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Abstract: We present a systematic study on the adsorption properties of molecular oxygen on
Pt, Ni and PtNi clusters previously deposited on MgO(100) by means of density functional
theory calculations. We map the different adsorption sites for a variety of cluster geometries,
including icosahedra, decahedra, truncated octahedra and cuboctahedra, in the size range between
25–58 atoms. The average adsorption energy depends on the chemical composition, varying from
2 eV for pure Ni, 1.07 for pure Pt and 1.09 for a PtshellNicore nanoalloy. To correlate the adsorption map
to the adsorption properties, we opt for a geometrical descriptor based on the metallic coordination
up to the second coordination shell. We find an almost linear relationship between the second
coordination shell and adsorption energy, with low coordination sites, such as those located at the
(111)/(111) and (111)/(100) cluster edges-displaying adsorption energies above 1 eV, while higher
coordination sites such as (111) cluster facets have an interaction of 0.4 eV or lower. The inclusion
of van der Waals corrections leads to an overall increase of the O2 adsorption energy without an
alteration of the general adsorption trends.

Keywords: DFT calculations; supported PtNi clusters; MgO oxide support; O2 adsorption;
generalized coordination number (GCN)

1. Introduction

The development of novel mobility technologies for cleaner vehicle emissions is nowadays
essential in order to mitigate the current high levels of pollution seen on internal combustion
engines. One foreseeable technology involves the electrochemical conversion of energy via efficient
fuel cells (FCs), namely using hydrogen as its primarily source of fuel [1]. All FCs consist of
an anode, cathode, as well as of a proton-conductive electrolyte. FCs are generally classified according
to the type of electrolyte used, and excellent technology reviews exist on the literature, ranging
from proton-conducting metal–organic frameworks [2], crystalline porous-materials [3], as well
as carbon- and nitrogen-based porous solids [4]. Among all of the existing fuel cells, the proton
exchange membrane fuel cell (PEMFC) has been actively developed for use in vehicles [5,6]. PEMFCs
currently provide the necessary power needed to travel even long-distances. However, its mass
commercialization is currently hindered both by the slow oxygen reduction reaction (ORR) at the
cathode and the extremely high cost of platinum (Pt). This has triggered an active search for cheaper
Pt-based alloys and the miniaturization of the metal catalyst towards the nanoscale. One proposed
solution is to combine it with other late transition metals such as nickel (Ni), cobalt (Co), chromium (Cr),
copper (Cu) and iron (Fe) [7–9]. The goal of the alloyed material is to improve the catalytic activity
towards the oxygen reduction reaction (ORRs), offered by current commercial Pt cathode catalysts,
without the scaling costs.
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In this regard, recent experimental studies have shown that a five-fold decrease in the amount of
Pt used in PEMFC stacks is needed in order to reach levels for mass-production and commercialisation
for use in light-duty vehicles [10]. A promising alloy corresponds to PtNi. Work performed by
Stamenkovic et al. showed an exceptional catalytic activity (10-fold) towards ORR of an extended
Pt3Ni(111) surface compared to a monometallic Pt(111) surface; and up to 90 times greater than the
carbon supported Pt catalysts used in PEMFC [11]. Their results were rationalized due to an unusual
shift in the calculated PtNi d-band centre, as well as due to having a peculiar atomic segregation
pattern involving a Pt-rich outer layer. Further experimental work has focused on the preparation
of small PtNi nanoparticles (NPs) ≤ 5 nm, with varying Pt-loading. These NPs have well-controlled
octahedral geometries (FCC-type atomic arrangements) displaying extensive (111) facets, aiming for
similar catalytic properties as the extended surface [12–21]. Thus, the maximisation of large surface
areas offered by bimetallic NPs makes them ideal as catalysts for novel fuel cell applications.

Previous computational results based on Monte Carlo (MC) simulations have addressed the
structural stability of cuboctahedral PtNi NPs, ranging from 2.5 to 5 nm [22]. Using a many-body
potential to describe the interactions between metal atoms, MC simulations at 600 K showed that
PtNi tends to form surface-sandwich structures, with a segregation pattern in which Pt atoms are
enriched at the outermost and third shells, while the Ni atoms are enriched in the second shell.
These results suggest an economical catalyst design, where Pt atoms are located at the outermost
layers with Ni occupying core positions within the bimetallic NP. Similar segregation patterns were
reported for smaller-gas-phase-PtNi clusters of less than 20 atoms, using a combined genetic algorithm
global optimization approach and density functional theory (DFT) calculations [23]. In terms of
cluster reactivity, recent work has shown that sub-nanometre gas-phase PtNi clusters (up to 55 atoms in
size) can bind O2 above 1 eV, due to a substantial geometrical reconstruction of the metal-metal bridge
underneath the adsorbed molecule [24]. More recent DFT calculations reported fully-dealloyed Pt3Ni7
particle (∼8 nm) surfaces exhibiting triangulated surface arrangements, as a regular Pt(111) surface,
while reducing the rate-determining ORR step significantly [25].

