sci3Hzg 0.96 1.21 (0.66)
Zr3Hy 292 310 Ti;sHzg 1.15 1.11 (0.37)
Sci3Hzg 326 342 Zr3H; 1.35 1.41 (0.33)
Ti;sHzg 279 293
Zr3Hzg 309 325 Cuboctahedral clusters
AljsHyy 0.22 0.76 (0.17)

Cuboctahedral clusters Sci3H4 1.89 0.78 (0.34)
Aljs 273 273 TijsHs 1.99 0.86 (0.72)
Sciz 296 296 ZrzHyy 1.86 0.86 (0.68)
Tips 264 264 Alj3Hy, 0.16 0.88 (0.11)
Zr3 296 296 Sci3Hyy 1.57 0.62 (0.26)
ScisHys 300 300 Tij3Hoy 1.79 1.29 (1.29)
TijsHs 264 264 Zr3Hyy 1.94 1.53 (1.53)
Zri3Hyy 295 295 2The HOMO-LUMO gaps are the difference between the energies
Sci3Hyy 320 320 of the SOMO and the lowest-energy unoccupied orbital of the same
Tij3Hoy 275 275 spin (spin-up configuration). The values in parentheses correspond
Zr;3H,y 306 306 to the evaluated HOMO-LUMO gap, irrespective of the spin.

smaller electronic spatial extents of their d and p orbitals.
The spatial extents of the orbital and the bond lengths are
correlated because the stabilization of the hydrogen atom in
these metal clusters results from the in-phase interaction of
the atomic orbitals comprised of the 1s orbital of the hydro-
gen atom and the hybridized s and d orbitals of the metal
atoms. This is somewhat akin to the stabilization of hydrogen
atoms bound through three-center four-electron (3c-4e)
bonds in boranes,®> wherein the hydrogen atom is located at
the intersection of the three boron p orbitals.

At low hydrogen concentrations, the average chemisorp-
tion energies per H, molecule for both the hydrogenated O,
and [, clusters are similar (Table III). However at higher
hydrogen loading, the O, clusters display much higher
chemisorption energies than the corresponding I, clusters,
though the latter adsorb three more hydrogen molecules than
the former. Although the binding energies of the isolated O,
clusters are lower than that of the corresponding 7, clusters,
the results indicate that the energetic stability of the parent
cluster has little bearing on the chemisorption energies at
high hydrogen concentrations. While we could not optimize
an I, Alj3H; cluster, it can be noted that the chemisorption
energies of the hydrogenated aluminum clusters are much
lower than all of the other clusters investigated in this study.
An increase in hydrogen concentration beyond 30 hydrogen
atoms leads to a dramatic decrease in the hydrogen chemi-

sorption energies, with many of the hydrogen molecules be-
ing adsorbed in undissociated form.*” Hence, we believe that
these hydrogen concentrations are the optimal limits for the
formation of energetically stable hydrogenated metal clus-
ters.

Earlier theoretical work on zirconium clusters indicated
that spin-orbit effects are small.3*-38 But it is known that
relativistic and spin-orbit effects become important in calcu-
lations involving second-row and heavier transition metals.
Therefore we carried out calculations on the icosahedral
Zr;3Hy cluster by explicitly taking into account spin-orbit
coupling using the method described by Hobbs et al.3° This
yielded an average chemisorption energy of 1.81 eV, in
agreement with that obtained in calculations without includ-
ing spin-orbit effects (Table IIT). Thus, the effect of spin-
orbit coupling is negligible, in accordance with earlier theo-
retical work on zirconium clusters.®-3% Based on these
results, spin-orbit coupling was not included in all other cal-
culations reported here. We have also verified that the
minimum-energy geometries of Zr;3H,, optimized with and
without spin-orbit coupling are similar.

Since the hydrogenated metal clusters are characterized
by different types of bonding motifs (u,, u3,us) depending
on the degree of hydrogen saturation and the geometry of the
cluster, it would be useful to examine the variation in the
chemisorption energy with respect to the bonding pattern and
the nature of the metal atom. This is shown in Table IV for
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TABLE IV. Calculated chemisorption energies of u,, u3, and uuy
metal-hydrogen-bonded O, M3 (M=Sc,Ti,Zr) clusters.

