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ABSTRACT: The adsorption of X55 (X = Ni, Pd, and Pt) nanoclusters
is simulated by using first-principles methods on MgO(100) and on a
MgO monolayer supported on Ag(100), considering the presence of
interfacial oxygen. On both the free-standing MgO surface and MgO/Ag,
all clusters exhibit robust adhesion and negative charge transfer. Ab initio
molecular dynamics calculations at 200 K demonstrate the stability of the
X55 nanoparticles on the MgO/Ag support. The presence of oxygen
segregated at the MgO-Ag interface significantly stabilizes the adsorbed
X55 clusters, particularly Ni55, and induces electron withdrawal.
Thermodynamically favorable reverse oxygen spillover from the interface
to the adsorbed particles occurs for Ni, Pd, and Pt, altering the particles’
charge polarity. Simulation of higher oxygen loading at the surface results
in spontaneous spillover, with some oxygen atoms segregating back at
the MgO/Ag interface, which can thus act as a buffer during oxidation processes on the metal nanoparticles. Our computational
results, which provide detailed insights into the adsorption of X55 nanoclusters on various supports, efficiently present a wide range of
scenarios and hypotheses, serving as realistic models for experimental studies.

1. INTRODUCTION
Catalysis is the key to most industrial chemical processes, which
are fundamental to the welfare and wide availability of goods in
contemporary society,1 and its relevance can only increase
during the transition toward sustainable and efficient chemical
cycles bolstered by renewable energy sources. Catalytic devices
currently in use are predominantly within the realm of
heterogeneous catalysis,2 where the prototype of a catalyst is
often a metal particle comprising hundreds or even thousands of
atoms dispersed on a carbonaceous or oxidic support.3,4 The
properties of the catalyst are primarily determined by the
chemical nature of the metal,5 the interaction with the
support,6−12 and the size and dispersion of the nanoparticles,13

as seen for instance in the paradigmatic case of small Au
aggregates.14−16 Given the complex morphology of real catalysts
and the highly dynamic, multifactor-dependent environment of
its properties, it is interesting to complement applied studies in
catalysis with fundamental research dedicated to unraveling the
structure−activity relationships in model systems under
controlled reaction conditions, recurring to high-definition
electron microscopies.17 The idea to extend the use of electron
scanning techniques to the realm of nonconducting, yet
catalytically relevant, oxide surfaces spurred significant interest
in the growth and characterization of oxide ultrathin films on
metal supports, as the minimal thickness of these films permits
electron tunneling between the metal support and the metallic

tip through the insulating film.18 However, the charge transfer
phenomenon enabled by the tunneling effect turned out to infer
peculiar chemical and physical properties to these ultrathin
oxide films, which eventually emerged as a promising new type
of support for catalytic metallic nanoparticles.19

Among many possible oxide films, magnesium oxide (MgO)
attracted remarkable attention due to its good lattice match with
metal supports such as silver (Ag) or molybdenum (Mo),
enabling epitaxial growth of ordered films.20 Additionally, it has
been reported that the electron transfer via tunneling through
the MgO film induced the formation of negatively charged and
highly reactive subnanometric Au particles.21,22 Compared with
other oxides,MgO provides a relatively chemically inert support,
ensuring that the adsorbed metal nanoparticles remain largely
unaffected by significant interfacial structural reconstruction.
However, an important factor must not be overlooked: as shown
by combining Scanning Tunneling Microscopy (STM) imaging
with Xray Photoemission Spectroscopy (XPS) measurements
and Density Functional Theory (DFT) calculations, whenMgO
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is grown on Ag through the on-site oxidation process of Mg, a
non-negligible amount of oxygen becomes trapped at the MgO/
Ag interface, significantly impacting crucial properties such as
the work function and charge transfer.23 An optimal
concentration of interfacial oxygen, reaching as high as 25% of
the Ag surface hollow sites under growth conditions, was
estimated using ab initio thermodynamics.23 Moreover, it cannot
be excluded that interfacial oxygen species are not uniformly
distributed but tend to segregate at the borders of the MgO
islands.24 Notably, the spontaneous oxygenation of non-noble
metals, such as Ni ultrasmall aggregates on MgO/Ag, has been
reported even under ultrahigh vacuum conditions. This
observation underscores the potential for interfacial oxygen to
diffuse across the surface and directly participate in chemical
reactions with adsorbed metallic species.25 Larger Ni adducts
have also been found to activate probe molecules such as CO.26

This phenomenon merits further investigation, especially given
the catalytic significance of Ni and other group-10 transition
metals in catalysis27−35 particularly when they experience partial
oxidation.36,37 It is also worth mentioning that, in several cases,
the catalytic active species turned out to be a thin metal oxide
layer coating the group-10 metal nanoparticles.38−40 This fact
highlights how the availability of mobile interfacial oxygen
species could enhance the relevance of these types of systems as
model catalysts, effectively mimicking the real active phases.
Hence, we conduct a comparative study involving relatively large
nanoclusters of X55 (X = Ni, Pd, and Pt) each with a diameter
exceeding 1 nm, supported on various substrates, including free-
standing MgO and MgO monolayers on Ag with and without
interfacial oxygen. This enables us to compare the physical and
chemical properties of these particles on different supports.
The modeling of nanoparticles on metal-supported oxides

presents significant challenges. On one hand, computationally
intensive methodologies based on genetic algorithms41,42 or
machine-learning accelerated techniques43−45 allow for scan-
ning over many possible structures of limited size,46 compared
to what can be done for their gas-phase homologous.47 On the
other hand, the size problem can be overcome by resorting to
periodic models of extended metal-oxide interfaces, but at the
expense of losing the description of the border regions of the
supported nanoparticles.48 Otherwise, larger clusters on MgO
have been studied adopting interatomic potentials.49 The
complex topic of bridging gaps in the multiscale modeling of
catalytic systems has been widely reviewed elsewhere.50 In the
present study, our aim is to overcome this problem by modeling
particles that fall within the scalable regime and exhibit high
stability.51 The remainder of the paper is organized as follows:
the Computational Methodology is provided in Section 2.
Section 3 presents the results for the structural, electronic, and
magnetic features of the examined systems, and finally, we
conclude our findings in Section 4.

