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Icosahedral Nijz@Ag4, is a stable nanoparticle formed by a magnetic nickel core surrounded by a silver
coating that provides physical protection to the 3d metal cluster as well as antibacterial properties. In this
work, we report density functional theoretical calculations to delve into a comprehensive analysis of how
surface oxidation impacts the structural, electronic, magnetic, and reactivity properties of this interesting
nanoparticle. To elucidate the role played by the silver coating, we compare the results with those found for
the bare Niyz cluster also subjected to surface oxidation. When Niys is covered by silver, we find a markedly
robust behavior of the magnetic moment of the resulting nanoparticle, which remains nearly constant upon
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1 Introduction

Magnetic nanoparticles have emerged as a prominent subject in
Materials Science, due to their crucial roles in a wide range of
applications such as drug delivery,"™ tissue engineering,>®
biosensing,”® magnetic resonance imaging,**'® ultrahigh density
data storage,"™'> magneto-electric memory devices'® and surface
deposition for diverse applications.'*™® For applications operating
in the superparamagnetic regime, nanoparticles based on 3d
transition metals (TM) are considered highly suitable due to their
low magnetic anisotropy energy, cost-effectiveness, and in some
cases, biocompatibility. To optimize these magnetic nanoparticles
for specific applications or to ensure the stability of their properties
(e.g:, magnetic moment) in particular environments or processes,
functionalization techniques are commonly employed. It is well-
known that the magnetic properties of transition metals'”'® are
influenced by their corrosion. The impact of different environ-
ments, such as CO'*?® and 0,,2* on nickel and another transition
metal clusters has been extensively studied, revealing a decrease in
the magnetic moment.

The structural evolution of metallic clusters when exposed to
various environments significantly affects their properties.** 2%
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tive inter-atomic distances, charge transfer effects, spin polarization and magnetic couplings.

For gold nanoclusters,** calculations underscore the significance of
both surface coverage and the location of adsorbed oxygen in
influencing the stability of co-adsorbed crotonaldehyde, the desired
product in crotyl alcohol selox, while for paladium nanoclusters,
elevated CO coverages favored the formation of bridge-bound CO
bonds, with some hollow-bound CO. The study predicted a
coverage-dependent spectroscopic blue-shift in vibrational IR
bands of adsorbed CO, coinciding with a 3.5% expansion of the
palladium nanoparticle.

In a recent study by Vernieres et al.,”® the influence of air
exposure on the energetic and structural properties of silver
clusters, composed of up to 3000 atoms and deposited on a
layer of amorphous carbon, was investigated. Their findings
indicated that air exposure led to a prevalence of icosahedral
isomers among the observed ordered structures. One method
for preventing the oxidation of Ni involves applying a silver Ag
coating on the surface of Ni nanoparticles.*** This approach
not only offers physical protection but also induces alterations
in the system properties. For instance, it can enhance electrical
conductivity,>*? enable tunable piezoresistivity®® or reduce
toxic agents in water.**

In our previous work,® we employed density functional
theory to examine the stability, chemical order, structural
parameters, electronic structures, and magnetic properties of
Ag,Niss_, icosahedral nanoalloys across the entire composition
range. Our investigation revealed that Ni atoms tended to
occupy internal positions within segregated structures, some
of which exhibited exceptional stability in terms of both bind-
ing energy and excess energy. Notably, Ni;;@Ag,, exhibited a
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perfect core/shell configuration, with a substantial core com-
posed of 13 Ni atoms, making it an ideal candidate for a
nanomagnet. The silver coating provided physical protection
for the 3d metal cluster, while also offering known antibacterial
properties.*®38

Ni;;@Ag,, displayed intriguing intrinsic magnetic proper-
ties. The Ni,; core essentially retains the magnetic moment of
the bare free cluster when covered by Ag, resulting in a
nanoparticle with a localized magnetic moment in the core.
The projected densities of states demonstrated that the highest
occupied molecular orbital (HOMO) exhibited a Ni character,
indicating that despite the weak Ag-Ni interaction and the
protective role of Ag, Ni states could still play a substantial role
in the reactivity of this nanomagnet. Furthermore, the minority
spin character of the HOMO elucidated the increase or decrease
in its magnetic moment by 1 pp upon ionization or elec-
tron capture, respectively. Thus, driven by the observations of
Vernieres et al. and our previous findings, we embarked on
investigating the extent to which the Ag coating provides
protection for the Ni core against external agents capable of
chemical reactions. This question remains open and warrants
further exploration, which is the focus of the present work.