In this work, we performed a systematic density functional theory (DFT) study on O2 adsorption
on a variety of PtNi clusters supported on MgO(100), as well as on their monometallic (Pt, Ni)
counterparts, ranging between 25–58 atoms. Using the calculated adsorption energies (Eads), we
construct an O2 adsorption map for supported PtNi, Pt and Ni clusters presenting a variety of cluster
geometries, ranging from truncated octahedra (TO), cuboctahedra (CO), icosahedra (Ih) and decahedra
(Dh). Clusters are either in contact with their (100) and (111) facets to the oxide substrate. For supported
PtNi clusters, we try to preserve a Pt3Ni bulk-like composition, implying that Ni doping occurs at the
bimetallic cluster core sites (i.e., core–shell clusters). However, due to cluster sizes and geometries,
Ni atoms are in some cases located inevitably at cluster surface sites (e.g., TO25, Dh58). For all cases
considered, we calculated the general coordination number (GCN), a quantity which establishes a
link between geometry, adsorption and activity [26–29]. The GCN can distinguish symmetrically
equivalent sites, and it has been recently used to successfully describe O2 adsorption trends over large
(∼2 nm) supported PtNi clusters [30]. The reader must bear in mind that a fuel cell works under
complex electrochemical processes [31]. In particular, a net electric field at the electrode-electrolyte can
alter the overall ORR performance. Thus, our work aims at providing a fundamental understanding
on molecular O2 adsorption using a variety of adsorption scenarios on supported PtNi clusters.

2. Methodology

Periodic density functional theory (DFT) calculations are performed using the Quantum Espresso
(QE) plane-wave implementation code [32]. The Perdew-Burke-Ernzerhof (PBE) exchange-correlation
(xc) functional was used along with a combination of ultrasoft pseudopotentials to describe
Pt (5d96s1), Ni (3d94s1), Mg (2p63s13p0.75) and O (2s22p4) atoms [33–35]. A kinetic energy for
wave-functions and charge density cutoff of 45 and 360 Ry, respectively, is used. To improve SCF
convergence, a Marzari–Vanderbilt smearing value of 0.001 Ry is used. All DFT calculations have been
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performed spin-polarised. The pristine MgO(100) surface is modelled using a (6 × 6) three atomic layer
slab, using the calculated PBE bulk lattice constant of 4.238 Å. Although our value is slightly larger
than the experimental value of 4.21 Å, it is in close agreement with calculated PBE values (4.26 Å and
4.30 Å) and hybrid (PBE0) functionals (4.21 Å) [36,37]. The MgO(100) substrate has been considered
on the basis that it is a often used in experiments, and it is a well-characterized and rigid substrate,
which strongly interacts with a metallic cluster. Its checkerboard (100) surface allows us to analyse
any effects between flat and corrugated cluster/oxide interfaces. The size of the supercell considered
(17.9803 Å × 17.9803 Å × 29.2380 Å) provides a sufficiently large vacuum region necessary to avoid
any spurious interactions between neighbouring periodic images. Due to the large size of the oxide
slab and overall supercell, the Brillouin zone was sampled at the Γ-point only. The inclusion of van der
Waals effects is accounted for via an empirical dispersion correction on the PBE functional (DFT+D),
which includes a pairwise addition C6/R6 correction term [38]. The effect of London dispersion forces
is checked via DFT+D single-point calculations on the supported clusters’ relaxed configurations.