2. COMPUTATIONAL DETAILS
In the present study, all first-principle calculations were
conducted within the framework of spin-polarized Density
Functional Theory (DFT),52,53 as implemented in the Vienna
Ab initio Simulation Package (VASP).54−57 The exchange-
correlation potential was parametrized using the Perdew−
Burke−Ernzerhof (PBE)58 functional within the generalized
gradient approximation (GGA). The projector-augmented wave
(PAW)59 approach was utilized to portray the pseudopotentials
of the elements. To expand the electronic wave function, a
plane-wave basis set with a kinetic cutoff energy of 520 eV was

utilized and a vacuum layer of ∼20 Å was included in the
nonperiodic dimension of all calculations involving clusters on
different supports to hinder the unrealistic interactions among
adjacent images. The electronic relaxation convergence thresh-
old between consecutive steps in total energy calculations was
less than 10−5 eV. The truncation criteria for structural
optimization (ionic loops and lattice constants) were set to
0.01 eV/Å. Brillouin zone (BZ) sampling was performed using a
Γ-centered 8 × 8 × 1 uniform k-point mesh for the relaxation of
the MgO (100) monolayer and Ag(100).60 To obtain the
optimized structures of the clusters on different supports, VASP-
Γ and 1 × 1 × 1 k-point grids were employed, as justified by the
large supercells. To determine the net charge transfer between
the clusters and their support, the Bader technique was
utilized.61 Additionally, long-range dispersion effects were
taken into account based on the D3 approach from Grimme,
which incorporates the Becke-Johnson damping function.62,63

All calculations started from the same initial guess for the
magnetic configuration: a singlet state for Mg, O, and Ag (when
present) and a triplet state for Ni, Pd, and Pt. The magnetic
configuration was left to change during the self-consistent field
iterations. Ab initio molecular dynamics (AIMD) simulations
were performed using a microcanonical ensemble approach at a
constant temperature (200 K) for a total simulation duration of
5 ps, employing a time step of 1 fs. The adsorption energy of the
nanoclusters, Eads can be defined as follows:

E E E EX Xads 55/Support 55 Support= (1)

and for the case of high oxygen loading (Section 3.3)

E E E E nE /2X Xads 55/Support/nO 55 Support O2= (2)

where EX55/Support and EX55/Support/nO represent the energy of the
examined systems in the absence and presence of oxygen
loadings, respectively, EX55, ESupport and EO2 denote the total
energies of gas-phase nanoclusters, the support, and the O2
molecules, respectively, and ’n’ indicates the number of oxygen
loading atoms.

3. RESULTS AND DISCUSSION
In this study, we concentrate on the high-symmetry config-
uration of icosahedron (Ih) for 55-atom size clusters, denoted as
X55 clusters (X = Ni, Pd, and Pt).

64 Ih-X55 clusters belong to the
family of so-called magic-size clusters, characterized by compact
atomic shells and highly stable configurations. Ih-X55 clusters
have a size large enough to exhibit electronic structures akin to
bulk materials yet small enough to enable thorough theoretical
analysis. The icosahedral shape has been identified as the global
minimum for Ni55 and Pd55.

65 However, a later work proved that
the icosahedral shape is the second most stable structure for 55-
atom Pd clusters and attributed a more distorted structure as the
global minimum for Pt55.

66 In this study, all static relaxations for
the supported X55 clusters were initiated from the icosahedral
shape, allowing all atoms to relax freely during the simulation.
To simulate the MgO/Ag interface, we assumed a coincidence
between MgO(100) 2 2× R45 and Ag(100) (1 × 1)
structures. Oxygen atoms were placed in registry with the
underlying Ag atoms, while the Mg atoms occupied hollow
positions. The Ag support is modeled with a 4-layer thick slab,
where the atoms from the bottom layer are fixed in their bulk
positions, while the positions of all other atoms are relaxed. The
adsorption of X55 (X = Ni, Pd, and Pt) clusters is simulated on
three different supports: (i) a three-layer model of MgO(100),
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mimicking bulk MgO surfaces, referred to as MgO (3L); (ii) a
MgO monolayer supported on Ag(100), labeled as MgO/Ag;
and (iii) a model of a Ag-supportedMgOmonolayer, containing
25% oxygen trapped in hollow sites at the metal/oxide interface
(MgO/O/Ag). The comparison betweenMgO (3L) andMgO/
Ag is relevant to assess the different adsorptive properties of bulk
MgO and metal−supported MgO thin films.
The interfacial oxygen significantly affects the work function

and can promote the oxidation of adsorbates by allowing oxygen
to permeate through the MgO film.25 To verify this, we also
studied models in which the oxygen atoms are bound to the X55
cluster (X/O/MgO/Ag). Finally, we complete this study by
modeling the cluster behavior under oxidizing conditions, where
it can be assumed that the oxygen loading on the system will
exceed that of the oxygen atoms trapped at the MgO-Ag
interface during growth (X/Oexc/MgO/Ag). The structures of
the metal clusters and supports are depicted in Figure 1.

