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We present a density functional theory (DFT) study on the sequential H, dissociative chemisorp-
tion and H desorption on icosahedral Pt,; and Pd,; clusters. The coverage dependence of the
sequential adsorption and desorption energies are given along with the charge transfer from metals
to H. At low H coverage, the dissociation takes place at an atop site before diffusion redistributes
the atoms to well-separated edge sites. At higher coverage, the edge sites become filled and the
cluster undergoes a structure-transition from icosahedral to an fcc-like structure (these transitions
occur at 10 H atoms for Pt,; and 24 H atoms for Pd;;). Upon further H loading, the dissoci-
ated H atoms may reside at the cluster surface or be pulled inside to interact with the core metal
atom. Ab initio molecular dynamics simulation and bond-distance distribution analysis shows that
H-saturation occurs at 44 H atoms for Pt,; and 30 H atoms for Pd,5. The calculated H, dissociative
chemisorption energy and H desorption energy at saturation is 0.90 eV and 2.02 eV for Pt;3, and
0.76 eV and 2.04 eV for Pd,,, respectively. These values are comparable with what was reported
for smaller close-packed clusters, which suggests that the catalytic performance of these transition
metal clusters may not vary significantly with particle size or shape but instead depends primarily
on the available surface metal atoms which can be accessed by H atoms.

Keywords: Icosahedral Clusters, H, Dissociative Chemisorption, Sequential H Desorption,
Saturation.

1. INTRODUCTION conditions of constant flow of gaseous hydrogen remains
limited.

The interaction between hydrogen and metal surfaces has
been investigated extensively using both experimental®'?
and theoretical methods?? in order to understand the reac-
- ; : ) tivity of hydrogen with the metal atoms and the nature
gen molecules are dissociated with active hydrogen of the bonds. For Pt(111) and Pd(111) surfaces, the max-
gtoms adsorbed on the catalyst surfaces.' Underste.lnd- imum adsorption energy of a single hydrogen atom was
ing the elementary processes of these chemical reactions calculated to be 0.46 eV and 0.51 eV, respectively with

is essential ‘for de'sign and <.1evelop.ment of novel cata- . (o, tion barrier that is lower on the Pt surface than on
lysts t.o ach1ev§ high catalytic efficiency. Ur.lfom.mate'ly, the Pd surface.?* Experimental studies using thermal des-
a detailed at.omlc scale knowledge of sequential dlSSO.CIE-l- orption spectroscopy reported that the adsorption energy
tive adsorption on metal cluster catalysts under realistic per H, dissociating on Pt(111) lies within the range 0.70
to 0.83 eV.>"'0 Theorelical calculations found the binding

* Author to whom correspondence should be addressed. energy of one H, molecule adsorbed on the Pt(111) surface

Hydrogen dissociative chemisorption on precious transi-
tion metal catalysts such as Pt and Pd is of great indus-
trial importance in various hydrogenation/dehydrogenation
and electrocatalysis processes.'™ In these reactions, hydro-
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to be 0.80 eV in good agreement with the experimental
results.?

The chemical reactivity of H, on clusters is nor-
mally much higher than on crystalline surfaces due to
finite size effects introduced by sharp corners and edges.
Balasubramanian and co-workers calculated H, dissocia-
tive chemisorption energy on Pt, and Pt; clusters using
multi-configuration self-consistent field theory (MCSCF)
and reported a value of 0.93-1.33 eV.?2 Using X-ray
absorption spectra together with DFT calculations, it was
found that the binding energy of two hydrogen atoms
on F,0 and Na,O supported Pt, clusters is 0.74 eV
and 0.80 eV, respectively.!” From H/D desorption exper-
iments, the binding energy for H, on a Pt ; cluster sup-
ported by NaY zeolite was found to be somewhat larger
with a reported value of 1.36 eV.!® Other calculations
reported a chemisorption energy of 1.40 eV for H, disso-
ciatively adsorbed at the on-top site of fec Pt;; cluster?>!
and 0.64-1.50 eV for unsupported Pt ; clusters with var-
ious amounts of H coverage.'® Clearly, it would be desir-
able to have a detailed understanding of all factors that
influence the chemical reactivity of the clusters such as the
size and shape of the cluster, the active bonding sites, the
amount of H coverage, and the role of the cluster support.