One of the most common and unavoidable reactions in the
natural environment is oxidation. In this study, we examine
how the structural and electronic properties, particularly mag-
netism, of the Ni;;@Ag,, nanomagnet are altered when a
certain number of oxygen atoms bond to the surface. As we
will demonstrate, the intricate interplay between Ni-Ag and
Ag-O interactions yields a robust nanomagnet up to approxi-
mately 20% oxygen coverage. We discuss the changes in relative
inter-atomic distances and magnetic couplings, and compare
the results with those obtained for the bare Ni,; cluster under
oxidation to elucidate the role played by the silver coating.

Our theoretical approach mirrors that of our previous
work,®® and in the subsequent section, we provide a brief
overview of the essential aspects related to the presence of
oxygen. The following sections delve into the results, examining
the effects of oxidation on structural properties, as well as
electronic and magnetic properties. Finally, we summarize
the main conclusions.

2 Theoretical approach

In this work we studied the surface oxidation process and how
it affects the structural, electronic and magnetic properties of
the metallic nanoalloy Ni;;@Ag,, using the SIESTA code,*® an
efficient density functional theory implementation that solves
the spin-polarized Kohn-Sham equations within the pseudo-
potential approach to treat the core interactions.

For the exchange and correlation (xc) potential we used the
Perdew-Burke-Ernzerhof functional.*® It is known that the stan-
dard GGA does not provide the exact (or quantitatively accurate)
results concerning the magnetic (and other) properties of certain
transition metal systems. DFT itself only provides a qualitative
description of systems that are inherently multiconfigurational.
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The magnetic moments predicted using the PBE functional for
Ni clusters underestimate the experimental values. The same
degree of inaccuracy of the PBE, however, is not extrapolatable
to other Ni nanostructures like surfaces, or to the bulk for
which the PBE functional gives the experimental magnetic
moment. A better description of the intra-atomic Coulomb
repulsion with a partial correction of the self-interaction error
brings the standard DFT results closer to those predicted by
quantum-chemical treatment through configuration-interac-
tion approaches, which are unpracticable for these sizes. In
this regard, a GGA+U approach, or the employment of hybrid
functionals should be, in principle, a good alternative to
improve the description. In a recent work by A-G Boudjahem
et al.,** devoted to the adsorption of CO on small Ni clusters,
the hybrid BLYP functional (which incorporates a portion of
exact exchange from Hartree-Fock theory) was employed. With
this functional, the calculated properties of Ni, and CO com-
pare well with the experimental data. But even with this
functional, the predicted total magnetic moments for bare Ni
clusters of 11 and 12 atoms (the largest size explored in their
study) also underestimate the experimental values. By selecting
an appropriate U parameter in the GGA+U approach one could
fit the experimental magnetic moment for clusters, but over-
estimate the magnetic moment of the Ni bulk if the U para-
meter is kept fixed. Since the main goal of our work is to
understand the qualitative changes caused by the oxidation, we
decided to use the PBE functional for the exchange-correlation
treatment. We employed norm-conserving scalar relativistic
pseudopotentials*’ in their fully nonlocal form,** generated
from the atomic valence configuration 3d®4s for Ni (with core
radii of 2.00, 2.44 and 2.50 a.u. for s, p and d orbitals,
respectively), 4d'°5s' for Ag (with core radii of 2.17, 2.82 and
2.40 a.u. for s, p and d orbitals, respectively), and 2s”2p* for O
(with core radii of 1.14 for s, p and d orbitals). Non-linear
partial core corrections,*® which are known to be important for
transition metal pseudopotentials, are included at the core
radius of 0.7 A. Valence states were described using double-
basis sets for Ni, Ag and O, with maximum cutoff radii of
4.931 A (2p) and 7.998 A (3d,4s). A 4p polarization orbital was also
considered, with cutoff radii of 7.998 and 6.599 A for nickel and
silver respectively. The energy cutoff used to define the real-space
grid for numerical calculations involving the electron density was
250 Ry. The Fermi distribution function that enters in the calculation
of the density matrix was smoothed with an electronic temperature
of 15 meV. We used an energy criterion of 10~ * eV for converging the
electronic density. In the calculations, the individual clusters were
placed in a cubic supercell of 25 x 25 x 25 A®, a size large enough to
neglect the interaction between the cluster and its replicas in
neighboring cells. It was considered only the I" point (k = 0) when
integrating over the Brillouin zone, as usual for finite systems. The
equilibrium geometries resulted from an unconstrained conjugate-
gradient structural relaxation using the DFT until the forces on each
atom was smaller than 0.001 eV A~". We tested in all cases different
spin isomers to be sure of the ground state.

