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Abstract Hydrogen dissociative chemisorption and desorp-
tion on small lowest energy Ni, clusters up to n=13 as a
function of H coverage was studied using density functional
theory. H adsorption on the clusters was found to be
preferentially at edge sites followed by 3-fold hollow sites
and on-top sites. The minimum energy path calculations
suggest that H, dissociative chemisorption is both thermody-
namically and kinetically favorable and the H atoms on the
clusters are mobile. Calculations on the sequential H,
dissociative chemisorption on the clusters indicate that the
edge sites are populated first and subsequently several on-top
sites and hollow sites are also occupied upon full cluster
saturation. In all cases, the average hydrogen capacity on Ni,
clusters is similar to that of Pd, clusters but considerably
smaller than that of Pt, clusters. Comparison of hydrogen
dissociative chemisorption energies and H desorption energies
at full H-coverage among the Ni family clusters was made.
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Introduction

Nickel family metals, including nickel, palladium and
platinum, are three of the most important catalysts used in
many industrial heterogeneous catalytic processes, such as
steam reforming and hydrogenation/dehydrogenation reac-
tions. These metal catalysts are usually prepared in a form of
dispersed particles on various support materials. Numerous
studies have demonstrated that nano-sized catalytic particles
are more chemically active than bulk-sized catalyst of the
same element [1]. As building blocks of bulk solids, small
clusters of these metals often exhibit different physicochem-
ical properties than those of bulk materials. Despite being in
the same family in the periodic table, the properties of the
metal elements differ considerably. Understanding of the
relationships of these properties between this family of
elements is of fundamental importance for design and
development of novel catalysts, alloys and nanoparticles for
specific applications. In the present study, we aim to address
the common properties and differences of small clusters of
the nickel family upon formation of hydrides under H,-
abundant environment using density functional theory
(DFT). The hydrides of nickel and palladium have been
used for applications in batteries [2], fuel cells [3] and
hydrogen purifications [4, 5], and platinum has been shown
to be an efficient catalyst for hydrogen dissociation [6].
Hydride formation of small Pd [7-9] and Pt [10, 11]
clusters has been systematically addressed previously. It
was found that interactions between hydrogen and these
metals differ considerably [7—15]. The on-top sites were
identified as energetically the most favorable binding sites
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for H atoms on Pt clusters [10—14], while the hollow and
edge sites are preferred on Pd clusters [7-9, 14, 15]. The
capacity of Pt clusters to adsorb H atoms was found to be
substantially higher than that of Pd clusters. Structures of
small Ni clusters have also been studied extensively both
experimentally [16-20] and theoretically [21-29]. It was
found that Ni clusters are mostly magnetic and their
magnetic moments diminish rapidly upon adsorption of
hydrogen as the bonding changes gradually from metallic to
covalent [20]. Ni clusters were capable of accommodating
more hydrogen atoms than other transition metal clusters of
the same size in the same row of the periodic table [30].
The cationic hydride complexes, Ni,H, were studied by
Swart et al. [31] using IR photon dissociation spectroscopy.
For n=4, 5 and 6, they also calculated the hydride
structures and vibrational spectra using DFT. It was found
that upon saturation with atomic hydrogen via chemisorp-
tion, Ni clusters can continue binding with additional H,
molecules via physisorption.

We have conducted a systematic study using DFT on
hydride formation of small Ni,, (n=2-9, 13) clusters. In this
paper, we report our computational results and compare the
hydride formation properties of Ni clusters with those of Pd
and Pt clusters with the goal of understanding the reactivity
of these metal clusters with H,. In particular, key properties
of the metal clusters at full saturation by H atoms are
systematically addressed. For catalytic reactions, these
properties, which include H, dissociative chemisorption
energy, H atom desorption energy, and the maximum
capacity for accommodating H atoms, are particularly
relevant since metal catalyst surfaces are in general fully
covered by H atoms at a finite H, pressure. The
comparative study would shed light on the catalytic
performance of small clusters of the Ni family elements.