In previous work, we investigated the nature of the
hydrogen sequential adsorption on small platinum and pal-
ladium clusters.>>* For Pt, (n = 2-9) clusters, we found
that the chemisorption energies, which ranged from 1.4 eV
to 1.8 eV at low H coverage, decreased to ~0.9 eV at
full saturation, while the sequential desorption energies,
which ranged from 2.8 eV to 3.2 eV at low coverage,
decreased to ~2.5 ¢V at saturation.’>** For Pd, (n = 2-9)
clusters, the chemisorption and desorption energies again
decreased with H coverage, and at saturation were found
to be 0.6-0.8 eV and 2.3-2.7 eV, respectively.3* All
adsorption energies are larger on, these clusters than on
the corresponding (111) surfaces. Therefore, we expect
that nano-size transition metal clusters would have higher
chemical reactivity compared to flat transition metal sur-
faces. For both Pt, and Pd,, the saturation values were
within a limited range which suggests that these critical
energies may be insensitive to cluster size and configura-
tion. It is desirable to see whether this trend continues for
larger clusters that may be important for realistic catalytic
systems.

It is also noteworthy that the magnetic moments for all
of the small Pt and Pd clusters that we studied previously
were found to vanish at full H saturation.>¢ A recent
experiment conducted by Liu et al.!® on an icosahedral
Pt;; cluster residing in an NaY zeolite, however, found
that the cluster remains paramagnetic upon H, dissociative
chemisorption. They concluded that the cluster could bind
up to 30 H atoms onto the surface, which is a consider-
ably smaller H/Pt ratio than was found for the smaller Pt
clusters. It was speculated that the non-vanishing magnetic
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moment and the relatively small H capacity of the clus-
ter were both a consequence of inaccessible Pt—-H bonds
which leave unpaired 5d electrons.?®*® This assumes that
the cluster maintains its original structure throughout the
H loading and that all interactions occur on the surface.
A quantitative study is needed to determine whether the
icosahedral symmetry of the cluster is stable as H coverage
increases and whether the H atoms are able to penetrate
into the core of the cluster.

In this work, we extend our previous investigations to
include icosahedral Pt,; and Pd,; in order to understand
their catalytic activity towards hydrogen. Unlike the smaller
close-packed clusters, these icosahedral clusters possess a
highly symmetric core-shell character, with 12 shell atoms
and 1 core atom. We first locate the site preference of
hydrogen atoms adsorbed on the Pt;; and Pd,; clusters as a
function of coverage. Adsorption, diffusion and desorption
of hydrogen are considered and careful attention is paid
to structural rearrangements that may occur with increased
H loading. We also investigate the dynamical behavior of
hydrogen on the clusters in order to locate the saturation
limit. The aim of this paper is to characterize the hydro-
gen interactions with icosahedral Pt and Pd clusters at full
H coverage to determine the catalytic properties of these
transition metal clusters and to see whether these clusters
follow the trend found for smaller close-packed clusters
where the saturation energies are not sensitive to cluster
size and shape.

2. COMPUTATIONAL DETAILS

Our calculations were carried out using DFT under
the generalized gradient approximation (GGA) with the
Perdew-Wang’s exchange-correlation functional®”-* and a
spin-polarized scheme. The effective core pseudopoten-
tial (ECP) was utilized to describe the core electrons
and a double numerical basis set augmented with polar-
ization function (DNP) was employed to describe the
valence electrons. The energy and gradient convergence
tolerance was chosen to be 2 x 10~° Ha and 4 x 10~ Ha/A
respectively. All structures were fully optimized to the
energetically most stable configurations using conjugated
gradient algorithm without symmetry constrains. The
LST/QST method® was used to determine the transition
state of H, dissociative chemisorption and diffusion on
the Pt;; and Pd;; clusters. Ab initic molecular dynamics
(MD) simulations and bond-distance distribution analysis
were performed for each cluster size to determine possible
structural rearrangements and the H saturation point. The
ab initio MD simulations were run for 2 ps with a time step
of 1 fs using a NVT ensemble with the temperature con-
trolled by Nosé-Hoover chain thermostat under 300 K. All
calculations were implemented in DMol® package.*4! The
Hirshfeld population analysis was performed to evaluate
the charge transfer from metal to H. The H, dissociative
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chemisorption energy AEqg and the H sequential desorp-
tion energy AEpg are defined by