AEcg
System (eV)
M2
Sc,3Ha, 1.57
Ti 3Hay 1.79
Zr;3Hy, 1.94
M3
Sc,3Hg 2.06
Ti,Hg 2.09
Zr 3Hg 2.03
Mg
Sc,3Hg 1.85
Ti sHg 1.66
Zr,3Hg 1.67

O,, clusters of the three metals. The results show that for
M sHg clusters which are characterized by w3 hydrogens, the
chemisorption energy is insensitive to the nature of the metal
atom. Interestingly, both titanium and zirconium clusters ex-
hibit similar chemisorption energies for hydrogens binding to
the w4 site (M 3Hg). The higher chemisorption energies of
the hydrogenated scandium clusters for this bonding motif
can be attributed to the greater contribution of the spherically
symmetric s orbital of the hybridized s-d orbitals. On a simi-
lar note, the enhanced contribution of the directional d or-
bital to the hybridized s-d orbitals leads to the larger chemi-
sorption energies of the titanium and zirconium clusters
characterized by u, hydrogens (M 3H,,). The difference be-
tween the w3 and uy bonding motifs can also be inferred
from the slices of the electron density of the TijsHg and
Tij3Hg clusters shown in Fig. 2. The polarization of the
spherically symmetric H s orbital is seen to be more pro-
nounced for TisHg than Ti;3sHg. The enhanced energetic sta-
bilization accruing from this polarization is manifested in the
larger chemisorption energies of the TijsHg cluster.

Against this background, it is useful to examine the
modulation of the chemisorption [Eq. (2)] and sequential de-
sorption [Eq. (3)] energies as functions of the number of
hydrogen atoms. The results are shown in Fig. 3 along with
similar results obtained using the DMOL program.*’ It can be
noted from Fig. 3 that both the current VASP and earlier
DMOL calculations yield similar results and that the chemi-
sorption energies decrease as the number of H, molecules
interacting with the Ti;; cluster is steadily increased. The
sequential desorption energy per H atom is higher than the
chemisorption energy because the former is defined with re-
spect to the energy of the dissociated H atom, while the latter
is calculated with respect to the energy of the intact hydrogen
molecule. While the trends in desorption energy mirror that
of the chemisorption energy, the former curve exhibits sev-
eral spikes in the transition from Ti;3H,, to Ti;sHso. This
results from the enhanced energetic stability/instability of
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FIG. 2. (Color online) Optimized structures and electronic
charge densities of (a) Ti;3Hg (u3) and (b) Tij3Hg () clusters. The
charge densities shown in (a) are plotted in a plane bisecting the
Tij;sHg cluster and containing three titanium and four hydrogen at-
oms. The charge densities shown in (b) are plotted in a plane bi-
secting the Tij3Hg cluster and containing five titanium and four
hydrogen atoms.

some of the intervening clusters. It can also be noted that
more energy has to be expended to desorb hydrogens from
the Ti;3H,, than from the Ti;3Hj, cluster. This is due to the
enhanced energetic stability of u; hydrogens as compared to
the u, hydrogens.

C. Chemisorption energy versus d-band center

To provide further insight into the nature of bonding in
the hydrogenated clusters, the total densities of states (DOSs)
and partial DOSs of the central metal atom in both the /;, and
0, clusters are shown in Figs. 4 and 5. For comparison we
also included results for Al;3H,,. For the aluminum cluster,
the contribution of the occupied orbitals to the total DOS
near the Fermi level (Ep) is small. Furthermore, the central
Al atom has virtually no contribution to the DOS at the
Fermi level and therefore plays no role in stabilizing the
cluster. This also explains the relative stability of the corre-
sponding Al;, clusters.?

4 ' ' —=—AE__ (VASP)
8 - @~ AE__ (VASP)
9 -‘T\;\ﬂ_gz,m&_o . 0 4E (DMOL
3l ¥R~ 4B, (DMOL)

Desorption Energy (eV)

Chemisorption Energy (eV)

8 1I6 2I4
Number of H atoms, n
FIG. 3. (Color online) Calculated vasp and DMoL (10 A basis

cutoff) chemisorption (AEcg) and sequential desorption (AEpg) en-
ergies of Ti;sH, (n=2,4,6,...,30).
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FIG. 4. Comparison of the total density of states of the hydro-
genated 7, and O, clusters.