Computational details

All calculations were performed using DFT/GGA (general-
ized gradient approximations) with the Perdew and Wang [32,
33] (PWO1) exchange-correlation functional as implemented
in the DMol® package [34, 35]. A double numerical basis set
augmented with polarization functions was used to describe
the valence electrons, while the core electrons were described
by an effective core pseudopotential [36, 37]. These basis
functions are numerically exact atomic orbitals rather than
analytical functions (e.g., Gaussian or Slater type orbitals)
and molecules can be dissociated exactly to its constituent
atoms within the DFT context. It has been shown that this
quality of basis set gives rise to very little superposition
effects [38]. A spin-polarized scheme was employed to deal
with the electronically open-shell systems intrinsic to the Ni
atoms. Charge transfer was calculated using the Hirshfeld
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Fig. 1 The optimzied minimum energy structures of Ni, (n=2-9, 13)
clusters

population scheme [39]. The method employed in the present
study has been successfully utilized to study bulk properties
of the transition metal elements and good agreement between
the calculated structures and cohesive energies and the
available experimental values were achieved [13-15]. To
facilitate SCF convergence, small charge smearing was
initially applied to the low lying virtual states and subse-
quently the smearing value was completely removed upon
the SCF convergence with a tolerance of 1.0x10 ® Ha.
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Fig. 2 Comparison of the calculated binding energies of small Ni, Pd
and Pt clusters
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All structures were fully optimized without symmetry
constraints. The energetically most stable structures were
found using the conjugated gradient algorithm. The transition
state (TS) structure search using the LST/QST algorithm [40]
was conducted only for H, on Nig to gain insight into the H,
dissociative chemisorption kinetics and for H atom diffusion
in the cluster. The optimization tolerance was set to be 1.0
107° Ha. The obtained TS structure was further verified by
normal mode analysis that yields only one imaginary
frequency. For the clusters with a given size, an exhaustive
search for minimum energy structures was conducted. The
average binding energy (AEgg) of a cluster containing n Ni
atoms can be calculated using:

AEBE = (nENi — ENin)/n, (Il = 2, 3, .. ) (1)

where Ey; and Ey;, represent the energies of a single Ni atom
and the Ni, cluster, respectively. The average dissociative
chemisorption energy per H, and sequential desorption

NigHz NigH4 NisHs NigHg

NigH10 NigH12 NigH14
Fig. 4 Sequential loading of H atoms on the Nig cluster until full H

saturation
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energy per H atom were evaluated using the following
equations:

AEcg = 2(Eni, — Enin,)/m

+ B, (n=2,3..5m=2,4,6,...) 2)

AEDE = EH — (ENinHm — ENi“Hm,z)/27 (n = 27 3 LM = 27 47 67 .. )
(3)

At full H saturation, the sequential desorption energy AEpg
represents the threshold energy required for an H atom to
desorb from the cluster surface. To identify the full H
saturation state of the Ni clusters, we performed room
temperature ab initio molecular dynamics (AIMD) simula-
tions for 3 ps in a NVT canonical ensemble using the Nosé-
Hoover thermostat [41]. Excessive H atoms on the cluster will
recombine to form H, molecules upon the AIMD simulation.

Results and discussion

Similar to small Pd and Pt clusters, numerous isomers exist
for Nickel clusters with a given size. We first performed
geometry optimizations to identify the stable structures of
small Ni clusters. Figure 1 depicts the lowest energy
structures and the average binding energies for Ni, (n=2~
9, 13). Our results are consistent with the reported
theoretical studies on small Ni clusters [42, 43]. As
expected, the calculated lowest energy cluster of a given
size exhibits similar structural characteristics to the same
size of Pt and Pd cluster and the Ni clusters undergo a
similar triangular growth pathway. The calculated average
binding energies of Ni, clusters, together with the values of
Pt and Pd calculated previously [44, 45], are shown in
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Fig. 2. As expected, the average binding energy increases
with the cluster size monotonically. For the same cluster
size, the binding strength of the Ni cluster is similar to that
of the Pd cluster but smaller than that of the Pt cluster.
Interestingly, the relative binding strength of small clusters
shown in Fig. 2 is consistent with the trend of the cohesive
energies of the bulk Ni, Pd and Pt solids reported
experimentally (Ni: 4.44 eV; Pd: 3.89 eV; Pt: 5.84 eV [46]).