2 n
AEg=—- (EMBH,, - EM13 - —EHZ) (1)
n 2
1
AEpg = Ey— 5 EM13H,1 - EM13H,,_2 (2)

where 7 is the number of H atoms. Ey, y is the energy
of M;H, metal hydride, Ey . is the energy of the bare
metal cluster, and Ey, is the energy of H, molecule.

3. RESULTS AND DISCUSSION
3.1. H, Reactions with Pt,; Icosahedral Cluster

Previous studies have shown that H, molecules readily
dissociate on flat Pt surfaces?>?* and on the surface of
Pt clusters?® 303234 yielding H atoms with high surface
mobilities.? 2*32-3 In the present study, we consider the
highly symmetric Pt;5 icosahedral structure and investigate
the chemisorption of H, molecules on the cluster as a func-
tion of H coverage. We begin with a single H, molecule
interacting with the bare cluster at one of three possible
sites: 1-fold atop, 2-fold edge and 3-fold hollow of the Pt;,
icosahedron. The calculated adsorption energy on these
three sites is 1.37 eV, 1.46 eV and 1.21 eV, respectively,
demonstrating that the edge site of icosahedral Pt;; is
chemically the most active, in agreement with DFT/GGA
results by Liu et al.'® However, detailed frontier orbital
analysis shows that the HOMO of Pt;; (5d) icosahedron
has the largest overlap with the LUMO of H,(1s) at the
atop site. Consequently, we further calculated the transition
state (TS) of H, dissociation and H diffusion around the
cluster with the H, molecule initially physisorbed at the
atop site as shown in Figure 1. The dissociation of H, is
nearly barrierless (TS1, 0.06 eV) yielding an initial prod-
uct (P1) chemisorption energy of 1.05 eV. The H diffusion
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Fig. 1. The H, activation, dissociation and H diffusion pathway around
the Pt; cluster.
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barriers (TS2 and TS3) are both less than 0.34 eV and the
final product (P3) has a chemisorption energy of 1.65 eV
with the two H atoms well-separated at the edge sites. This
result confirms that H, dissociation and H diffusion occur
easily on an icosahedral Pt ; cluster, and the energetically
favorable accommodation is the edge site.

We then sequentially add H atoms onto the edge sites
of the Pt;; cluster and fully optimize each structure until
we find the energetically most favorable configuration.
A few selected configurations are displayed in Figure 2(a).
All of these configurations were verified by MD simula-
tion to determine whether the system has reached H sat-
uration. It was observed from the MD trajectories that
the saturation point occurs at n = 44. For larger n, two
H atoms are readily squeezed out from the cluster forming
an H, molecule which is subsequently physisorbed onto
the cluster surface. Figure 2(b) compares the H-H distance
distributions for Pt;;H,, and Pt;;H, and shows the peak
at 0.74 A for n = 46 which corresponds to the recombined
H, molecule.