It has been shown earlier that the chemisorption energy of
H, on transition metal surfaces can be correlated with the
position of the d-band center relative to the Fermi level of
the clean metal surface.”®°> The chemisorption energy de-
creases as the d-band center is downshifted from the Fermi
level. It will be useful to explore if this relationship is also
satisfied for transition metal clusters at various degrees of
hydrogen saturation. In Fig. 6(a) we present the chemisorp-
tion energy as a function of the d-band center for the Ti;sH,
clusters, for n=2-30. All the hydrogens in the Ti;3H, (n
=20) clusters are of the u; type and those of Ti;3Hs, are of
Wy type.*” The intervening TijzHy,, TijsH,s, Tij3Hoe and
Ti;3Hyg possess 16, 12, 10, and 5 w3 and 6, 12, 16, and 23 u,
hydrogens, respectively.*’ It can be seen that the linear rela-
tionship between chemisorption energy and the shift in
d-band center is valid only for hydrogen concentrations of up
to ten molecules. Beyond that, a shift in the position of the
d-band center toward the Fermi level leads to a decrease in
the magnitude of the chemisorption energy, opposite to that
observed for clean metal surfaces. We believe that this is due
to the significant decrease in chemisorption energy for
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FIG. 5. (Color online) Comparison of the partial central-atom
s-, p-, d-orbital density of states of the hydrogenated I, and O,
clusters.

n>20 at which a transition from w3 to u, bonding occurs for
the adsorbed hydrogen atoms. Figure 6(b) depicts the varia-
tion in the d-band center as a function of the adsorbed hy-
drogen atoms. It shows that the position of the d-band center
varies by as much as 2.5 eV among the different Ti3H,,
complexes. In Fig. 6(c) we show the chemisorption energy
for the M3H,, and M sH;, clusters (M=Sc,Ti,Zr) as a
function of the d-band center of the corresponding pure
metal clusters. For the H,, clusters, the trend is similar to
that exhibited by the n<<20 clusters in Fig. 6(a), while the
Hj clusters depict the behavior of the n>20 clusters in Fig.
6(a). The trends among the M 5H,, and M 3H;, clusters can
also be understood by examining the partial s-, p-,
d-orbital-resolved DOSs of the apex metal atoms shown in
Fig. 7 for I, and O, clusters. The results illustrate that at high
adsorbate concentrations or surface coverage, the correlation
of the chemisorption energies with the d-band center of the
pure metal cluster or nanoparticle may not be realistic but
one has to take into account the changes in the d-orbital DOS
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FIG. 6. (Color online) Plots of the (a) calculated d-band centers
and the corresponding chemisorption (AEg) energies of each of the
Ti;sH, (n=2,4,6,...,30) clusters, (b) variations in the d-band cen-
ter of Ti;3H,, with an incremental addition of hydrogen atoms, and
(c) calculated d-band centers of the pure M3 and the chemisorption
(AEcg) energies of the corresponding hydrogenated M5 clusters.

due to the presence of coadsorbed molecules. This may be
especially important for small clusters and nanoparticles
which can exhibit significant changes in the electronic prop-
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erties due to the presence of chemisorbed molecules com-
pared to extended metal surfaces.

D. Transition state of M3H, clusters

Hitherto our discussion was focused on the properties of
hydrogen saturated metal clusters. However in actual reac-
tions, the nature of the transition state and the corresponding
activation energies play a vital role in determining kinetics of
hydrogen adsorption and saturation. A linear relationship be-
tween the activation energies and heats of reaction or disso-
ciative chemisorption energy of H, has long been assumed to
be valid. Such a behavior is referred to as Brgnsted-Evans-
Polanyi relationship in catalysis,”>** and it also holds for
chemical reactions on clusters. Earlier studies have indicated
that changes in the global structure of the parent metal clus-
ter limits the validity of the Brgnsted-Evans-Polanyi relation-
ship for transition states.”>® However, for large clusters the
global structures are largely unaffected by chemisorption.