We next studied the sequential H, dissociative chemi-
sorption on the lowest energy Ni clusters. For n=2,
hydrogen prefers to reside on the edge. For n>3, three
possible adsorption sites, i.e., one-fold on-top, two-fold
edge and three-fold hollow, are available to accommodate
hydrogen atoms. Regardless of the cluster size, we found
that the most favorable site for hydrogen on Ni, clusters is
on the edge, followed by the hollow site and the on-top site
is the least stable. The bonding preference for hydrogen on

the Ni clusters is distinctively different from the case of Pt
and Pd clusters. For small Pd clusters [14, 15], the sequence
of H binding preference is the hollow site followed by the
edge site and non-bonding at the on-top site, while for
small Pt clusters [12, 13], the on-top site is the strongest
binding site, followed by the edge site and then the hollow
site. The relative binding preference for H atoms correlates
well with the average binding energy of the metal clusters.
H atoms prefer to be absorbed on-top on relatively strong
binding clusters, such as Pt,, and fall into the hollow sites
on relatively weaker binding clusters like Pd,, to maximize
the interaction with more metal atoms.

To simplify the presentation, we chose the Nig cluster as
an example for detailed analysis of sequential H, dissocia-
tive chemisorption and H diffusion. We sampled several
initial configurations for a H, molecule to approach the
cluster. It was identified that the pathway starting from a

Fig. 5 (a) The fully saturated a
hydrides of the selected Ni,
(n=2-9, 13) clusters and
(b) The calculated Ni-H bond
distance distribution of the 4
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side-on configuration of H, to interact with an on-top Ni
atom that leads to H adsorption on two neighboring edge
sites to be energetically most favorable. The dissociation
process is essentially barrierless, similar to the situation of
H, dissociation on Pd and Pt clusters. The calculated
adsorption energy is 1.31 eV, slightly higher than the value
on Pdg (1.16 eV) but considerably lower than on Pts (1.61
eV). We next studied the mobility of the absorbed H atoms
on the cluster by moving a H atom from the edge site to a
nearby edge. Figure 3 displays the calculated energy
diagram of the migration pathway, where the optimized
initial, transition state and final structures are also shown.
The H migration requires 0.19 eV activation energy and is
essentially thermal neutral. The H migration barrier on Nig
is slightly higher than on Pdg (0.11 eV) and slightly lower
than on Pts (0.23 eV). The modest difference in the
calculated H migration barriers among these clusters
correlates well with the relative stability of hydrogen on
the clusters. In general, the results suggest that H migration
on the Ni family clusters is facile.

Next, we considered sequential loading of H, molecules
on the cluster until full saturation. The fully optimized
structures of sequentially dissociated H, molecules on the
cluster are shown in Fig. 4. Again, the edge sites of the
cluster are populated first at low coverage. As the H loading
increases, the edge sites become fully occupied and two on-
top sites opposite to each other are also populated. The Nig
cluster reaches full saturation at m=14, beyond which
excessive H atoms will recombine to form H, molecules.
The maximum hydrogen capacity of Nig is the same as that
of Pdg, despite the fact that the size of Pdy is considerably
larger than Nig. We note that Nig has 12 edge sites, which
are fully occupied by H atoms, with two opposite on-top
sites available to accommodate additional two H atoms. On
Pdg, however, there are only 8 three-fold hollow sites
available for H atoms with additional six edges for H atom
access. Not surprisingly, the hydrogen capacities of Nig and
Pdg are both significantly lower than that of Pts which not
only has higher binding strengths with H atoms but also
allows H atoms to reside at the on-top sites.

Similar to Nig, our calculations on H, dissociative
chemisorption on other Ni, clusters at low H coverage
suggest that the process is both kinetically and thermody-
namically favorable and the H atoms on the cluster are
mobile. Figure 5a displays the structures of small Ni,
clusters at full H saturation. These structures were obtained
upon full AIMD runs at room temperature to ensure that all
H atoms are chemisorbed and hollow sites are also occupied
by H atoms. The simulated Ni-H distance distributions of
these hydrides are shown in Fig. 5b. Most of the Ni-H bonds
are between 1.6-1.7 A, slightly shorter than the Pd-H bonds
(1.7-1.8 A [12-14]) in Pd hydrides and considerably shorter
than the Pt-H bonds (2.2-2.3 A [14, 15]) in Pt hydrides.

