Structural and Electronic Changes in the Ni;s@Ag,, Nanoparticle Under Surface
Oxidation. The Role of the Silver Coating.*

R. H. Aguilera-del-Toro'x, F. Aguilera-Granja?, and A. Vegal
! Departamento de Fisica Tedrica, Atémica y Optica,
Universidad de Valladolid, ES-47011 Valladolid, Spain

and

2Instituto de Fisica, Universidad Auténoma de San Luis Potosi,
San Luis Potosi, México

(Dated: December 5, 2023)

The icosahedral Nijg@Agas 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 theoretic calculations to delve into a compre-
hensive 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 Nij3 cluster also subjected to surface oxidation.
When Nij3 is covered by silver, we find a markedly robust behavior of the magnetic moment of the
resulting nanoparticle, which remains nearly constant upon oxidation up to the rates explored, and
the same holds for its overall reactivity. The obtained trends are rationalized in terms of the complex
interplay between Ni-Ag and Ag-O interactions which impact the relative inter-atomic distances,
charge transfer effects, spin polarization and magnetic couplings.

I. INTRODUCTION

Magnetic nanoparticles have emerged as a prominent
subject in Materials Science, owing to their crucial roles
in a wide range of applications such as drug delivery[1-
4], tissue engineering[5, 6], biosensing[7, 8], magnetic
resonance imaging[4, 9, 10], ultrahigh density data
storage[11, 12], magneto-electric memory devices[13] and
surface deposition for diverse applications[14-16]. 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 nanoparti-
cles for specific applications or to ensure the stability of
their properties (e.g., magnetic moment) in particular en-
vironments or processes, functionalization techniques are
commonly employed. It is well-known that the magnetic
properties of transition metals[17, 18] are influenced by
their corrosion. The impact of different environments,
such as CO[19-23] and O3[24], 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 ex-
posed to various environments significantly affects their
properties[21-23, 25-29]. For gold nanoclusters[22], cal-
culations underscore the significance of both surface cov-
erage and the location of adsorbed oxygen in influenc-
ing the stability of co-adsorbed crotonaldehyde, the de-
sired product in crotyl alcohol selox, while for paladium
nanoclusters[23], elevated CO coverages favored the for-
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mation of bridge-bound CO bonds, with some hollow-
bound CO. The study predicted a coverage-dependent
spectroscopic blue-shift in vibrational IR bands of ad-
sorbed CO, coinciding with a 3.5% expansion of the pal-
ladium nanoparticle.

In a recent study by Vernieres et al.[25], the influence
of air exposure on the energetic and structural proper-
ties of silver clusters, composed of up to 3000 atoms and
deposited on a layer of amorphous carbon, was investi-
gated. Their findings indicated that air exposure led to
a prevalence of icosahedral isomers among the observed
ordered structures. One method for preventing the ox-
idation of Ni involves applying a silver Ag coating to
the surface of Ni nanoparticles[30-34]. This approach
not only offers physical protection but also induces alter-
ations in the system’s properties. For instance, it can
enhance electrical conductivity[31, 32], enable tunable
piezoresistivity[33] or reduce toxic agents in water|[34].

In our previous work[35], we employed density func-
tional theory to examine the stability, chemical order,
structural parameters, electronic structure, 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 excep-
tional stability in terms of both binding energy and ex-
cess energy. Notably, Ni;s@Ag,s exhibited a 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 a physical pro-
tection for the 3d metal cluster, while also offering known
antibacterial properties[36-38].

Nij3@Agyo displayed intriguing intrinsic magnetic
properties. The Nijz core essentially retains the mag-
netic moment of the bear 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 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 reactiv-
ity of this nanomagnet. Furthermore, the minority spin
character of the HOMO elucidated the increase or de-
crease in its magnetic moment by 1 p upon ionization
or electron capture, respectively. Thus, driven by the ob-
servations 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 exter-
nal 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 magnetism, of the Ni;3@Ags> nanomagnet
are altered when a certain number of oxygen atoms bond
to the surface. As we will demonstrate, the intricate in-
terplay between Ni-Ag and Ag-O interactions yields a ro-
bust nanomagnet up to approximately 20% oxygen cov-
erage. We discuss the changes in relative inter-atomic
distances and magnetic couplings, and compare the re-
sults with those obtained for the bare Nij3 cluster under
oxidation to elucidate the role played by the silver coat-
ing.

Our theoretical approach mirrors that of our previ-
ous work[35], 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.

II. 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 Nij3@Agss using
the SIESTA code[39], an efficient density functional the-
ory implementation that solves the spin-polarized Kohn-
Sham equations within the pseudopotential approach to
treat the core interactions.