The local electronic charge and magnetic moments distribu-
tion within the nanomagnet were determined from the
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Mulliken population. In those cases where the total energy
difference between spin isomers was lower than 40 meV, we
performed additional calculations with the same xc functional
using the code VASP***° that solves the Khon-Sham equations
using a plane-waves basis set instead of numerical pseudoa-
tomic orbitals, and the core interactions were treated be means
of the Projector-Augmented-Wave (PAW) approach instead of
pseudopotentials. The technical settings for the VASP calcula-
tions were as follows. We used the same cubic supercell as that
used in SIESTA (25 x 25 x 25 A®) which we checked to be
enough also with the plane waves basis set. An energy cutoff of
650 eV for the basis set was checked to provide converged
results for the relevant magnitudes. As in SIESTA, the size
chosen for the supercell allows us to use only the gamma point
for the integrations in the Brillouin zone. Finally, an energy
convergence criterion of 10°® for the electronic density was
considered. The structures were relaxed using conjugate gradients
until the force on each atom was smaller than 0.001 eV A™™.

In order to study the stability of the magnetic nanoparticle
as it oxidizes, we calculated the binding energy per atom, Ey, as
well as the oxygen adsorption energy per oxygen atom, E,qs. TO
determine the relative stability of a given oxidation rate with
respect to the neighboring rates, we calculated the second
energy difference, A,E(x,y). These quantities are defined as
follows:

Ey, = [42E(Ag) + 13E(Ni) + mE(O) — E(Ag4,Niy30,,)]/(55 + m)

(1)
Epgo — E(Agy,Niss) + mE(Z) — E(AgypNi30) @)
ASE(m) = E(mt 1) + Bm — 1) — 2 x Bm)  (3)

For the discussion of the reactivity, we calculated two con-
ceptual DFT based quantities,*®™*?® the electronegativity and the
chemical hardness, respectively defined as:

15)) 1
== (ﬁ) — 5P+ EA) (@)
1 PE 1
n=5Eap =~ 532 = 5(IP —EA) (5)

where for a system of N electrons, IP = E(N — 1) —E(N) and
EA = E(N) — E(N + 1) are the vertical ionization potential and
electronic affinity (calculated at the optimal geometry of the
neutral system). These quantities are of fundamental impor-
tance in reactivity studies, as the electronic processes that occur
in typical reactions are simply too fast as compared to vibra-
tional frequencies.

3 Results

In our previous work,*®> we provided evidence for the favorable
formation of Ni;;@Ag,, compared to an ideal mixture of Agss
and Niss clusters. We observed a distinct segregation between

This journal is © the Owner Societies 2024

View Article Online

Paper

the atomic species within Ni;;@Ag,,. Notably, Ni;;@Ag,, exhi-
bited a significant decrease in excess energy and a pronounced
increase in the second energy difference, indicating its remark-
able relative stability compared to neighboring compositions.
Furthermore, an analysis of the distribution of local magnetic
moments confirmed that the magnetic moment is predomi-
nantly localized in the Ni core. In the following sections, we
delve into a comprehensive analysis of how oxidation impacts
the structural, electronic, and magnetic properties of the Ni;3
cluster, while also exploring the role played by the silver
coating.

3.1 Oxidation process, structural and energetic properties

The surface oxidation process involved the sequential addition of
individual oxygen atoms to the surface sites of Ni;3 (up to 10 atoms)
and Ni;3@Ag;, (up to 20 atoms). Molecular adsorption was found
to be much less stable, as calculations showed that the oxygen
molecule readily dissociates during the optimization process,
indicating a low or absence of an energy barrier and suggesting
that only dissociative chemisorption is relevant in this system at
least in the first stages of oxidation.