O2 adsorption is studied at different sites on four different structural models, as highlighted
in Figure 1: truncated octahedra (TO), cuboctahedra (CO), icosahedra (Ih) and decahedra (Dh),
with supported metal cluster sizes ranging from 25 up to 58 atoms. Besides the shape and size effects,
we considered clusters to be either in contact with their (100) and (111) facets to the oxide substrate, in
such a way as to estimate the contribution from the strain due to a mismatch with the oxide surface.
Similar structural models have been recently used in a force-field parametrisation describing the
interaction between Pt clusters and the MgO(100) substrate via classical molecular dynamics (MD)
simulations [39]. In our work, supported PtNi clusters display a deliberate PtshellNicore chemical
arrangement. Depending on size and geometry, some Ni atoms can occupy surface sites, such as
clusters Pt20Ni5(TO)100, Pt21Ni12(Ih)111, and Pt47Ni11(Dh)111. After construction in the gas-phase,
the metal clusters are subsequently placed over the MgO(100) substrate, maximising the number of
metal–oxygen (M–O) bonds. Each structure is initially positioned in such a way that the shortest
height from the substrate is at least ∼2 Å. This takes into account the calculated optimal distance
for Pt and Ni atoms (1.985 Å and 1.796 Å) above one oxygen atom of the oxide surface. We must
stress that the considered supported PtNi, Pt and Ni clusters—though locally DFT-relaxed—may not
correspond to the lowest energy isomer as no global optimizations were carried out. However, they act
as geometrical scenarios to understand O2 adsorption properties over a variety of distinct sites within
the supported clusters.

Figure 1. Structural models of PtNi, Pt and Ni clusters supported on MgO(100) used to study O2

adsorption. Geometries range from: truncated octahedra (TO), cuboctahedral (CO), icosahedra (Ih)
and decahedra (Dh). Two different cluster/oxide interfaces are considered; namely (100) and (111)
cluster epitaxies.
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3. Energetic Analysis

Adsorption energies (Eads) are calculated as total energy differences between the interacting
configuration (Ecluster+O2/MgO), the bare (relaxed) supported cluster (Ecluster/MgO), and the O2 molecule
in the gas-phase:

Eads = −(Ecluster+O2/MgO − Ecluster/MgO − EO2,gas−phase), (1)

where positive Eads values indicate an exothermic O2 adsorption. A geometrical characterisation of the
O2 adsorption site is done using the generalized coordination number (GCN). Introduced by Sautet
and co-workers for monometallic Pt systems, the GCN is a geometrical descriptor as robust as the
d-band center, which establishes a direct link between geometry, adsorption map and activity [26–29].
The GCN can be defined as the coordination number at the adsorption site weighted by the overall
coordination of the neighbouring atoms:

GCN(i) =
ni

∑
j=1

CN(j)/CNmax, (2)

where the sum runs over all neighbouring atoms ni of the atom i of a given site. Then, each neighbour
is weighted, according to its coordination number, divided by the maximum coordination number
of the adsorption site. We kept CNmax = 18 as the O2 molecule is adsorbed, on the majority of cases,
at a bridge site (on top of two metallic atoms), as done recently for larger supported PtNi clusters [30].
When the O2 molecule is adsorbed at the cluster’s FCC (face-centered cubic) and HCP (hexagonal close
packing) sites, it is technically sharing a bond to three metallic atoms, both molecularly or dissociatively
adsorbed, as it implies having the O2 molecule over a hollow site at one of the cluster’s facets. Thus,
the same CNmax value is used in order to make all calculated GNC values comparable. The threshold
distances for the monometallic cases correspond to the calculated Pt and Ni bulk lattice values (2.812 Å
and 2.487 Å, respectively). For the PtNi case, we considered the Pt3Ni phase experimental bulk value
(2.718 Å) [40]. This is due to the fact that it has been experimentally reported that Pt3Ni bulk alloy has
an ordered FCC lattice. However, it has a random occupation of platinum and nickel according to the
stoichiometry, thus making it difficult to calculate a DFT bulk value [41]. For all cases, a ±0.3 Å lower
and upper bound range to the threshold value is considered, to take into account any bond length
distortions suffered upon O2 adsorption by those metal atoms located at both cluster core/shell sites.

We further quantified the supported PtNi, Pt and Ni clusters’ core and shell strain. This quantity
is calculated as the percentage difference between the average nearest-neighbour (NN) distance—for
those atoms occupying core (dc

NN) and shell (ds
NN) positions—with respect to previously mentioned Pt,

Ni and PtNi threshold distances (dt
NN). Thus, negative values in Equation (3) indicate a compressive

strain felt by the cluster:

score =
dc

NN−dt
NN

dt
NN

× 100,

sshell =
ds

NN−dt
NN

dt
NN

× 100.