Regarding the magnetic properties of the clusters, Ni55
demonstrates a total magnetization of 39.94 μB (0.73 μB per
Ni atom), significantly higher than that of bulk Ni (0.55 μB per
Ni atom).67 Pd55 and Pt55 clusters, whose bulk metallic
counterparts are nonmagnetic, exhibit smaller magnetic mo-
ments compared to Ni55: 23.46 μB for Pd55, 0.43 μB per Pd atom,
and 11.21 μB for Pt55, corresponding to 0.20 μB per Pt atom.
3.1. X55 Clusters on Free-Standing MgO. MgO (3L) is

considered to be the first support to be investigated. The main
structural, energetic, and magnetic properties of X55/MgO(3L)
are reported in Table 1. The side view of the relaxed investigated
systems, along with the PDOS plots, are shown in Figure 2 and
the corresponding top view of the structures, with calculated
electrostatic potential graphs plotted along the z-axis, are
illustrated in Figure S1 in the Supporting Information.68

All X55 clusters display negative values of Eads on MgO (3L),
indicating that their bonding to the substrate is stable at 0 K. The
strength of the interaction follows the trend Pt55 (−11.70 eV) >
Ni55 (−8.11 eV) > Pd55 (−7.74 eV). Upon adsorption, Ni55
acquires a negative charge (Δρ) of −0.98 |e|. An even larger Δρ

is transferred to Pd55 (−1.14 |e|) and Pt55 (−1.76 |e|). This is
reflected in the large and positive interfacial dipole moment (De)
established upon adsorption (Table 1). For Ni, only a slight
decrease in the cluster magnetization (μ) is reported (from
39.94 μB to 37.65 μB, Table 1). The large residual magnetization
is due, as expected, to the population of the orbitals of Ni atoms
(Figure 2b). As illustrated in Figure 2b, it is worth mentioning
that the metal states demonstrate notably elevated energy levels
relative to the onset of the band of the O atoms, particularly in
the case of Ni, compared to the case of Pd and Pt. The
contribution to the total magnetization arising from the single
Ni, Pd, Pt atoms has been checked, to conclude that there is no
evidence of antiferromagnetic behavior, i.e. all atomic magnetic
moments display the same sign. From a structural standpoint, it
is important to mention that Ni55 and Pd55, in the gas phase,
display a perfect icosahedral structure, while Pt55 has a less
regular shape. The analysis of the structural changes undergone
upon adsorption on MgO(3L) is based on the descriptors
reported in Table 1 (intermetallic distances and apical heights of
the cluster with respect to the MgO surface). It results that Ni55
maintains its minimum,maximum, and averageNi−Ni distances
almost unaltered upon adsorption on MgO(3L) (see Table 1).
As illustrated in Figure 2a, six Ni−O bonds in the range of 1.9−
2.1 Å are established at the interface with MgO. In the case of
Pd55, the formation of three Pd−O bonds (2.07−2.11 Å) at the
interface is accompanied by a structural modification that results
in the creation of several Pd−Pd intermetallic bonds, some as
short as 2.5 Å, a distance not observed for gas-phase Pd55 (Table
1). For Pt55, no significant perturbation of the closest Pt−Pt
distances is observed when transitioning from gas-phase Pt55 to
an adsorbed Pt55 cluster on MgO(3L) (see Table 1), while five
Pt−O bonds are formed at distances between 2.13 and 2.18 Å.
Finally, it should be noted that the apical metal atoms in Ni55 are
positioned at a lower height relative to the apical MgO plane
(9.37 Å) compared to Pd (10.83 Å) and Pt (10.38 Å), Table 1.
This can be attributed to the smaller atomic radius of Ni, which
belongs to the first transition series, in comparison to those of Pd
and Pt.
3.2. From MgO(3L) to MgO/Ag: Impact of the

Supporting Metal. Metal-supported oxide thin films display
distinctive adsorptive properties compared with their bulk oxide
counterparts. At first glance, for instance, one can observe from
Figure 3a and Figure S2 (Supporting Information68) how the
supported MgO monolayer tends to adopt a buckled
configuration, with the O2− ions protruding upward to bind
the cluster, and the Mg2+ ions being pushed downward toward
the Ag surface, contrasting with the rigidity exhibited by bulk
MgO.
The first intriguing observation arises from a comparison of

the Eads of X55 clusters on MgO(3L) and MgO/Ag supports, as
presented in Table 1. Notably, for Ni55, a relatively modest
increase in Eads is observed (from −8.11 to −8.52 eV,
representing a mere 7 meV increase per Ni atom). For Pd55, a
more substantial increase in Eads is obtained (from −7.74 to
−9.27 eV, 30 meV per Pd atom). In the case of the Pt55 cluster,
the opposite trend is noted; the adsorption energy slightly
decreases from−11.70 eV onMgO(3L) to−10.65 eV onMgO/
Ag. One could analyze the main electronic and structural factors
involved in this context.
An important factor to consider is that the electronic structure

of MgO/Ag differs significantly from that of free-standing MgO.
As shown in Figure 3b, a continuous manifold of Ag(100) states
is present between the occupied and virtual bands of MgO, at