To determine the ground state configurations of the oxi-
dized nanomagnet, various initial locations were tested for
each additional adsorbed oxygen atom among non-equivalent
hollow, bridge, and top positions on the surface. Hollow sites
were found to be the most stable adsorption sites. For the first
oxygen atom, all possible sites were calculated, resulting in six
non-equivalent sites: two tops, two bridges, and two hollows.
Hollow positions were found to be more stable than bridge and
top positions. Once the most stable adsorption site for a single
oxygen atom was identified, it was kept fixed, and the optimal
adsorption site for the next oxygen atom was explored. This
process was repeated, adding oxygen atoms one at a time.

While this approach limits the number of sampled config-
urations, additional optimizations were performed for each
oxygen concentration from Ni;;@Ag,,0, to Nij;@Ag4,06. At
least twenty configurations were randomly tested for each
oxygen concentration, with oxygen absorbed at different posi-
tions on the surface. None of these arrangements had a lower
energy than the putative ground state obtained using the
method described earlier. Configurations with oxygen atoms
inside the structure (subsurface) were also tested, but their
energies were higher than when oxygen was absorbed at the
surface. Moreover, it was observed that oxygen atoms tend to be
absorbed in pairs near the silver atoms at the corners of the
icosahedron, indicating an oxidation pattern that emerges early
in the process.

Fig. 1 presents the putative ground state atomic configura-
tions of Ni;;@Ag,, during the oxidation process. Oxygen atoms
preferentially occupy hollow sites near the corners of the
icosahedron. The first oxygen atom is placed in a hollow site
involving one of the 12 vertices, and subsequent oxygen atoms
bind in another hollow site of the same vertex but non-adjacent
to the previous ones. This pattern continues for the next couple
of oxygen atoms throughout the oxidation process. To investi-
gate the role of the silver coating and its effectiveness in
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Fig. 1 Putative ground state atomic configurations of Ni;s@Ag4,0,, with m = 1 to 20.

protecting the nickel core against oxidation, the same process
was studied for the bare Ni,; icosahedron cluster. The putative
ground state atomic configurations are shown in Fig. 2. It is
worth noting that in the 13-atom icosahedron, all vertices are
connected to each other through hollow sites, unlike the 55-atom
icosahedron. In the oxidation process of Ni;;, stable NizO; ring
motifs, known to be extremely stable arrangements,”"*° can be
identified.

To quantify the effect of oxidation on the structure of Niy3
with and without the Ag coating, average interatomic distances
and the total number of atomic bonds were plotted in Fig. 3 for
both cases. The trends reveal the extent to which the silver
coating physically protects the Ni core and preserves the
structural identity of Ni;; against oxidation. In the absence of
oxygen, the average Ni-Ni distance is smaller in the bare Ni;3
cluster than in Ni;3@Ag,,, as expected due to the Ni-vacuum
interface in the former. Upon oxidation, the average Ni-Ni
distance rapidly increases in the bare Ni;; cluster, while it
remains almost constant (or slightly decreases) when sur-
rounded by the 42 Ag atoms forming the Ni;;@Ag,, nanopar-
ticle. The average Ag-Ag and Ag-Ni interatomic distances
increase as more Ag-O bonds are created. The number of
Ni-Ni atomic bonds remains constant in both the Ni,; cluster
and the Ni;;@Ag,, nanoalloy until sixteen oxygen atoms are
absorbed on the Ag surface. A structural transition is observed
in the nanoalloy when twelve oxygen atoms have been depos-
ited on its surface, and this is reflected in the magnetic
moment, as discussed later.