Figure 3(a) shows three distinct stages for sequential
H loading on Pt;;. In the icosahedron stage, the average
Pt—Pt bond distance increases rapidly with the number
of H atoms, confirming that the sequential adsorption of
H atoms causes an expansion of the Pt,; cluster at low H
loading.'”-'® During this stage, the icosahedral symmetry
of the Pt cluster is maintained and the most stable con-
figurations all adopt a symmetric H-H pair distribution
until # = 8. At n = 10, the Pt,; icosahedron encountered
a sudden distortion to an fec-like structure (Fig. 2(a3)).
To ensure it is not an artifact, we performed MD simu-
lation for 2 ps for Pt;;Hg and the icosahedral shape was
preserved. We then added two H atoms onto the edge sites
of the Pt;;Hg hydride and ran MD again for 2 ps. The
energy evolution curve and the average Pt—Pt bond dis-
tance change with respect to dynamic steps are shown in
the upper and lower panels of Figure 3(b), respectively.
At the initial period of the MD simulation, only thermal
motion of Pt and H atoms was observed. However, com-
pared with Pt;;Hg, four additional Pt—H bonds are formed
which weaken the Pt—Pt bonds resulting in a geometric
instability. Consequently, the icosahedral symmetry is bro-
ken and the icosahedron makes a transition to an fcc-like
configuration (this occurs around 1 ps in Fig. 3(b)). Further
H loading follows the second stage of Figure 3(a) where
each H atom is adsorbed onto the surface of the fec-like
cluster. The active edge sites are filled sequentially until
all are occupied at n = 24 as shown in Figure 2(a4).

Two types of 4-membered H rectangles emerge at
n = 24. One type has a Pt atom in the plane center whereas
the other type has no central Pt atom. We name these
the Pt@H, and Vac-H, sites, respectively. Our calcula-
tions found that the adsorption energy at the Pt@H, site is
0.12 eV higher than at the Vac-H, site, which was calcu-
lated to be —1.41 eV. Therefore, the Pt@H, sites are filled
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Fig. 2. (a) Optimized structures of H, sequential dissociative chemisorption on Pt,; cluster. Surface H atoms are shown in white and inside H atoms
in yellow; (b) The calculated H-H distance distributions of Pt ;H,, and Pt;;H,.
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Fig. 3. (a) The average Pt-Pt distances as a function of H coverage;
(b) upper panel: energy evolution with time for Pt;;H,,; lower panel: the
average Pt—Pt distances of Pt;;H,,.
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preferentially and the sequential loading of these sites con-
tinues until # = 36 as shown in Figure 2(a5). This marks the
end of the second stage in Figure 3(a) where all hydrogen
atoms are adsorbed at the surface of the Pt;; cluster and the
average Pt—Pt bond distances fluctuate in a small range of
2.83-2.88 A for the different numbers of H atoms. The final
stage in Figure 3(a) occurs for higher values of H loading.
In this stage, the cluster maintains its fec-like structure and
the additional H atoms are placed at any of the 6 Vac-H,
sites. These atoms get pulled into the cluster where they
interact with the core Pt atom (Figs. 2(a6)-(a8)). The
inside H atoms break the connection between the core
Pt atom and the outer shell Pt atoms, leading to fur-
ther volume expansion. This is clearly seen in Figure 3(a)
where the average Pt—Pt distance increases by about 0.2 A
in going from n =36 to n = 44. The phenomenon of
H adsorbing inside the surface is quite different with small
Pt clusters®®> 3 that have no inner atoms. However, it was
observed for H adsorption on Pt crystalline surfaces where
H atoms diffuse into the Pt lattice after all possible surface
sites are saturated.’!

Figure 4 displays the H, dissociative chemisorption
energies (AEg), the H sequential desorption energies
(AEpg), and the average amount of Hirshfeld charge trans-
fer from Pt;; to H atoms (AQ) with respect to H load-
ing. Similar to smaller Pt clusters,>* there is greater
fluctuation in AE than in AE-; due to the energy dif-
ference between metal hydrides (see Eq. (2)) which can
vary greatly near boundaries where energetically favorable
sites become filled. Clear examples may be seen at n = 24
where the edge sites are completely filled and at n = 36
where the surface sites are completely filled. The disso-
ciative chemisorption energy drops rapidly when H atoms
are pulled inside the cluster, however, the charge transfer
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Fig. 4. The calculated (a) dissociative chemisorption energy,
(b) sequential desorption energy and (c) average Hirshifeld charge
transfer from metal to per H of Pt cluster versus H coverage.

flattens out. This deviates from the trend found for smaller
clusters which showed more correlated behavior between
AEqg and AQ. The calculated values of AEcg and AEp
at full saturation are 0.90 eV and 2.02 eV, respectively.
These values are very close to those found for small Pt
clusters®>* which suggests that the most important ener-
gies are not sensitive to the size or shape of the clusters
in the saturation limit.