(3)

4. Results and Discussion

4.1. O2 Adsorption Trends on Supported PtNi Nanoparticles

Initially, the O2 molecule is placed horizontally towards the cluster surface, bridging between
two metal atoms, as it has been highlighted in recent theoretical studies as the preferred adsorption
configuration [42–44]. Five different O2 adsorption sites are considered for those supported PtNi
clusters involving TO and CO geometries: (1) “along edge(111)/(111)”; (2) “along edge(111)/(100)”;
(3) “between edge (111)/(100)” as well as (4) “FCC” and (5) “HCP” sites (see Figure 2). For the



Inorganics 2017, 5, 43 5 of 14

Dh and Ih geometries, O2 adsorption sites involve 5-fold vertices (“vertex 5-fold”, “vertex lateral”),
cluster re-entrances (“Re-entrace”), sites involving a cluster edge (“along edge (111)/(100)”) and those
sites located at the small (111) surfaces within the cluster not involving a 5-fold vertex (“no vertex—(111)
facet”), as shown in Figure 3. Similarly, O2 adsorption is studied on the monometallic Pt and Ni
counterparts (see Figures S1–S4, in Supplementary Materials).

Our results showed that, for supported PtNi clusters, the strongest calculated Eads values for
TO and CO configurations are located along the cluster edges. In particular, when O2 is adsorbed
at the “along edge (111)/(111)”, “along edge (111)/(100)” and “between edge (111)/(100)” sites,
calculated Eads values range from 0.75 eV up to 1.94 eV. Strong Eads values—ranging from 0.91 eV up to
1.97 eV—are also reported for the Dh and Ih configurations, for most of the adsorption sites involving
vertices and edges: “vertex 5-fold”, “vertex-lateral”, “along edge (111)/(100)” and “re-entrances”.
Weak Eads values are obtained when O2 is adsorbed in a small, cluster (111) facet involving a Pt45Ni13

(Ih)111 cluster—such as in the “no vertex—(111) facet” site—at 0.56 eV. Weaker adsorption trends are
found for the TO and CO clusters involving the FCC and HCP, with Eads values, ranging from 0.18
up to 0.64 eV for molecular O2 adsorption. We must point out that we also observe spontaneous O2

dissociation, when one of the O atoms is in contact with an Ni atom located at the cluster surface
involving both FCC and HCP sites, such as in the Pt20Ni5 (TO)100 cluster (see Figure 2). Other structures
involving a dissociated O2 molecule are: Pt32Ni6 (TO)100 (FCC site), Pt42Ni13 (CO)100 (FCC site), as well
as Pt42Ni13 (CO)111 (HCP site).

Figure 2. O2 adsorption sites considered for supported PtNi clusters involving TO and CO geometries,
in the size range 25–55 atoms. A distinction is made if the cluster is in contact with the substrate via
one of its (111) or (100) facets. Eads values are displayed in eV, and dispersion corrected (DFT-D) values
are shown in brackets. An asterisk (*) indicate those configurations where spontaneous O2 dissociation
occurred during PBE-based relaxations. The corresponding generalized coordination number (GCN)
value at the adsorption site is provided in bold. Colour labelling: light grey (Pt), orange (Ni), green
(Mg) and red (O).
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Figure 3. O2 adsorption sites considered for supported PtNi clusters involving Ih and Dh geometries,
in the size range 33–58 atoms. The cluster/oxide interface involves the supported clusters (111)
facets. Eads values are displayed in eV, while dispersion corrected (DFT-D) values are shown
in brackets. The corresponding GCN value at the adsorption site is provided in bold. Colour labelling:
light grey (Pt), orange (Ni), green (Mg) and red (O).

For monometallic Pt supported clusters, similar adsorption trends are observed. For the TO and
CO geometries, Eads values range from 0.85 up to 1.59 eV for those O2 sites involving cluster edges.
Again, FCC and HCP sites have the weakest Eads values (0.42 to 0.86 eV) for O2 molecular adsorption,
where spontaneous O2 adsorption is also observed on Pt38 and Pt55 clusters. For the Ih and Dh
geometries, Eads values on edges and vertices range from 0.50 up to 1.71 eV, while adsorption at
the (111) facets clearly involves weaker adsorption energies (0.34–1.21 eV) (see Figures S1 and S2,
in Supplementary Materials). However, molecular O2 interaction with supported Ni clusters edges is
stronger, compared to both supported Pt and PtNi clusters, with overall values of the order of 1.52 up
to 2.51 eV. The strong adsorption energy values can be attributed to a larger electronegativity difference
between the O and Ni atoms, compared to Pt ones (O = 3.44, Pt = 2.28, Ni =1.91, Mg =1.31 in the
Pauling scale, respectively). Interestingly, the O2 molecule is also found to spontaneously dissociate
on both FCC and HCP sites of both TO and CO geometries. Regarding Ih and Dh configurations,
vertex sites are found to have the strongest O2 adsorption values (1.88 up to 2.51 eV), while the
weakest are found on the supported Ni (111) facets (1.54 up to 1.83 eV), as shown in Figures S3 and S4,
in Supplementary Materials.