Figure 1. Schematic representation of (a) X55 clusters with ball-and-
bond representation, (b) MgO (3L), (c) MgO/Ag, and (d) MgO/O/
Ag supports.
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energies overlapping those of the bands of the X55 clusters. This
allows for a direct process of charge injection or depletion from
the orbitals of an adsorbate directly to the underlying Ag support
via tunneling through the MgO thin layer.69 In the case of Ni55,
for instance, the surface-to-cluster charge donation observed in
MgO (3L) (−0.98 |e|) is partially compensated by a back-
donation from the cluster toward the support. Consequently, the

resulting Δρ remains negative (−0.75 |e|) but is smaller
compared to that in MgO (3L). The resulting De is negligible
due to the compensation between opposite components: the
positive dipole at the MgO/Ni55 interface and the negative
dipole at the MgO/Ag interface. The μ value of Ni55 is 38.70 μB,
an intermediate value between that of the gas-phase cluster and
Ni55/MgO(3L). The Ni atoms closer to the MgO film display a

Table 1. Summary of Structural, Electronic, and Magnetic Features of X55 (X = Ni, Pd, and Pt) Clusters Interacting with MgO
(3L) Support, MgO/Ag Support at 0 and 200 K, and MgO/O/Ag Support, and in the Presence of Oxygen Atoms Bound to the
Clusters (X/O/MgO/Ag and X/Oexc/MgO/Ag)

a

Structure Top-Z (Å) M-Mave′ (Å) M-Mmin′ (Å) M-Mmax′ (Å) μ (μB) Δρ (|e|) De (|e| × Å) Φ/ΔΦ (eV) Eads (eV)

Ni − 2.35 2.29 2.40 39.94 − − 4.52/0.00 −
Ni/MgO (3L) 9.37 2.34 2.26 2.42 37.65 −0.98 3.67 4.05/0.77 −8.11
Ni/MgO/Ag @ 0 K 9.41 2.34 2.22 2.42 38.70 −0.75 −0.02 4.19/0.01 −8.52
Ni/MgO/Ag @ 200 K 9.16 2.33 2.25 2.41 38.39 −0.28 −0.12 4.22/0.04 −10.28
Ni/MgO/O/Ag 9.47 2.35 2.28 2.42 39.20 1.47 0.52 4.34/0.18 −21.29
Ni/O/MgO/Ag 9.46 2.37 2.24 2.50 38.78 12.10 2.23 4.92/0.80 −42.21
Ni/Oexc/MgO/Ag 9.38 2.41 2.28 2.62 35.32 20.92 3.69 5.54/1.32 −73.75

Pd − 2.66 2.60 2.69 23.46 − − 4.47/0.00 −
Pd/MgO (3L) 10.83 2.65 2.51 2.72 20.16 −1.14 2.96 4.47/0.53 −7.74
Pd/MgO/Ag @ 0 K 10.75 2.64 2.42 2.73 17.20 −2.66 0.85 4.50/0.31 −9.27
Pd/MgO/Ag @ 200 K 10.08 2.61 2.53 2.69 7.96 −3.52 0.81 4.48/0.29 −11.51
Pd/MgO/O/Ag 10.75 2.64 2.45 2.72 17.46 −0.70 1.20 4.61/0.43 −18.15
Pd/O/MgO/Ag 10.79 2.65 2.45 2.78 −2.34 8.15 2.69 5.17/0.95 −26.22
Pd/Oexc/MgO/Ag 10.85 2.64 2.41 2.78 −1.05 12.20 3.55 5.50/1.27 −46.75

Pt − 2.60 2.52 2.70 11.21 − − 5.37/0.00 −
Pt/MgO (3L) 10.38 2.57 2.50 2.69 0.00 −1.76 4.49 5.00/0.84 −11.70
Pt/MgO/Ag @ 0 K 10.77 2.60 2.43 2.72 4.85 −3.62 2.20 4.97/0.78 −10.65
Pt/MgO/Ag @ 200 K 10.14 2.58 2.53 2.67 0.00 −4.71 2.39 4.99/0.79 −16.82
Pt/MgO/O/Ag 10.80 2.61 2.46 2.71 9.77 −1.32 2.72 5.20/0.97 −19.36
Pt/O/MgO/Ag 11.15 2.59 2.50 2.67 0.00 7.02 3.66 5.50/1.30 −25.67
Pt/Oexc/MgO/Ag 11.72 2.61 2.53 2.74 6.52 10.98 4.49 5.80/1.59 −46.69

aHeight of the apical X atom with respect to the underlying surface (Top-Z); average (M-Mave′ ), minimum (M-Mmin′ ), and maximum (M-Mmax′ )
first-neighbor metal−metal distances; total magnetization in the X55 cluster (μ); total transferred charge of X55 (Δρ); interfacial dipole moment
(De); work function (Φ); work function variation with respect to the clean surface (Δϕ); and adsorption energy (Eads).

Figure 2. (a) Side views of optimized structures of Ni55, Pd55, and Pt55 clusters on aMgO (3L) support, and (b) normalized projected density of states
(PDOS) of the corresponding structures.
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smaller magnetization, in general, as highlighted in Figure S3
(Supporting Information68).
A small increase inΦ (0.18 eV) with respect to bare MgO/Ag

is reported. The main structural features of Ni55/MgO/Ag
closely resemble those of Ni55/MgO(3L), as shown in Table 1.
For Pd55/MgO/Ag, the charge injected from the support into
the cluster is more than double that on MgO(3L), with Δρ =
−2.66 |e|. This induces a further decrease in Pd55 magnetization
to 17.20 μB, as shown in Table 1. TheDe in the cell is still positive
(0.85 |e| × Å), but it is smaller compared to that of Pd55/
MgO(3L). The increase in work function with respect to the
bare substrate is larger (ΔΦ = +0.31 eV) compared with the case
of Ni. The structural alteration of Pd55 induces new intermetallic
bonds at an even shorter distance of 2.42 Å, as shown in Table 1.