3.2. H, Reactions with Pd,; Icosahedral Cluster

Similar to the procedure described above for the Pt;; icosa-
hedral cluster, we studied the H, dissociative chemisorp-
tion and H sequential desorption on the icosahedral Pd,
cluster. We allowed for diffusion at low H coverage and
searched for the location of the structural transition that
was expected to occur with increased loading of H atoms.
Again, the edge site of the icosahedral Pd,;; was iden-
tified to be the most active for accepting H atoms at
low coverage. The calculated dissociative chemisorption
energy is 1.40 eV with an H, dissociation and H diffu-
sion barrier of 0.16 eV and 0.07 eV, respectively. The H,
reactivity is slightly lower than that of Pt;;, however, the
H diffusion is much more facile, consistent with previous
reports.’>34

Sequential adding of H atoms to the Pd,; cluster was
followed as in part A. Selected Pd-hydride structures are
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Fig. 5. (a) Optimized structures of H, sequential dissociative
chemisorption on Pd,; cluster. Surface H atoms are shown in white and
inside H atoms in yellow; (b) The calculated Pd—Pd distance of Pd;H,.

displayed in Figure 5. The Pd,; cluster maintains its icosa-
hedral structure for higher values of H loading compared
to Pt,5, and reaches a critical transition point at n=22. The
transformation to fcc-like structure occurs at n = 24 where
all the edge sites are filled. Unlike the Pt;; cluster, there
is no region of fce-like structure where additional H atoms
may be sequentially attached to the surface. Any two
H atoms that are added to the Pd ;H,, hydride are pulled
inside the cluster surface where they interact with the
core Pd atom. Interestingly, our calculations show that
the Pd,, cluster cannot hold more than 2 H atoms inside
the shell. When more H atoms are added to the Pd,;Hyg
cluster, they do not enter inside but instead absorb at the
Pd@H, corner sites. This situation differs from that of
the Pt;y cluster which can hold as many as 6 H atoms at
the core site which weakens the Pt—Pt bonds and leads to
increased H chemisorption capacity. This conclusion was
verified by MD simulations which identified the H satu-
ration point for Pd;; to be at n = 30, considerably less
than the Pt;, cluster value of 44. The ratios of hydrogen
to metal atoms found here are consistent with those found
previously for smaller clusters.’2-4

Figure 6 displays AEqg, AEpg, and AQ for Pd,; with
respect to H loading. Again there is strong fluctuation in
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AEy; at n =24 where the edge sites are completely filled.
The calculated values of AE and AE; at full satura-
tion were found to be 0.76 eV and 2.04 ¢V, comparable
to those of small Pd clusters.** Charge transfer for small
Pd clusters was found previously®* to decrease almost lin-
early with H coverage. The AQ curve given in Figure 6(c)
shows mostly flat behavior for the Pd,; cluster at small
H coverage, but then follows a nearly linear decrease
with increased H loading, consistent with the small cluster
behavior. It is noteworthy that for both Pt, and Pd, clusters
with n < 14, the saturation values of AE-; and AEy; do
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not vary significantly with cluster size and shape. There-
fore, it appears that the main difference between these
clusters towards H, at full saturation of H atoms is that
the H capacity of Pt clusters is substantially higher than
that of Pd clusters.

