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We present a simple cluster model to understand the dissociative chemisorption of molecular hydrogen and
the desorption of atomic hydrogen on platinum small clusters using the gradient-corrected density functional
theory. Successive H, decomposition and sequential H desorption on the selected Pt, (n = 2—5, 7—9) clusters
were systematically studied, and the H, dissociative chemisorption energies and the H desorption energies at
the full H saturation were identified. The reaction processes are driven by charge transfer from Pt atoms to
H atoms assisted by strong orbital overlaps between Pt 5d orbitals and H 1s orbital, which leads to electron
delocalization in large clusters of metal hydrides. It was found that the number of H atoms chemisorbed on
the small Pt clusters increases almost linearly with the size of the selected Pt cluster.

1. Introduction

Molecular hydrogenation is one of the most important
chemical reactions, widely used in petrochemical, pharmaceuti-
cal, and fine chemical production. Many of the reactions are
catalyzed by precious metals such as platinum and palladium.1—3
Hydrogen molecules undergo a dissociative chemisorption
process on these catalysts, which then supply hydrogen atoms
to the unsaturated chemical bonds of gas species. A great deal
of effort has been made in the past few decades to understand
the underlying mechanisms of the catalytic processes in order
to develop efficient, low-cost novel catalysts for hydrogenation.*—5
Several studies using thermal desorption spectroscopy reported
that the dissociative chemisorption energy of hydrogen on the
Pt(111) surface is between 0.70 and 0.83 eV.”"11 A recent
desorption experiment of hydrogen/deuterium on a Pty3 cluster
supported by NaY zeolite yielded an H, dissociative chemi-
sorption energy of 1.36 eV.!2 Theoretically, the reported
dissociative chemisorption energy of hydrogen on Pt crystalline
surfaces ranges from 0.8 to 1.54 eV.13716 |n contrast, the
dissociative chemisorption of hydrogen calculated by Bala-
subramanian and co-workers!718 using multiconfiguration self-
consistent field theory (MCSCF) on Pt; and Pt; clusters is 0.93—
1.33 eV. More recently, Okamoto® reported a chemisorption
energy of 1.4 eV using a density functional theory/generalized
gradient approximation (DFT/GGA) method for H, dissocia-
tively adsorbed at the on-top sites of a Pt;3 cluster, which is in
agreement with experimental results.’2 These results clearly
demonstrate that the chemical reactivity of H, on clusters is
much higher than on crystalline surfaces. Furthermore, several
calculations also suggested substantially high desorption energy
for atomic hydrogen adsorbed on catalyst surfaces.?° The
desorption energy of a H atom on the Pt(111) surface was
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reported to be 2.60—2.65 eV,22=2 while the local density
functional theory calculations by Watari and Ohnishi?* on H
desorption on a Pty3 cluster gave a desorption energy of 2.9—
4.5 eV. Clearly, for both the H; dissociative chemisorption and
H desorption processes, clusters exhibit considerably higher
reactivity toward hydrogen than crystalline surfaces, which is
largely due to the finite size effect since clusters exhibit more
sharp corners and edges.

Very recently, Cheng and co-workers? reported strong
coverage dependency of chemical reactivity of a Ptg cluster
toward hydrogen. It was found that, upon H saturation on the
cluster, the calculated dissociative chemisorption energy is only
slightly higher than the value on the Pt(111) surface, while the
H desorption energy is slightly lower than what was reported
on the surface. Clusters with full coverage of gas species can
serve as a more realistic model for catalysts under typical
catalytic conditions in which a constant pressure of gas species
is always maintained and thus the surfaces of the catalysts in
general are fully covered. In this paper, we present results on
H, dissociative chemisorption and H desorption on other small
Pty (n = 25, 7—9) clusters using DFT under generalized
gradient approximation (GGA). We first performed systematic
calculations on sequential H, dissociative chemisorption on these
clusters until they are fully saturated by H atoms. The main
purpose of the present study is to understand the cluster size-
dependency of H; dissociative chemisorption and H desorption
energies at full saturation. It is expected that a definitive
conclusion on this subject would provide useful information on
the catalytic activities of various sizes of clusters and thus
facilitate catalyst design and development. The structures of
small Pt clusters have been extensively studied previously.26:27
Very recently, we have identified some of the energetically most
stable structures of small Pt clusters.28 Therefore, in the present
study, we will concentrate only on these clusters and explore
their reactivity toward hydrogen.
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Figure 1. (a) Optimized Pt,Hn, clusters and (b) average Pt—Pt and Pt—H distances at full H saturation.