Figure 6a compares the calculated average H, dissocia-
tive chemisorption energies (AEL;) of Ni,, Pd, and Pt,
clusters at full saturation. Remarkably, they all vary in a
small energy range between 0.6 eV and 1.0 eV regardless of
the cluster size except for Pd, and Pd;, which exhibit
considerably higher average H, dissociative chemisorption
energies. The results imply that clusters of the three metal
elements behave similarly in terms of dissociating H,
molecules at full H coverage. The size-independence is
largely due to the fact that the chemical bonding of the
clusters evolves from metallic to covalent as H atoms are
sequentially loaded up onto the clusters. As a consequence,
the chemical properties become localized and thus do not
depend strongly on cluster size. We note that at typical
catalytic hydrogenation conditions the metal catalysts are
fully covered by H atoms. For a given catalyst quantity,
smaller catalyst particles offer higher surface area exposed
to the gas species. However, our results suggest that H,
dissociative chemisorption energies do not change signifi-
cantly with particle size. This makes computational
modeling of surface catalysis convenient because one could
select a relatively small size cluster to represent catalyst
particles. Similarly, we calculated H atom desorption
energies (AELL) at full H coverage of the metal clusters
and the results are displayed in Fig. 6b. The desorption
energy at full H coverage is an important physical quantity
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because it can serve as an indicator of catalytic activity. A
small desorption energy indicates higher activity. For small
Ni, clusters, the H desorption energy varies in a range
between 2.08 to 2.73 eV. The highest desorption energy is
observed for Ni;3, sharply higher than the values of Pd;;
and Pt;3. The results suggest that it is more difficult to pull
H atoms out of the Ni catalyst than out of Pd and Pt
catalysts. Figure 6c displays the calculated average H
capacities of Ni,, Pd, and Pt, clusters per atom. Essentially,
each Pt atom is capable of adsorbing 4 H atoms, while each
Ni or Pd atom can only accommodate 2 H atoms.

Summary

We used DFT to investigate hydride formation on small Ni,
clusters. We compared key chemical properties of the
clusters with those of Pd,, and Pt, clusters. It was found that
small Ni, clusters grow in a similar pathway to Pd,, and Pt,
clusters. The identified lowest energy Ni, cluster structures
are in good agreement with those reported previously. We
then investigated the sequential H, dissociative chemisorp-
tion on the lowest energy Ni, clusters. It was found that the
energetically preferred dissociation route for H; is to interact
with the clusters through the on-top sites with a side-on
fashion. The dissociation requires virtually no activation
energy and the H atoms fall into two neighboring edge sites
adjacent to the Ni atom that acts as the active catalytic center.
The process is thermochemically favorable. The adsorption
site preference follows the sequence of the edge sites, then
the hollow sites and finally the on-top sites. We then studied
the mobility of the H atoms on the cluster by moving a H
atom from one edge to another edge and found the diffusion
barrier is relatively small, suggesting that the H atoms on Ni,
clusters are mobile, which is consistent with experimental
observations. Upon the sequential H, dissociative chemi-
sorption on the Ni, clusters, the edges sites are first
populated and, as the H loading increases, some of the
hollow sites and on-top sites are also occupied. The site
preferences for H atoms on the Ni,,, Pd, and Pt,, clusters were
found to be distinctively different.

To gain insight into the catalytic activity of Ni,, Pd,, and
Pt, clusters, we compared the calculated average H,
dissociative chemisorption energies at full H-saturation. It
was found that the dissociative chemisorption energies for
all three metal clusters vary in a small range and are
essentially independent of the cluster size. The calculated H
desorption energies at full H coverage exhibit similar
behavior, although the desorption energy for Nij3 appears
to be higher than for Pd;; and Pt;5. Our calculations
indicate that the H capacity of small Ni, clusters is similar
to that of small Pd,, clusters but significantly smaller than
the H capacity of Pt, clusters.
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