For Pt55/MgO/Ag, similar to what has been reported for Pd, the
charge transfer is almost double in the case of MgO/Ag (Δρ =
−3.62 |e|) compared to MgO(3L) (Δρ = −1.76 |e|). The values
of De, Φ, and ΔΦ also display the highest magnitudes observed
within the series on MgO/Ag. Interestingly, the Pt55 cluster
appears to be slightly elongated on Ag-supported MgO, as
evidenced by the larger Top-Z value of 10.77 Å. Some Pt−Pt
distances closer to 2.40 Å appear, indicating further evidence of
significant structural distortion.
We further checked the reliability of the adopted approach by

performing some supplemental structural relaxations based on
the optimized structures described above. Namely, the structure
obtained for Ni55/MgO/Ag was used as an initial guess for Pd55/
MgO/Ag and Pt55/MgO/Ag. An analogous procedure was

Figure 3. (a) Side views of optimized structures of X55 clusters on a MgO/Ag support (X55/MgO/Ag), and (b) normalized PDOS of Ni55/MgO/Ag
(left), Pd55/MgO/Ag (middle), and Pt55/MgO/Ag (right).

Figure 4.Variations in the gradient values of the total energies for theX55/MgO/Ag structures as a function of simulation time atT = 200 K. The insets
show the final atomic arrangements captured at the end of the simulation. E0 and E denote the total energies of the systems at 0 and 200 K, respectively.
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adopted in the cases of Pd and Pt. Given the remarkably smaller
atomic radius of Ni compared to Pd and Pt, Ni55/MgO/Ag is a
poor guess structure for larger metals, leading to nonconverged
calculations. Any attempt to relax Ni55/MgO/Ag starting from
structures obtained for Pd and Pt led to structures highly
destabilized in energy. Vice versa, Pd and Pt aremore suitable for
interchange, but these further tests did not lead to structures
more stable than those described above.
The stability of the X55/MgO/Ag structures at a temperature

of 200 K, mimicking the growth and annealing processes of
metallic aggregates on such substrates, has been thoroughly
examined through AIMD calculations spanning on a trajectory
of 5 ps, as depicted in Figure 4. The top panel of the figure
provides side views of the examined systems, revealing that the
supported X55 clusters exhibit no discernible structural
reorganization or disintegration at T = 200 K. A static relaxation
starting from the structures in Figure 4 was performed, and it
resulted that, in all cases, more stable structures are obtained
with respect to those statically relaxed at 0 K. The energy gain is
quite small in the case of Ni (0.03 eV/atom) and Pd (0.04 eV/
atom) but remarkable in the case of Pt (0.11 eV/atom). A
detailed structural analysis reveals that, in the case of Ni55, no
major structural changes are induced in the cluster after the
annealing at 200 K, besides a remarkable decrease in the apical
height from 9.41 to 9.16 Å, Table 1. The same decrease in height
is reported for Pd55 and Pt55 annealed at 200 K, along with an
increase in theM-Mmin distance. It is also worth mentioning that
the number ofX-O bonds at the cluster/MgO interface increases
after annealing from 8 to 12 (Ni), 4 to 7 (Pd), and 4 to 5 (Pt).
This suggests that the clusters increase their interaction area to
MgO as an effect of the thermal annealing. Nomajor changes are
reported for Φ and De. The negative charge of Pd55 and Pt55
slightly increases after the annealing at 200 K. This observation
underscores the robustness of the structures under investigation,
suggesting that they maintain their integrity and even strengthen
their adhesion to the support under the influence of a typical
annealing temperature. Furthermore, the bottom panel of Figure
4 illustrates the oscillating behavior of the thermal energy
gradient, E− E0. The absence of significant deviations or abrupt
changes in this energy gradient further supports the conclusion
that there are no notable structural alterations or phase
transitions occurring within the examined systems at the
specified temperature. This stabilization under thermal con-
ditions highlights the potential suitability of these structures for
catalytic studies of model systems. It must be stated that the
temperature adopted in the AIMD simulations is realistic with
respect to typical deposition protocols of metallic particles on
supported oxide thin films, as is done in studies on model
catalytic systems. A working catalyst, in contrast, is often
exposed to higher temperatures, which could eventually
challenge the actual stability of the supported nanoparticles.
The time span of the AIMD simulations is limited by the
relatively high cost of these calculations.
3.3. Oxidation of X55 Clusters on MgO/Ag: Role of

Interfacial Oxygen and Exposure to Oxidizing Environ-
ments. The oxidation of metallic nanoclusters greatly affects
their stability and adhesion to the substrate as well as their
electronic, magnetic, and chemical properties. As previously
demonstrated for smaller Ni4−6 aggregates,