For the exchange and correlation (xc) potential we used
the Perdew—Burke-Ernzerhof functional[40]. Is known
that standard GGA does not provide the exact (or quan-
titatively accurate) results concerning the magnetic (and
other) properties of certail transition metal systems.
DFT itself only provides a qualitative description of sys-
tems that are inherently multiconfigurational. The mag-
netic moments predicted by PBE for Ni clusters under-
estimate the experimental values. The same degree of
inaccuracy of the PBE, however, is not extrapolable to
other Ni nanostructures like surfaces, or to the bulk for

which PBE gives the experimental magnetic moment.
A better description of the intra-atomic Coulomb repul-
sion with a partial correction of the self-interaction error
bring the standard DFT results closer to those predicted
by a quantum-chemical treatment through configuration-
interaction approaches, which are unpracticable for these
sizes. In this regard, a GGA+U approach, or the employ-
ment of hybrid functionals should be, in principle, a good
alternative to improve the description. In a recent work
by A-G Boudjahem et al.[21] 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 Nis and CO compare well
with the experimental data. But even with this func-
tional, 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 a GGA+U
approach one could fit the experimental magnetic mo-
ment for clusters, but overestimate the magnetic moment
of the Ni bulk if the U parameter is kept fixed. Since
the main goal of our work is to understand the quali-
tative changes caused by the oxidation, we decided to
use the PBE functional for the exchage-correlation treat-
ment. We employed norm-conserving scalar relativistic
pseudopotentials [41] in their fully nonlocal form [42],
generated from the atomic valence configuration 3d®4s?
for Ni (with core radii 2.00, 2.44 and 2.50 a.u. for s, p
and d orbitals, respectively), 4d'°5s! for Ag (with core
radii 2.17, 2.82 and 2.40 a.u. for s, p and d orbitals, re-
spectively), and 2s%2p? for O (with core radii 1.14 for s, p
and d orbitals). Non-linear partial core corrections [43],
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 radius of 7.998 and 6.599 A
for nickel an 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 temper-
ature of 15meV. We used an energy criterion of 1074 eV
for converging the electronic density. In the calculations,
the individual clusters were placed in a cubic supercell of
25 x 25 x 25 A3, a size large enough to neglect the inter-
action 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 sys-
tems. The equilibrium geometries resulted from an un-
constrained conjugate-gradient structural relaxation us-
ing the DFT until the forces on each atom was smaller
than 0.001 eV/Ang. We tested in all cases different spin
isomers to be sure of the ground state.

The local electronic charge and magnetic moments dis-
tribution within the nanomagnet were determined from



the Mulliken population. In those cases where the total
energy difference between spin isomers was lower that 40
meV, we performed additional calculations with the same
xc functional using the code VASP[44, 45] that solves the
Khon-Sham equations using a plane-waves basis set in-
stead of numerical pseudoatomic orbitals, and the core
interactions were treated be means of the Projector-
Augmented-Wave (PAW) approach instead of pseudopo-
tentials. The technical settings for the VASP calculations
were as follows. We used the same cubic supercell as that
used in STESTA (25 x 25 x 25 A3) 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 pro-
vide converged results for the relevant magnitudes. As
in SIESTA, the size chosen for the supercell allows to use
only the gamma point for the integrations in the Brillow-
ing 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 nanopar-
ticle as it oxidizes, we calculated the binding energy per
atom, E; as well as the oxygen adsorption energy per
oxygen atom, Egg4s. To determine the relative stabil-
ity of a given oxidation rate with respect to the neigh-
boring rates, we calculated the second energy difference,
A3E(X;y). These quantities are defined as follows:

E, = [42E (Ag) + 13E(Ni) + mE(O)

—E(Ags2Ni130,,)]=(55 + m) (1)

E(Ag42Nii3) + ME(O) — E(Ag42Ni130m)
m

(2)

Eads =

AEM) =EM+1)+E(M—-1)—2xEMm) (3

For the discussion of the reactivity, we calculated two
conceptual DFT based quantities[46-48], the electroneg-
ativity and the chemical hardness, respectively defined

as:
_— :-(S%) %(IP+EA) (4)
:%Egap:—<%> :%(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 ion-
ization potential and electronic affinity(calculated at the
optimal geometry of the neutral system). These quanti-
ties are of fundamental importance in reactivity studies,
as the electronic processes that occur in typical reactions
are simply too fast as compared to vibrational frequen-
cies.

III. RESULTS

In our previous work[35], we provided evidence for
the favorable formation of Nij3@Ag,s compared to an
ideal mixture of Agss and Niss clusters. We observed
a distinct segregation between the atomic species within
Nij3@Ag,ss. Notably, Nij3@Agys exhibited a significant
decrease in excess energy and a pronounced increase in
the second energy difference, indicating its remarkable
relative stability compared to neighboring compositions.
Furthermore, an analysis of the distribution of local mag-
netic moments confirmed that the magnetic moment is
predominantly localized in the Ni core. In the following
sections, we delve into a comprehensive analysis of how
oxidation impacts the structural, electronic, and mag-
netic properties of the Nijg cluster, while also exploring
the role played by the silver coating.

A. Oxidation process, structural and energetic
properties

The surface oxidation process involved the sequential
addition of individual oxygen atoms to the surface sites of
Nij3 (up to 10 atoms) and Nij3@Agys (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 energy barrier and suggesting that
only dissociative chemisorption is relevant in this system
at least in first stages of oxidation.

To determine the ground state configurations of the ox-
idized nanomagnet, various initial locations were tested
for each additional adsorbed oxygen atom among non-
equivalent hollow, bridge, and top positions on the sur-
face. Hollow sites were found to be the most stable ad-
sorption 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
configurations, additional optimizations were performed
for each oxygen concentration from Nij3@Agss0Os to
Nij3@Agy20g. At least twenty configurations were ran-
domly tested for each oxygen concentration, with oxygen
absorbed at different positions on the surface. None of
these arrangements had a lower energy than the putative
ground state obtained using the method described ear-
lier. Configurations with oxygen atoms inside the struc-
ture (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