To evaluate the stability of the Ni,;@Ag,, nanoparticle as a
function of the oxidation rate, the relevant energetic quantities
were calculated and plotted in Fig. 4. The increasing trend
observed in the binding energy per atom suggests that the
nanoparticle gains stability as it oxidizes within the explored
regime. However, saturation of the binding energy has not
yet been reached. Previous studies on transition metal oxide

3120 | Phys. Chem. Chem. Phys., 2024, 26, 3117-3125

Fig. 2 Putative ground state atomic configurations of NizO,, with
m =1to 10.

clusters have indicated that saturation occurs when almost all
available surface sites are occupied, and subsequent oxidation
takes the form of molecular O, adsorption.*®**** In the present
case, full surface oxidation has not been achieved (as shown in
Fig. 1). Nevertheless, a slight negative curvature is noticeable in
the binding energy, except at the beginning of the oxidation
process and around Ag,;,Ni;;0;6. This negative curvature

This journal is © the Owner Societies 2024
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Fig. 4 Binding energy per atom (upper panel), oxygen adsorption energy
(central panel), and second energy difference (lower panel) of Niiz@
Ag4,0,, as a function of the oxidation rate.

corresponds to the overall decreasing behavior of the oxygen
adsorption energy per oxygen atom, which also displays an
oscillation at m = 16. These observations are attributed to the
strong Ag-O bonding and suggest the eventual saturation of the
binding energy at higher oxidation rates. The strong Ag-O
bonding is consistent with the preservation of the structural
identity of the Ni;; core to a large extent. It is noteworthy that
the anomalies in the energetic indicators found at m = 16 are
also reflected in the structural parameters shown in Fig. 3.
The second energy difference indicates the relative stability
with respect to neighboring oxidation rates (with one more or
one less oxygen atom). An even-odd behavior is observed, with
the system being more stable when it contains an even number
of oxygen atoms on its surface. This trend aligns with the
growth pattern observed, where pairs of oxygen atoms occupy
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hollow sites around a given Ag vertex atom, ensuring an even
distribution across the surface.

3.2 Electronic properties, magnetism and reactivity

In our previous work,*> we discovered that the magnetic
moment of Ni;;@Ag,, primarily resides in the Ni core. Addi-
tionally, the magnetic moment of Ni;;@Ag,, is equivalent to
that of bare Niy3, which is 8 ug. However, while the magnetic
moment of the central atom in the bare Ni;; cluster points in
the opposite direction to the moment of the shell atoms, no
antiparallel couplings are observed in the Ni core of Ni; ; @Ag,»,
contributing 7.6 ug to the total moment. This indicates that the
silver coating slightly reduces the spin polarization of the Ni
core due to charge transfer effects, as discussed in the following
paragraph. When both systems undergo oxidation, distinct
behaviors are observed. In the case of Niy3, the total magnetic
moment significantly increases until it absorbs seven oxygen
atoms (m = 7), reaching 14 ug, but then abruptly decreases with
further oxidation. Hence, oxidation strongly impacts the mag-
netic moment of the bare Ni cluster. In contrast, when Ni,; is
covered by silver, the resulting Ni;;@Ag,, nanoparticle exhibits
a more robust behavior of the moment. The total moment
remains constant upon oxidation (8 ug), except for a slight
reduction to 6 up from m = 12 to m = 14 and a slight increase to
10 up for m = 20. Despite the decrease in the magnetic moment,
the energy difference between the magnetic states of 6 and 8 g
is 30, 40, and 70 meV for m = 12, 13 and 14, respectively. For
these systems, additional calculations were performed using
the VASP code. In the cases with m = 13 and 14, the differences
remain consistent with the SIESTA calculations. However, in
the VASP calculation for m = 12, the magnetic moment of 6 ug is
more stable than that of 8 ug by 3 meV, indicating that both
spin states can be considered degenerate in this case. To
understand this contrasting magnetic behavior under oxida-
tion, we need to consider various aspects related to the direct
binding of oxygen to Ni in the bare Ni;; cluster compared to
binding to Ag in Ni;;@Ags,, which affects both the structural
properties of the Ni core and the electronic interactions. As
previously discussed, the bare Ni,; cluster expands significantly
with increasing oxidation rate, accompanied by an increasing
delocalization of d electrons in Ni;3. This delocalization
enhances spin polarization, leading to an increase in the Ni
contribution to the total moment upon oxidation. However,
this effect is not observed in Ni;;@Ags,, where the electron
delocalization is limited due to the presence of the silver
coating. The local charge distribution obtained through the
Mulliken populations reveals that Ni, ; is electron deficient, and
this electron deficiency increases monotonically with oxidation.
The charge transfer from Ni to O further promotes an increase
in the magnetic moment during oxidation due to the more than
half-filled d-band in Ni. In contrast, the Ni core of Ni;;@Ag,,
captures electrons from Ag, but this electron excess remains
nearly constant (approximately 0.4 electrons per Ni atom) with
increasing oxidation rate.