25 clusters deposited
on MgO monolayers that are reactively grown on Ag undergo
spontaneous oxidation. This is attributed to the substantial
amount of oxygen trapped at the MgO-Ag interface, which has
the potential to diffuse and oxidize the adsorbates. Thus, we

compare the adsorption of X55 clusters on a MgO/Ag substrate
with a 25% excess of oxygen at the interface (16 O atoms per
cell) to the previously discussed scenario where the MgO/Ag
interface is sharp, exposing a clean Ag(100) surface to a perfectly
stoichiometric MgO monolayer. Next, we assess the stability of
this X/MgO/O/Ag structures against the case where an
equivalent number of oxygen (16 O atoms per cell) atoms is
directly bonded to the metal cluster, namely X/O/MgO/Ag, via
a reverse spillover process from the MgO/Ag interface to the
adsorbed clusters. The behavior of the supported X55 clusters
under oxidative conditions is further tested by adding 32 more
oxygen atoms per cell, thus simulating the exposure of the
supported nanocluster to an oxidizing reaction environment (X/
Oexc/MgO/Ag). A thorough exploration of all possible
adsorption sites and the distribution of the oxygen atoms on
the nanoparticles would be demanding. Therefore, the
structures analyzed in this Section were built based on chemical
intuition and are not based on an exhaustive exploration of all
possible minima, which may slightly affect the final results. The
whole process is depicted schematically in Figure 5.
For Ni55, we observe a significant increase in Eads onMgO/O/

Ag (−21.29 eV) compared with the MgO/Ag monolayer
without interfacial oxygen (−8.52 eV). The crystal structure of
Ni55/MgO/O/Ag is depicted in Figure 6a. Interestingly, this
significant enhancement in energetic stability coincides with a
reverse charge transfer, wherein, contrary to previous cases, the
Ni cluster now bears a positive charge (Δρ = +1.47 |e|, Table 1).
The shift of the Ni(3d) band edge above the Fermi level is
evident from the PDOS plot in Figure 6b. This is due to the
largerΦ of MgO/O/Ag (4.65 eV) compared to MgO/Ag (4.30
eV), which is associated with the oxidation of Ag in the presence
of interfacial oxygen, as previously reported.23 Despite the
change in the ionization of Ni55, the magnetization of the cluster
remains similar to that of the previous case (μ = 39.20 μB). From
a structural point of view, no major deviations in the Ni−Ni
bond distances are noted. The scenario changes further when
considering the possibility of oxygen reverse spillover from the
MgO to the Ni cluster, involving a hypothetical concerted
mechanism in which oxygen vacancies in MgO are refilled by
oxygen atoms segregated at theMgO/Ag interface. Passing from
Ni55/MgO/O/Ag to Ni55/O/MgO/Ag, as seen in Figure 6a and
c, respectively, the cluster experiences stronger energetic
stabilization (Eads = −42.21 eV), with its positive charge
increasing to 12.10 |e|.
The reverse spillover is accompanied by a large positive De

(+2.23 |e| × Å), along with changes in theM-Mmax , attributed to
the strong bonding of oxygen atoms at the cluster periphery, as
illustrated in Figure 6c.
For Pd55, a notable increase in the Eads of the cluster is seen

compared to the support lacking interfacial oxygen (−18.15 eV,
Table 1). However, at variance with the calculated value for Ni,
its charge remains negative (Δρ =−0.70 |e|), though it is smaller
than that obtained for MgO/Ag. No major changes in the μ, Φ,
De, and Pd−Pd distances within the cluster are observed
compared to those of MgO/Ag. The reverse oxygen spillover
from the MgO/Ag interface to the cluster is highly favorable, as
indicated by the increase in Eads to −26.22 eV (Table 1). TheΦ
of the system (Pd55/O/MgO/Ag) also increases remarkably by
up to 0.95 eV compared to bare silver. The oxidation of Pd55 due
to reverse oxygen spillover is evident by the reversal of the sign in
the charge (Δρ = +8.15 |e|), and is also noticeable from the
PDOS plot in Figure 6d. Alongside a substantial reduction in the
net magnetization of the cluster (μ = −2.34 μB), an increase in
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the De and Φ values is noticed. The M-Mmin, M-Mave, and M-
Mmax distances between Pd−Pd first neighbors do not change
dramatically, aside from a slight increase inM-Mmax , suggesting
that the Pd55 surface can accommodate a considerable number
of adsorbed oxygen atoms without undergoing drastic structural
rearrangements. Under certain aspects, the case of Pt55 closely
resembles that of Pd55. For instance, an increase in the
adsorption energy (Eads = −19.36 eV) and a notable decrease
in the negative charge on the cluster (Δρ = −1.32 |e|) are
observed compared to MgO/Ag, while the Pt−Pt distances
remain largely unchanged, as shown in Table 1. However, unlike
Ni55 and Pd55, the Pt55 cluster experiences a notable increase in

magnetization in the presence of interfacial oxygen onMgO/O/
Ag (μ = 9.77 μB). Additionally, De and Φ also increase. Upon
reverse oxygen spillover, considerable stabilization is observed as
the Eads transitions from−19.36 eV (Pt/MgO/O/Ag) to−25.67
eV (Pt/O/MgO/Ag). The depletion of the occupied Pt states is
visible in Figure 6 d, and the charge of the Pt55 cluster is now
positive, + 7.02 |e|. A sizable increase in the De and Φ is also
calculated, and the results are presented in Table 1. No
significant changes in the Pt−Pt distances are observed. A trend
emerges comparing the PDOS plots in Figures 3, b and d, where,
in the case of Ni clusters, the density of states at the Fermi level is
large, and mostly due to the contributions from Ni orbitals.
Furthermore, Figures S4 and S5 in the Supporting Information68