Table V presents the activation energies, dissociative
chemisorption energies, and the frequency of the M-H bond
for the transition states of I, M3H, clusters. A total of 78
initial configurations were considered for the reactant geom-
etries. Our earlier studies on small titanium clusters indicated
that hydrogen dissociation takes place on top of a metal
atom.*’*® Hence in the construction of the reactant geom-
etries, only the H-H and the metal-Hey; (Hcy, is the center of
mass of the hydrogen molecule) distances were varied. Thus
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FIG. 7. (Color online) Comparison of the partial apex-atom s-, p-, d-orbital density of states of the hydrogenated 7, and O, clusters.
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TABLE V. The calculated activation energies, chemisorption en-
ergies, and imaginary frequencies of the transition states of 7,
M 3H, clusters.

Icosahedral clusters

E, AEcg Imaginary frequency
System (eV) (eV) (cm™)
Sc3H, 1.40 1.99 —1378.85
TisH, 234 (2359 249 (2.06°) —1417.89 (—1417.54 %)
Zr3H, 1.56 2.26 -1423.61

“Results obtained using effective core potentials for titanium.

for generating the reactant geometries of the Ti;3H, clusters,
the intermolecular Ti-Hgy distance was varied from 1.98 to
4.98 A for a fixed H-H separation of 0.74 A. The energy
difference between the highest- and lowest-energy conform-
ers of the resulting 13 reactant geometries was 0.6 eV. A plot
of the chemisorption energy versus the activation energy
shows that the results roughly conform to the Brgnsted-
Evans-Polanyi relation.’>%+97%8 Table V shows that while the
scandium cluster has the lowest activation energy, the tita-

3
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o
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FIG. 8. (Color online) (a) The calculated reaction paths for dis-
sociative chemisorption of a H, molecule on 1, M5 clusters of Al,
Sc, Ti, and Zr, and, (b) the corresponding transition states. Transi-
tion state energy and geometry for Al;3H, in (a) and (b) are from
Ref. 21. The geometric parameters enclosed in parentheses for
Ti;3H; in (b) were obtained from calculations employing relativistic
core potentials, while the rest were obtained from all-electron
calculations.
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FIG. 9. (Color online) Stick plots of the calculated vibrational
frequencies of the (a) icosahedral Sc3Hsg, TijsHszg, and Zr 3Hz,
and (b) octahedral Sci3Hyy, Tij3Hoy, and Zr;3Hoy complexes.

nium cluster has the highest chemisorption energy. A com-
parison of the reaction paths for the dissociative chemisorp-
tion of H, on the icosahedral M5 clusters is shown in Fig.
8(a). In this figure, we have also included results for disso-
ciative chemisorption of H, on the icosahedral Al3
clusters.”’ While the dissociated hydrogen atoms preferen-
tially occupy the most stable w5 sites in transition metal clus-
ters, they are singly bonded to the aluminum atoms in the
Alyz cluster. Both the activation energy and chemisorption
energy for hydrogen adsorption are smaller for the aluminum
cluster compared to the transition metal clusters. However
for an ideal hydrogen storage material, low activation ener-
gies and moderate chemisorption energies are generally pre-
ferred. While none of the metal clusters investigated in this
study are useful in this context, we have recently shown that
suitable alloying could lead to materials with optimal chemi-
sorption energies.”

Transition state geometries shown in [Fig. 8(b)] indicate
that the titanium cluster enables the dissociation of hydrogen
molecules at much longer distances than both zirconium and
scandium. Viewed against the background of the activation
and chemisorption energies, this indicates that titanium-
containing materials could be more effective as catalysts in
hydrogen storage. This suggests that clusters formed during
ball milling of materials and complex metal hydrides con-
taining titanium could have a hitherto unknown role in both
modifying the activation energies of hydrogen dissociation
and stabilizing the adsorbed hydrogen.