The distribution of local magnetic moments obtained from
the Mulliken populations and presented in Fig. 5 reveals an
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Fig. 5 Contribution of the different atomic species to the total magnetic

moment of the magnetic nanoparticles.

increase in the moment of the bare Ni cluster up to Ni;;05, but
no further increase with additional oxidation. As both the
structural expansion and the charge transfer exhibit a mono-
tonic trend, we need to analyze the local properties to explain
the gradual decrease in the magnetic moment for m > 7. Our
findings indicate that, for all investigated oxidation rates, the
magnetic coupling is ferromagnetic-like. However, for m > 7,
there is a noticeable reduction in spin polarization for certain
Ni atoms. The local densities of electronic states (not shown
here) show a transition from half metallic (with a spin-down
character of the HOMO) to metallic behavior as a function of m,
with a transition occurring around m = 6-7. Consequently,
during the initial stages of oxidation (m < 7), the Ni to O
charge transfer is predominantly contributed by spin-down
electrons, resulting in an increase in the moment (even the
spin-up band fills up slightly). Conversely, for m > 7, there is
also transfer of spin-up electrons (more spin-up and fewer spin-
down as m increases), which tends to reduce the magnetic
moment.

On the other hand, the contribution of oxygen to the total
moment varies depending on the atomic species it binds to. We
observe that the spin polarization of oxygen atoms is signifi-
cantly higher in Ni;;0,, compared to Ni;;@Ags,0,,. In the
mean field picture, this can be attributed to the larger local
magnetic field experienced by oxygen electrons when they
attach to Ni (a magnetic 3d element) compared to when they
attach to Ag, resulting in greater spin splitting in the former.
Additionally, the spin polarization of the O atoms aligns with
that of Ni in the bare Ni,; (ferromagnetic-like coupling), caus-
ing the local moments to point in the same direction and
contribute to the total moment. A substantial percentage of the
magnetic moment is derived from the oxygen atoms, reaching
over 13% in certain oxidation rates. Conversely, in Ni;;@Ag,,
(antiferromagnetic-like coupling), the situation is reversed until
the adsorption of sixteen oxygen atoms, after which the oxygen
exhibits ferromagnetic-like coupling with Ni.
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The behavior of the magnetic moment in Ni;;@Ags, as a
function of oxidation rate is also influenced by the structural
anomalies discussed in the previous subsection. Between Ni;;@
Ag,,01, and Nij;@Ag4,0;5, the magnetic moment slightly dec-
reases from 8 to 6 ug, correlating with a decrease in the average
Ni-Ni interatomic distance and the number of Ag-Ni atomic
bonds. These observations indicate that the Ni core becomes
more compact and weakens its interaction with silver. At higher
oxidation rates than Ni;;@Ag,,011, the average interatomic Ag-Ag
distance increases, and the number of Ag-Ag atomic bonds
decreases, indicating a weakening of the metallic silver character
and the evolution of the surface from an oxidized metal to a metal
oxide. In terms of corrosion, the protective coating forms a
sacrificial layer upon oxidation to protect the core.

Lastly, the direct contribution of silver atoms to the mag-
netic moment of Ni;;@Ag,, upon oxidation is analyzed. The
local magnetic moment of silver atoms decreases as the system
oxidizes. Although the spin splitting in Ag is negligible com-
pared to that of nickel and oxygen, it is antiparallel to the
Ni,;@Ag,, nanoparticle, resulting in a constant total magnetic
moment.