depict the top views of the relaxed structures ofX55/MgO/O/Ag
and X55/O/MgO/Ag systems, respectively, along with the
electrostatic potential of these structures. The magnetization of
the metallic adducts can also be appreciated. In comparison,
adsorbed Pd55 and Pt55 particles display a smaller density of
states close to the Fermi level, and a much smaller residual
magnetization.
Thus, one can observe how the presence of oxygen trapped at

the interface will result in covering the surface of the supported
metal nanoparticles with oxygen. The thermodynamic gain
associated with this process is supported by the discussed data.
This is an important finding that highlights the interest of group-
10 clusters onMgO-Ag for studies on model catalysts. However,
it would be intriguing to investigate how these partially oxidized
clusters behave when exposed to an oxidizing atmosphere in a
hypothetical reactive environment. We modeled this by adding
32 additional oxygen atoms to the cluster surface and then
performing a structural relaxation. These cases are labeled as X/
Oexc/MgO/Ag (with X = Ni, Pd, and Pt) in Table 1, and the side
views of relaxed structures and PDOS plots are displayed in
Figure 7a and b, respectively. Additionally, the top views of
ground state structures and the electrostatic potential of the
corresponding systems are illustrated in Figure S6 in the
Supporting Information.68 An intriguing observation is apparent
in Figure 7a: despite the initial placement of additional oxygen
atoms on the supported clusters and the surface of the MgO
monolayer, following the relaxation process, various types of
oxygen species are present: (i) O adsorbed on X55, (ii) molecular
O2 species, and (iii) the MgO/Ag interface once again bears a
remarkable concentration of oxygen atoms. More precisely, a
migration path is observed in which specific oxygen atoms
diffuse from the cluster and the top surface of the MgO
monolayer to the MgO lattice sites, subsequently displacing the
lattice oxygen atoms downward at the MgO/Ag interface. At the
end of the relaxation, the interface contains 16 O atoms for Ni55,
23 O atoms for Pd55 and 21 O atoms for Pt55. This indicates that
the MgO/Ag interface can function as a buffer, exhibiting either
reverse oxygen spillover toward the X55 clusters under oxygen-
poor conditions or direct oxygen spillover under oxygen-rich
conditions. For all three metal clusters, the adsorption energy,
Eads, was computed relative to those of MgO/O/Ag and 16
molecules of O2 in the gas phase. It is observed that Eads becomes
more negative, indicating that oxidation of the system can
spontaneously occur, as the net charge of the supported
nanoparticles becomes more positive. This is particularly
evident for Ni, where Eads is now −73.75 eV and the Δρ of
Ni55 is +20.92 |e|. Additionally, the μ value of the system
decreases further to 35.32 μB. As anticipated under oxidizing
conditions, both the De and Φ increase (Table 1). The average
Ni−Ni first-neighbor distance (Ni − Niave = 2.21 Å) and the

Figure 5. Schematic representation of (a) X/MgO/O/Ag, (b) X/O/
MgO/Ag, and (c) X/Oexc/MgO/Ag structures. The processes of
oxygen reverse spillover and direct spillover are illustrated.
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maximum Ni−Ni first-neighbor distance (Ni − Nimax = 2.62 Å)
are notably larger compared to gas-phase Ni55. This indicates
that at high oxygen loading certain Ni atoms at the periphery of
the nanoparticle lose contact, initiating the formation of a nickel
oxide layer. Likewise, a higher amount of oxygen can be
stabilized on Pd55, with Eads = −46.75 eV (Table 1). The charge
lost by the cluster (Δρ = 12.20 |e|) increases with oxygen loading
but remains significantly smaller compared to the case of Ni. The
μ further decreases to −1.05 μB. Additionally, a significant
increase in De and Φ (ΔΦ = +1.27 eV relative to bare Ag) is
acquired. Notably, unlike Ni, there is a slight reduction in both
the average and minimum Pd−Pd distances, as indicated in
Table 1. In the case of Pt55 as well, the system can accommodate
a larger quantity of oxygen in terms of thermodynamic stability

(Eads = −46.69 eV, Table 1). An increase in the positive charge
on the cluster (10.98 |e|) is observed. Moreover, a small residual
μ is present on the oxidized Pt nanoparticles, while both Φ and
De increase (see Table 1). Similarly to Pd, no significant increase
in themetal−metal first-neighbor bonding distances is observed.
The main findings revealed so far concern the remarkable
structural stability demonstrated by these supported metallic
particles, even under realistic conditions for deposition and
annealing. The magnetic properties of the supported clusters are
influenced by the support through interfacial charge transfer
phenomena, which are regulated by the surface’s work function.
In this context, the role of interfacial oxygen is significant, as it
promotes the withdrawal of electron charge from X55 clusters,
thereby enhancing their adsorption. Furthermore, the X55