An O2 adsorption map is constructed for all the different adsorption sites for supported PtNi,
Pt and Ni clusters (see Figure 4). Figure 4 includes calculated (PBE) reference values for the
O2 adsorption on the flat Pt(111) surface (0.46–0.86 eV) [43,45–47], including experimental values
(0.4–0.5 eV) [48,49] as well as for those for the stepped Pt(321) surface (1.23 to 1.56 eV) [50]. Values for
PtNi gas-phase clusters O2 adsorption (0.5–2.5 eV) [24] are also highlighted by dashed green lines.
We identify four adsorption sites having Eads values resembling those of the Pt(111) surface: FCC, HCP,
“no vertex—(111) facet”, as well as “vertex lateral”. From Figure 4, it is clear that weak O2 Eads values,
lower than 0.5 eV, are found namely for FCC and HCP sites, involving mostly CO and TO structures’
(111) facets.
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Figure 4. Adsorption map involving all the different O2 adsorption sites for supported PtNi, Pt and
Ni clusters. DFT (PBE) reference values are included for O2 adsorption on the flat Pt(111) surface
(0.46–0.86 eV) [43,45–47], including experimental values (0.4–0.5 eV) [48,49], as well as for those for
the stepped Pt(321) surface (1.23 to 1.56 eV) [50]. PtNi gas-phase clusters’ O2 adsorption value range
(0.5–2.5 eV) [24] is highlighted by dashed green lines. Colour circles labelling: black (Pt), orange (Ni),
blue (PtNi).

The relevance of (111) facets on metal clusters as candidates for low-barrier O2 dissociation has
been recently discussed for pure Pt truncated octahedral (TO) gas-phase clusters at atom sizes 38,
79 and 116 by Jennings and co-workers [43,51]. In their work, sites involving the edge-bridge site
between the (111) and (100) facets are reported as the most stable for O2 adsorption on both pure
Pt38 and bimetallic Pt32Ti6 clusters (2.01 and 1.76 eV, respectively). Moreover, O2 adsorption energy
values are also competitive on FCC and HCP sites over pure Pt38 (1.79 and 1.84 eV). These values are
stronger compared to the same FCC/HCP sites on the Pt32Ti6, core-shell bimetallic cluster (0.38 and
0.74 eV). Although it is expected that oxygen dissociation will occur preferentially at sites with the
strongest Eads values—where O2 is most likely to adsorb on the cluster—they reported near barrier-free
dissociation at the (111) facet of the pure Pt38 cluster, namely involving the hollow FCC/HCP (0.00 and
0.04 eV) sites. Larger barriers where found for the bimetallic case involving those same FCC/HCP
adsorption sites (0.62 and 0.34 eV). This behaviour was explained due to an easily distorted Pt(111)
facet-namely via the central Pt atom-facilitating O2 dissociation, while an increase in the rigidity of
the (111) facet in the bimetallic case was due to Ti-alloying at core lead to larger dissociation barriers.
For larger TO79 particles [43], it was reported that only those hollow sites close to the edges of the (111)
facet facilitate O2 dissociation, with similar adsorption and dissociation trends observed for the larger
116-atom truncated octahedron clusters [51]. Overall, it was reported that the rigidity of the small (111)
cluster surface tends to decrease for 3d metals from the 4–8 group (Ti to Fe). Similar distortions as of
the pure Pt cluster were reported for groups 10–12 (Ni, Cu and Zn) [52], our calculations being in good
agreement with the previous adsorption trends. We must also highlight that recent experimental and
theoretical work by Huang and co-workers have showed a promising catalytic activity and durability
by Mo-doped supported Pt3Ni octahedra nanoparticles towards the ORR [53]. In their work, theoretical
calculations indicate that Mo-doping may increase the oxygen binding energies at sites closer to the
center of the (111) facet of the nanoparticle, which bind oxygen too weakly. This type of nanoparticle
surface engineering could lead to further improvements to the catalytic activity of the Pt3Ni system.
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Based on our calculated Eads values, molecular O2 adsorption trends for supported PtNi,
Pt and Ni clusters can be further understood in terms of their surface coordination chemistry.
Thus, each adsorption site was assigned a GCN value (see Figure 5a). GCN values establish a
direct link between geometry and the adsorption map, despite the size, shape and composition of the
supported clusters [26–30]. From Figure 5a, it is clear that those adsorption sites having the largest
GCN value correspond to namely the FCC and HCP sites (>6), while smaller GCN values (<5) are
calculated to sites involving clusters’ edges and vertices (see calculated GCN values in Tables S1–S3,
in Supplementary Materials). We have also plotted the corresponding GCN values as a function of
the calculated Eads, as shown in Figure 5b. Despite the ubiquitous differences in cluster sizes and
geometries, calculated GCN values show for PtNi supported clusters an overall linear fit relationship.
Thus, as the GCN value increases, a reduction on the Eads values is seen, particularly above a GCN > 8,
where most of the calculated values involve FCC and HCP sites. Concomitantly, the strongest Eads
values (>0.64 eV and above) can be found at cluster edge sites, such as along edges (111)/(111)
sites, where GCNs between 4 and 5 are calculated. For supported Pt clusters, a similar trend on
calculated GCN values is observed (Figure 5b). However, the slope of the linear fit is less pronounced,
compared to supported PtNi clusters, due to elemental differences between the mono- and bi-metallic
system. Figure 5a,b value dispersion can be understood due to drastic changes in the Pt–Pt bond
lengths at the adsorption site, as both PtNi and Pt clusters try to accommodate the incoming O2