E. Vibrational frequencies

In a recent work, we have shown that hydrogens bound to
multiple metal atoms are characterized by strong infrared
(IR) active bands in the 1000—1500 cm™' region.®” The vi-
brational spectra of the hydrogen-saturated metal clusters in-
vestigated here, evaluated using VASP, are shown in Fig. 9.1%0
The plots are depicted in stick format because the program
does not enable the evaluation of IR intensities. Results show
that irrespective of the nature of the metal species, distinct
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bands are present in the 1200—1500 cm™' region. It has been
shown in our earlier work on titanium-containing clusters
that these bands predominantly arise from hydrogens bound
to multiple metal atoms.*®% Recent studies of hydrogen ad-
sorption on 3d transition metal clusters also indicated the
presence of strong IR peaks associated with hydrogens
bound to multiple metal atoms.!?"!%2 In systems such as
AlH}, wherein the hydrogen atoms are singly bonded to the
aluminum atom, one notes a total absence of peaks in the
1000—1500 cm™! region.'%® Thus, the presence of frequen-
cies in the 1000—1500 cm™' region should provide an easy
means to experimentally identify hydrogen-bonding motifs
in hydrogenated metal clusters.

IV. SUMMARY AND CONCLUSIONS

We have performed first-principles DFT calculations of
the geometric and electronic structures of Scs, Ti3, and Zr 3
clusters as well as the corresponding hydrogenated clusters at
low and high hydrogen concentrations. Both icosahedral (/},)
and cuboctahedral (0,) geometric structures were investi-
gated. For comparison purpose, we have also carried out cal-
culations on the corresponding Al;3 clusters.

In contrast to Al clusters, the hydrogenated metal clus-
ters were found to be energetically stable with the adsorbed
hydrogen atom bonded to multiple metal atoms. At low hy-
drogen concentrations, the adsorbed hydrogen atoms occupy
threefold sites in I, symmetry and threefold and fourfold
sites in O, symmetry. At high H, concentrations, the disso-
ciated hydrogen atoms occupy twofold sites in both 7, and
O,, clusters. An increase in hydrogen concentration beyond
15 hydrogen molecules leads to the formation of hydrogen-
ated M5 structures, wherein the hydrogen molecule is no
longer dissociatively adsorbed. Our calculations show that
the energetic stability of the parent metal cluster has little
bearing on the chemisorption energies at high hydrogen satu-
ration.

We have also examined the correlation between the posi-
tion of the d-band center and the chemisorption energy as a
function of the number of adsorbed hydrogen atoms. Our
calculations show that at low hydrogen concentrations the

PHYSICAL REVIEW B 79, 205415 (2009)

chemisorption energy decreases linearly with the shift in the
location of the d-band relative to the Fermi level of the pure
cluster or the hydrogenated clusters, in agreement with pre-
vious studies of chemisorption of a single H, molecule on
clean transition metal surfaces. This trend persists up to 20
hydrogen atoms for the M 3H,, clusters but it reverses for n
>20. The reversal of the slope of the plot of d-band center
versus chemisorption energy for n>20 could be attributed to
a transition from u; to u, bonding for the M 3H, clusters.
This might also apply to high concentrations of other adsor-
bates in nanocatalysis.

To gain insights into the chemisorption process, the tran-
sition state structures, activation energies, and reaction paths
for H, dissociation on the icosahedral M 5 clusters have been
determined. While the activation energies for hydrogen ad-
sorption on the scandium and zirconium clusters are compa-
rable, the highest chemisorption energy is exhibited by the
titanium clusters. This trend is however reversed at high hy-
drogen concentrations, wherein the zirconium clusters ex-
hibit the highest chemisorption energies. The energies of the
transition states of these systems are found to be consistent
with the empirical Brgnsted-Evans-Polanyi relationship.

An analysis of the density of states of unfilled d orbitals
of the metal atoms shows that the central metal atom plays a
vital role in stabilizing the adsorbed hydrogen atoms.
Though the metal clusters investigated in this study may not
be suitable for hydrogen storage due to their high chemisorp-
tion energies, it is likely that suitable alloying could lead to
clusters with optimal chemisorption energies.

The calculated vibrational spectra of the hydrogen-
saturated metal clusters indicate that they exhibit character-
istic bands associated with hydrogen multicenter bonds in
the 1000—1500 cm™' region. The presence of strong IR
bands in this frequency regime may be used to experimen-
tally identify bonding patterns in hydrogen-saturated metal
clusters.
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