Figure 6. (a) Side views of optimized structures of Ni55, Pd55, and Pt55 nanoclusters on a MgO/Ag support with oxygen at the interface, (b) PDOS of
the corresponding structures, (c) Side views of the atomic configurations of relaxed X55 clusters on a MgO/Ag support in the presence of low-dosage
oxygen (X55/O/MgO/Ag), and (d) calculated PDOS of Ni55/O/MgO/Ag (left), Pd55/O/MgO/Ag (middle), and Pt55/O/MgO/Ag (right).
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clusters are likely to be partially covered by oxygen atoms
diffusing from the metal-oxide interface to the cluster surface.
Under oxidizing conditions, the reverse process occurs, and the
oxygen loading on the metal particles is self-regulated by the
spontaneous migration to the metal-oxide interface. When
oxygen species are adsorbed on their surfaces, X55 clusters
display structural modifications. Further analysis of the metal−
metal bonding distance distribution is provided in the next
section.
3.4. Radial Distribution Function of X55 Nanoclusters

on Examined Supports. The radial distribution function
(RDF) is a measure that describes how the particle density varies
as a function of distance from a reference particle within a

system. For nanoclusters, which are small aggregates of atoms,
the RDF offers insights into the spatial arrangement and
structural order within the cluster. By calculating and analyzing
the RDF plot, one can infer the degree of crystallinity and the
presence of disorder in the nanocluster’s structure. Here, we
obtained the RDF for gas-phase and adsorbed X55 (X = Ni, Pd,
and Pt) clusters on the studied supports and the results are
illustrated in Figure 8. Ni55 and Pd55 clusters maintain an
icosahedral regular shape in the gas phase, as evidenced by the
sharp peaks observed in the plot. The first peaks, corresponding
to the distance distribution between first neighbors, occur at
slightly shorter distances compared to the bulk (2.46 and 2.75 Å,
respectively). These characteristics can be attributed to the

Figure 7. (a) Views of optimized structures of Ni55, Pd55, and Pt55 nanoclusters on a MgO/Ag support in the presence of high-dosage oxygen, and (b)
PDOS of Ni55/Oexc/MgO/Ag (left), Pd55/Oexc/MgO/Ag (middle), and Pt55/Oexc/MgO/Ag (right).

Figure 8. Graphs of radial distribution functions [g(r)] with respect to the distance distribution (d) between metal atoms within the clusters for both
gas-phase clusters and supported clusters.
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relaxation of atoms at the surface of the cluster. It clearly appears
that Pd follows the same peak distribution of Ni, only shifted at
larger distances, as expected. Pt55, on the contrary, exhibits a
more disordered structure, consistent with previous theoretical
findings.66 The deposition of X55 on the surface of MgO(3L) or
MgO/Ag induces some structural changes in the interfacial zone
of the X55 clusters, as evidenced by the broadening of the peaks
in the RDF. It is intriguing that on MgO/Ag, the peaks appear
taller and slightly sharper compared to MgO(3L) for all the
studied nanoclusters. This suggests a more pronounced
tendency of the X55 clusters to adapt to the surface structure
on bulk MgO compared to that on MgO thin films. This
phenomenonmay be attributed to the enhanced flexibility of the
MgOmonolayer supported on Ag compared to its free-standing
counterpart. Indeed, upon comparison of Figures 2 and 3, it
becomes apparent that the MgO monolayer in MgO/Ag is
distorted upon contact with the adsorbed X55 particles, whereas
no visible distortion is exhibited by the topmost layer of
MgO(3L). In the latter case, the X55 clusters experience greater
distortion when wet the surface. The adsorption of oxygen
species on the clusters (right column of Figure 8) induces
additional disorder in the clusters, as demonstrated by the
decrease in peak height and further broadening across a wide
range of interatomic distances. The spreading of the Ni−Ni
distances as the oxygen loading increases (Ni/Oexc/MgO/Ag),
indicative of a greater degree of structural disorder, is evident in
the RDF plots. A similar trend is observed for Pd and Pt.

4. CONCLUSIONS
In conclusion, we investigate the adsorption of X55 (X=Ni, Pd,
and Pt) clusters on free-standing MgO and a MgO monolayer
supported on Ag, in both the absence and presence of oxygen.
The most significant finding is that oxygen spillover can occur
bidirectionally: from MgO/Ag to the adsorbed clusters (in
oxygen-poor atmosphere) or vice versa (under oxygen-rich
atmosphere), for all metals studied here. The metal/oxide
interface may thus function as a buffer, regulating the oxidation
and reduction processes encountered by the supported
nanoparticles when exposed to the atmosphere, thereby
augmenting their stability. This fact bears direct and significant
implications for catalytic studies using model systems. Addi-
tionally, it is noteworthy that all X55 clusters onMgO/Ag exhibit
stability up to 200 K. Analysis of the data set by metal or type of
support reveals a complex yet intriguing scenario. In general, Ni
exhibits the highest tolerance among group-10 metals under
oxidizing conditions and is more prone to donating charge to
adsorbed oxygen species. Ni displays larger residual magnet-
ization on each support compared to that of Pd and Pt. The
trends in Eads are more complex to delineate. OnMgO(3L), they
follow the order Pt > Ni > Pd, and onMgO/Ag, we observe Pt >
Pd >Ni. In both cases, all clusters are negatively charged, and the
Eads is likely influenced by structural factors such as metal−
oxygen matching at the interface. When oxygen is involved,
either as an interfacial species or in direct contact with the X55
clusters, a clear trend emerges: Ni > Pd ≈ Pt. From a structural
standpoint, Ni and Pd begin with highly symmetric icosahedral
structures (Pt is more disordered), which are well preserved,
especially onMgOmonolayers that are more flexible and tend to
conform to metallic particles. The adsorption of oxygen species
on the particles induces an increase in structural disorder, as
clearly evidenced by the radial distribution function (RDF) plots
and the metal−metal distances, particularly in the case of Ni.
Our results provide a comprehensive overview of the adsorption

process of X55 nanoclusters on different supports and efficiently
present a wide range of scenarios, which can subsequently be
utilized as models for experimental studies.
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