2. Computational Method

All calculations are performed via DFT/GGA with the
nonlocal exchange—correlation functional proposed by Perdew
and Wang (PW91).22%0 The method was implemented in the
Dmol® package.3'=3% Double precision numerical basis sets
augmented with polarization functions (DNP) were use to
describe the valence electrons, while the effective core pseudo-
potential (ECP) were utilized to describe the core electrons,
which account for the relativistic effect important for Pt atoms.
A spin-polarized scheme was employed to deal with the
electronically open-shell systemsintrinsic to the Pt atoms. The
Hirshfeld population analysis was performed to anayze the
charge transfer.3* The Mulliken population analysis is inap-
propriate due to its indiscriminative division scheme in the
present case since the size of the Pt atom is much larger than
that of H. All structures are fully optimized without symmetry
constraints to obtain energetically most stable structures by use
of the conjugated gradient algorithm. The transition state (TS)
structure search was performed only for Pt, to gain insight into
the barrier of H, dissociative chemisorption by the LST/QST
method.®> TS structures were verified by performing normal-
mode analysis that gives only one imaginary frequency.
Subsequently, the average chemisorption energy per molecule
was evaluated by use of the eguation:

AEce = 2 (Epyy + MV2E,; — Eppy)/M
n=23,..,m=246,..) (D
where Epy, represents the energy of the Pt, cluster, Ey; is the

energy of H, molecule, and Epynm is the total energy of m
hydrogen atoms adsorbed on Pt,, cluster.
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Figure 2. Reaction pathway of H, activated by Pt, cluster. The unit
for the bond length/distance is angstroms. The reaction barrier is 0.05
eV from reactant to productl and 0.13 €V from productl to product2.

One of the central issues in catalytic hydrogenation is how
readily the chemisorbed H atoms desorb from the catalyst. To
address this issue, it is important to identify the H desorption
energy at or near full saturation of the catalyst. Accordingly,
we calculated the sequential desorption energy per atom using
the equation defined in ref 25:

AEpe = By — (Eptim — Eptiim-2)/2
(n=2,3,...m=24,6,..) (2

where Ey is the energy of H atom. At full saturation, the
sequential desorption energy AEpe represents the threshold
energy required for aH atom to desorb from the cluster surface.
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Figure 3. (a) Calculated H, dissociative chemisorption energy, (b) H desorption energy, and (c) loss of Hirshfeld charges of Pt clusters vs H

coverage.

To quantify whether the Pt cluster is fully saturated or not, we
performed ab initio molecular dynamics (MD) simulation at
room temperature for 2 ps with a time step of 1 fs in a NVT
canonical ensemble using the Nosé-Hoover chain36:37 for tem-
perature control to ensure all H atoms remain chemisorbed.
Excessive H atoms on the surface will recombine into H,
molecules physisorbed on the cluster upon the MD runs.

3. Results and Discussion

For the convenience of presentation, we will not describe all
the optimized structures obtained. Instead, we will use Pt, to
serve as an example for TS calculations for dissociative
chemisorption of H, and Pt, tetrahedral structure to show the
sequential H, dissociative chemisorption and H desorption. The
fully optimized structures of the saturated clusters are shown
in Figure 1a. All H atoms remain on the cluster surfaces. There
are three possible adsorption sites on the Pt clusters: 1-fold
on-top, 2-fold edge, and 3-fold hollow sites, each of which was
examined for H adsorption strength. We first identified that the
on-top site is energetically the most favorable for H; dissocia-
tion, followed by edge sites and hollow sites, in agreement with
the previous DFT study.2> We then sequentially increased the
H loading on these clusters until they were fully saturated. To
describe the structural characteristics, we show the calculated
average bond distances of Pt—Pt and Pt—H vs cluster size in