3.3. Electronic Properties

Our calculations indicate that Pt;; and Pd,; bare clusters
are magnetic with magnetic moments of 1 uy and 4 ug,
respectively. Upon H, dissociative chemisorption on the
clusters, the electronic spin states of the bare clusters are
altered in the metal hydrides. At full H saturation, the elec-
tronic structures of the Pt and Pd hydrides become close-
shell due to the fact that the unpaired Pd/Pt d-electrons are
now paired with the H-1s electron via d—s orbital overlaps,
which annihilates the magnetic moments. This behavior is
consistent with our previous findings for small clusters®>-34
but differs from DFT calculations reported by Liu et al.'®
which predicts a non-vanishing magnetic moment for an
icosahedral Pt;; cluster saturated by 30 surface H atoms
likely due to the confined zeolitic bonding environment
and inaccessibility by H atoms. Figure 7 displays the cal-
culated density of states (DOS) of both bare and fully
H-saturated Pt,; and Pd,; clusters. Radical changes in the
electronic structures upon hydride formation are readily
visible. The DOS spectra for the bare metal clusters exhibit
typical metal bonding character with the low lying states
are dominantly contributed by d-orbitals. For the metal
hydrides, the valence bands are contributed mostly by the
d-orbitals of the metal atoms and the s-orbitals of H atoms;
the conduction bands are primarily contributed by the 5d-
and 6s-orbitals of Pt atoms for Pt,;H,, and by the 4d- and
Ss-orbitals of Pd atoms for Pd;;H,, as H atoms withdraw
electrons from the metal atoms. The metallic character of
the bare metal clusters exhibited in the DOS spectra is
substantially reduced upon the metal hydride formation as
the bonding between metal atoms and H atoms is largely
of covalent nature.
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Fig. 7. 'The calculated density of states of bare and saturated Pt,; and Pd,; clusters.
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4. SUMMARY

Transition metal catalyzed hydrogenation/dehydrogenation
reactions are of great scientific and industrial importance
and thus have attracted intensive theoretical and experi-
mental interest. In our previous work, we presented DFT
studies to quantitatively address the catalytic performance
of small Pt and Pd clusters toward H, under realistic con-
ditions of constant pressure of hydrogen. We found that
the most important properties of the clusters, namely the
H, dissociative chemisorption energy and the H desorp-
tion energy, do not vary significantly with cluster size at
full H coverage. In this paper, we extend our investigations
to include a slightly larger cluster size of high symme-
try to further test the conclusions made previously, and
to see whether the catalytic properties of these transition
metal clusters exhibit any dependence on the shape of the
cluster.

Starting with bare icosahedral Pt;; and Pd,; clusters, we
sequentially added H, molecules to the highly symmetric
surfaces and computed the adsorption and desorption ener-
gies as a function of H coverage. For both Pty and Pd,;,
the H, dissociative chemisorption energy and H desorp-
tion energy at full saturation are comparable with reported
values for smaller close-packed clusters despite the struc-
tural rearrangement of the clusters themselves. A structural
transition from the symmetric icosahedron to an fcc-like
structure was observed for both Pt;; and Pd,; prior to
H saturation, which provides more active sites for further
hydrogen adsorption. H atoms can diffuse into the clus-
ter to interact with the core metal atoms. The number of
H atoms that may reside inside Pt;; is larger than that
of Pd;; and allows higher hydrogen capacity. Hirshfeld
population analysis shows that electrons flow from metal
to H atoms during the hydride formation, which annihi-
lates the magnetism and leads to a close-shell nature of
the metal hydrides at full saturation.

Our previous and present studies suggest that some
important properties related to the catalytic performance
of transition metal clusters may not vary significantly with
the particle size or shape. While there is substantial varia-
tion in the adsorption and desorption energies for the var-
jous shapes and sizes of clusters at low H coverage, these
energies lie within a narrow range when the clusters reach
full H saturation. Therefore, under practical experimental
conditions of constant H, pressure, it appears that the ener-
getic properties are dependent primarily on the available
surface atoms of metal which can be accessed by H atoms.
This observation should be very helpful in the design of
novel catalysts for real industrial applications.

It is important to note that the present studies included
only exceedingly small metal cluster size. Catalyst parti-
cles used in practice is substantially larger than the sub-
nano clusters used in our calculations. These particles are
dispersed onto support materials. To gain complete under-
standing of the catalytic activities, further studies on the
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fundamental properties of supported larger clusters are
needed.
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