Let us now discuss the reactivity. The indicators of global
reactivity are plotted in Fig. 6. Electronegativity (x) quantifies
the nanoparticle’s ability to attract and retain electrons, and the
results demonstrate that electronegativity is lower in the
Ni,;;@Ag,, nanoparticle than in the bare Ni;; cluster, and
increases with higher oxygen content. This aligns with the
significantly higher electronegativity of O compared to Ni and
Ag, making the surface more electropositive and consequently
more reactive towards electrophilic agents such as additional
oxygen. Therefore, further oxidation is expected to be faster and
more exothermic, while reactivity towards nucleophilic agents
will be reduced. However, a negative curvature indicates a
tendency towards oxygen saturation and a progressive decrease
in the aforementioned trend. Chemical hardness (i), defined as
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half the fundamental gap, quantifies the system’s sensitivity to
changes in the number of electrons. Higher hardness implies a
reluctance to accept or donate electrons, correlating with lower
polarizability. The results in Fig. 6 show that the chemical
hardness is larger in the bare Ni, ; cluster than in the Ni;;@Ag,,
nanoparticle in which it remains nearly constant or slightly
decreases with increasing oxidation rate. Both the ionization
potential (IP) and electron affinity (EA) increase with oxygen
content, but their difference remains relatively unchanged.
This finding indicates that the overall reactivity of this nano-
magnet is stable against oxidation, at least within the explored
oxidation rate range.

4 Conclusions

In this study, we investigated the structural and electronic
properties of the highly stable icosahedral Ni,;@Ag,, nanopar-
ticle using density functional theory. This nanoparticle consists
of a nickel core and an outer silver shell. We examined how the
interaction of oxygen atoms, up to a maximum of 20, on the
surface of the nanoparticle affects its properties. To understand
the role played by the silver coating, we compared our findings
with the behavior of the bare Ni;; cluster under surface
oxidation.

Within the explored oxidation range, only dissociative
chemisorption is relevant, as the oxygen molecule readily
dissociates during the relaxation process. The absorbed oxygen
atoms tend to form pairs near the silver atoms located at the
corners of the Ni;;@Ag,, nanoparticle, indicating a specific
oxidation pattern.

Regarding the structural changes, our analysis of the relative
inter-atomic distances revealed that the bare Ni,; cluster is
more compact than the Ni;; core of the nanoparticle in the
absence of oxygen. However, upon oxidation, the bare Ni;;
cluster expands, while the Ni, ; core of the nanoparticle remains
almost constant and slightly compacts when more than 12
oxygen atoms attach. This difference can be attributed to the
physical protection provided by the Ag coating.

From an energetic perspective, we observed that the Ni;; @Agy,
nanoparticle becomes more stable as it undergoes oxidation.
However, we have not yet reached saturation in the binding
energy within the explored oxidation range. The relative stability
of the nanoparticle compared to neighboring oxidation states
follows an even-odd behavior, where the presence of an even
number of oxygen atoms on the surface enhances the stability.
This trend aligns with the observed growth pattern, where pairs of
oxygen atoms occupy hollow sites around a given Ag vertex atom,
ensuring an even distribution across the surface.

Regarding the magnetic properties, although the magnetic
moment of Nij;@Ag,, (8 ug) is equal to that of the bare Niy
cluster, the behaviors upon oxidation differ significantly. When
Ni;; is covered by silver, the resulting nanoparticle exhibits a
remarkably robust magnetic moment that remains nearly con-
stant throughout the oxidation process. In contrast, in the bare
Ni;; cluster, the total magnetic moment increases noticeably
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until it absorbs seven oxygen atoms, reaching 14 ug, and then
abruptly decreases with further oxidation. This behavior can be
explained in terms of relative charge transfer effects. The
contribution of oxygen to the total moment varies depending
on the atomic species it binds to. We observed that the spin
polarization of oxygen atoms is significantly higher in Ni;30,,
than in Ni;;@Ag4,0,,. Additionally, the spin polarization of the
oxygen atoms aligns with that of Ni in the bare Niy; cluster,
thus contributing to the total moment. In Ni;;@Ag,,, the
situation is reversed until sixteen oxygen atoms are absorbed.

From a reactivity perspective, we have observed that the
electronegativity of the Ni;;@Ag,, nanoparticle increases with a
higher oxygen content. This results in a more electropositive
surface, making the nanoparticle more reactive towards elec-
trophilic agents, such as additional oxygen. However, the
reactivity towards nucleophilic agents is expected to decrease.
Despite these changes, the chemical hardness of the nanopar-
ticle remains relatively constant, indicating that the overall
reactivity of this nanomagnet remains stable against oxidation
within the explored range.
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