Figure 1b. For the average bond distances of Pt—Pt, we also
compare with those of bare clusters. For bare clusters, the
average Pt—Pt bond distance increases with the cluster size until
n = 4; it levels out due to the structural transition from 2-D to
3-D, in which case each Pt atom is bonded with three or four
Pt atoms. Upon H chemisorption, however, the average Pt—Pt
bond distance is relaxed considerably by about 0.2—0.3 A. In
parallel, the average Pt—H bond distance increases substantially
from n = 3 to n = 4, indicating weaker Pt—H bonds. Again,
the effect of the structural transition is readily visible. The main
reason is that each of the Pt atoms of the 3-D clusters participates
in metallic bonding with more Pt atoms, which reduces the bond
strength with H atoms.

There are numerous pathways that lead to the dissociative
chemisorption of H, on the Pt, dimer, one of which was found
to undergo two steps as shown schematically in Figure 2. The
H, molecule approaches the dimer from one end of the dimer
axis with the Pt atom vertically toward the center of mass of
Ho, initially forming a weakly bonded species (R), which then
undergoes a transition state (TS1) that leads to decomposition
of H, with a barrier of 0.05 eV. The nearly barrierless
dissociative chemisorption results in a T-shaped adsorption
structure (P1), which lies 0.26 eV below the reactant state. The
adsorbed H atom is capable of moving from one side of the
dimer to the other (P2), with an energy barrier of 0.13 eV (TS2).
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Figure 4. (a) Fully optimized structures of H, sequential dissociative
chemisorption on a Pt, cluster. (b)Ccalculated H—H distance distribution
function g(r) for PtyH6 and PtsHs, respectively. g(r) was obtained by
tabulating all the H—H distances at each step of the MD trajectories
fit with Gaussian functions.

The calculation suggests that the H, dissociative chemisorption
requires very little activation energy compared to the activation
barrier of 0.06—0.42 eV for crystalline surface reported by
Vincent et al.1* Overall, the calculated chemisorption energy is
1.78 eV. The strong chemisorption arises from the orbital
overlaps between the 1s orbital of H atoms and the 5d orbitals
of Pt atoms, resulting in charge transfer from Pt 5d to H 1s.
The calculated sequential H, chemisorption energy and sequen-
tial H desorption energy are shown in Figure 3, panels al and
b1, respectively. The cluster was found to be able to accom-
modate up to 10 H atoms, beyond which additional H will
recombine into H, molecules. Both AEce and AEpe decrease
as the number of H atoms on the cluster increases. Upon
saturation, the calculated chemisorption energy is 1.1 eV, about
0.3—0.4 eV higher than the experimental value for H, on the
Pt(111) surface.”~! In particular, it is interesting to note that
the value of H, dissociation energy AEce drops substantially
from 1.78 eV at a low coverage to 1.1 eV at full saturation,
while the threshold H-desorption energy AEpg at full coverage
is about 0.6 eV lower than its value at a low coverage. The
amount of Hirshfeld charge transferred from Pt; to the H atoms
(AQ) is shown in Figure 3, panel c1, which declines with the
number of H atoms and is consistent with the calculated AEce.
For the Ptz trimer, the calculated AEcg, AEpg, and AQ exhibit
almost the same trends as for the Pt, dimer. The cluster can
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accommodate up to 12 H atoms. Substantial structural expansion
as well as distortion of the triangular geometry of the cluster is
observed upon hydrogen uptake.

To show the sequential adsorption of H, Figure 4a displays
the fully optimized structures of Pt, clusters with various H
coverages. The bare Pty cluster adopts a tetrahedral configura-
tion. Depending on the coverage, the cluster is distorted to a
certain extent. Full saturation is realized at m = 16, where mis
the number of H atoms. Excessive H adsorption would result
in recombination of H atoms to form H, molecules. In fact,
upon loading 18 H atoms on the cluster, we performed ab initio
MD simulations for up to 2 ps. It was observed from the MD
trajectories that two H atoms are readily squeezed out from the
cluster, forming a H, molecule that is subsequently bonded to
the cluster via weak interaction force. Indeed, the calculated
H—H bond distance distribution for Pt;Hig and PtsH1s, shown
in Figure 4b, clearly illustrates that the smallest H—H distance
for PtyHys is around 2.1 A, while for PtyH:g a peak around 0.75
A indicates a H, molecule is formed. Once again, more charge
flows from the Pt; cluster to H atoms as the H coverage
increases (Figure 3, panel c2).

For larger Pt, (n > 4) clusters, the calculated H, dissociative
chemisorption energy AEcg, H sequential desorption energy
AEpg, and loss of electrons of metal clusters AQ exhibit similar
features to what were found for smaller clusters (Figure 3). The
general trends of these quantities is that they decline with the
H coverage. However, while both AEce and AQ decreases
monotonically with the number of H atoms, some fluctuation
of AEpe is observed. This is because H atoms first saturate the
energetically most favorable sites. As these sites become filled,
their stability decreases and the vacant sites begin to fill. The
fluctuation of AEpg is due to the difference in chemisorption
energies near the saturation boundary. Full H saturation can be
ensured upon MD simulations, which eliminate H, molecules
physisorbed on the clusters. Figure 3 indicates that in all cases,
at the full saturation, the H, dissociative chemisorption energy
fluctuates in the range between 0.9 and 1.1 eV, slightly higher
than the experimental value for the H, dissociative chemisorp-
tion on the Pt(111) surface at zero coverage by 0.2—0.3 eV.71!
Similarly, the calculated threshold H sequential desorption
energy varies in a narrow range of 2.45—2.60 eV, slightly
smaller than the value for an isolated H atom on the Pt(111)
surface reported in a previous study by Papoian and co-
workers.!! Légaré3® recently showed that for H atoms on a Pt
crystalline surface the desorption energy is strongly coverage-
dependent. We therefore expect that both the H, dissociative
chemisorption energy and H desorption energy on a fully
saturated Pt cluster will be considerably higher than the ones
on a Pt crystalline surface at a high coverage.
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HOMO
Pi,H,, Pt.Hyo PtgHzy

Figure 7. Calculated HOMOs and LUMOs of Pt;H19 and PtgHza.

LUMO HOMO

Figure 5 displays the number of H atoms versus size of
clusters at full saturation. It shows that the number of H atoms
increases almost linearly with the size of clusters. Although we
expect such a quasilinear relationship would not hold for much
larger clusters, nevertheless, the catalytic efficiency of small
clusters for H, dissociative chemisorption is still remarkable.

Our previous studies on the magnetism of Pt clustersindicate
that most of the bare clusters exhibit magnetic moments due to
the unpaired 5d el ectrons.? Upon H; dissociative chemisorption,
these 5d orbitals interact with the 1s orbital of the H atoms
strongly, leading to electron pairing and hydride formation. As
a consequence, the electronically open-shell systems become
closed-shell systems. Indeed, the calculated results indicate that
al unpaired spins are diminished. Figure 6 displays the
calculated density of states (DOS) of the fully saturated Pt
clusters. For convenience, only the spin-up states are shown
since the spin-down species are identical to those of the spin-
up’s. Detailed analysis indicates that the valence bands are
contributed mostly by the 5d orbitals of Pt atoms and the 1s
orbital of H atoms. The conduction bands are mostly contributed
by the 5d and 6s orbitals of Pt atoms. This is consistent with
the calculated charge transfer from Pt clusters to H atoms. In
particular, it is interesting to note that the band gaps, ranging
from 0.9to0 2.8 eV, are gradually shrinking as the size of clusters
increases. This is because for larger clusters, al bridge sites
are nearly fully saturated and the symmetric 1s orbital of H
atoms readily overlaps with the neighboring 5d orbitals of Pt
atoms, resulting in electron delocalization in the entire cluster.
Indeed, the calculated highest occupied and lowest unoccupied
molecular orbitals (HOMOs and LUMOs) of Pt;H1 and PtgHag,
shown in Figure 7, indicate strong orbital overlapsin the larger
cluster, and orbital overlaps for the smaller cluster are more
localized. It is aso worth noting that the trend of band gap
evolution with cluster size at full saturation isin contrast to the
band gap trend for a given cluster with increasing H coverage
as was observed for Ptg reported previously,?® where the
gradually increased band gaps with H coverage are due to the
change from metallic bonding to covalent bonding.

Finaly, we note that a recent experiment on an icosahedral
Ptiz cluster residing in an NaY zeolite, conducted by Liu
et a.,’2 reported that the cluster remains paramagnetic upon Hy
dissociative chemisorption. Up to 30 H atoms were found to
bind to 12 surface Pt atoms. The H/Pt ratio is smaller than what
is reported here, likely due to the fact that the Pt atom at the
cluster center is not accessible by H atoms and that the cluster
is confined in the zeolitic channel, which prevents the cluster
from fully being covered by H atoms. As a consequence, the
cluster is unable to form bonds with H atoms to its maximum
capacity, resulting in some of the 5d electrons remaining
unpaired. Thusthe cluster is magnetic. However, all the Pt atoms
in the clusters selected in our study are accessible by H atoms.
Our calculations suggest that before these clusters reach full H
saturation, they also exhibit a certain degree of magnetism,
depending on H coverage. Upon full H saturation, al the Pt
atoms reach their full capacity to form Pt—H bonds and their
5d electrons become fully paired with vanishing magnetic
moments.

4. Summary

Transition metal-catalyzed hydrogenation and dehydrogena-
tion is one of the most important reactions in heterogeneous
catalysis, in which the catalysts are dispersed as nanoparticles
on supports. Under the typical operating conditions of a catalytic
system, acertain pressure of H, moleculesis usually maintained.
A theoreticd model capable of adequately describing the
catalytic system is of essential importance for understanding
of detailed reactive processes. As an aternative to conventional
theoretical models using crystalline surfaces to represent
catalysts, we instead use small Pt clusters as amodel of catalyst
to investigate the critical physicochemical properties of Pt
catalyst in catalyzing hydrogenation and dehydrogenation reac-
tions upon full hydrogen saturation. Our main emphasis in the
present work was on the dissociative chemisorption energy of
H, molecule and the sequential desorption energy of H atom
under full cluster saturation conditions.

Similarly to what was reported for crystalline Pt surfaces,
we found that H, dissociative chemisorption energies and H
desorption energies in small Pt clusters are strongly coverage-
dependent. These energies in general decline with H coverage,
and at the threshold of saturation, the H, chemisorption and H
desorption energies each fall within a narrow range that is
comparable to the results for a bare Pt(111) surface at zero
coverage. The H, dissociative chemisorption process is nearly
barrierless on the unsaturated clusters, again comparable to
results for a bare Pt(111) surface a zero coverage. As the
coverage of the crystalline surfaces increases, both the H,
dissociative chemisorption and H desorption energies are
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expected to decrease.™ The higher activity of the metal clusters,
compared with single crystalline surfaces, arises from the fact
that clusters possess sharp corners and edges exposed to gas
species. It was found that the Pt clusters expand steadily as the
H coverage increases. The on-top sites on the clusters are first
populated, followed by the edge sites and then the hollow sites,
until the clusters are fully saturated. Hirshfeld population
analysis indicates that charge transfer from Pt clusters to H
atoms increases with H loading, resulting in sequential change
of metallic bonds to covalent bonds in the metal hydrides. As
the size of clusters increases, the calculated band gaps of the
saturated clusters gradually diminish due to the strong orbital
overlaps between the 1s orbital of H atoms and 5d orbitals of
Pt atoms at the edge sites, leading to electron delocalization in
these clusters. Our calculations suggest that the Pt:H ratio is
nearly constant at full saturation, except when some of the metal
atoms residing at the core of the clusters are not accessible to
H atoms.

Although the cluster size selected in the present study is much
smaller than the particle size used in redlistic heterogeneous
catalytic systems, studies at the subnanoscale provide useful
insight into the detailed catalytic processes. Some of the
properties may not change significantly with the particle size
of catalysts. Understanding of these propertiesis of fundamental
importance in design of novel catalysts for a wide variety of
applications.
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