molecule, thus directly effecting the GCN at the adsorption site (see Figure 6a). On the other hand,
supported Ni clusters strongly interact with the adsorbed O2 molecule in the GCN value range of 4 to
6, with spontaneous O2 dissociation seen at those FCC/HCP sites located on the Ni cluster (111) facets,
having GCN values > 8. Nonetheless, no clear linear trend for Ni clusters is observed from Figure 5a at
the cluster sizes considered. Regarding the O2 molecule, an O-O bond length value clustering around
∼1.42 Å can be observed for Ni values—not including those dissociated configurations—compared to
more dispersed PtNi and Pt values (Figure 6b) and our calculated DFT gas-phase value (1.23 Å).

Figure 5. (a) Calculated GCN values plotted as a function of all inequivalent sites—after O2

adsorption—on PtNi (blue), Pt (black) and Ni (orange) supported clusters; (b) Calculated O2 adsorption
energies ( Eads) PBE values plotted as a function of the generalized coordination number (GCN).

Figure 6c,d shows both the calculated core and shell supported PtNi, Pt and Ni cluster strain, as it
has been recently shown a direct link between the NP reactivity and its compressive strain, particularly
in bimetallic cases [8,44,54]. The most dramatic effects are observed for supported PtNi as they are
characterised by a large core compressive strain (between −4% and −10%). This is mostly due to the
fact that the outer Pt atom layer needs to form chemical bonds with internal Ni atoms. Supported
monometallic Pt clusters have a milder compression percentage, between −2% and −6%. However,
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supported Ni clusters may show a tensile strain, such as the TO25(100) structure. The supported
TO25(100) cluster has 12 Ni atoms at the cluster/oxide interface, who need to match 12 O surface sites.
Having the latter an average interface bond lengths of 2.52 Å, compared to the average Ni–Ni cluster
bond length of 2.45 Å, it thus enlarges the Ni–Ni cluster core distances, thus leading to overall positive
core strain values. Regarding shell strain, we observe that the calculated values for supported PtNi, Pt
and Ni clusters are rather small, no larger than −4%, with the outer layer not greatly affected by the
internal cluster strain.

Figure 6. Structural analysis of all O2 adsorption sites on supported PtNi, Pt, Ni clusters, displaying
calculated Eads values (eV) as function of: (a) the metal–metal (M–M) bond length at the adsorption
site; (b) the O2 molecule bond length; (c,d) cluster core and shell strain; (e) calculated cluster Bader
charge transfer (both strongest and weakest adsorption sites); and (f) the cluster surface roughness.

A charge transfer Bader analysis is performed for supported PtNi, Pt and Ni clusters at the
“strongest” and “weakest” calculated O2 adsorption sites (see Figure 6e). In particular, Figure 6e
displays the amount of charge on the O2 molecule. Overall, the O2 molecule withdraws an small
amount of charge (∼0.35 e−) per O atom in contact with PtNi and Pt sites. A slightly larger amount
of charge is withdrawn for Ni (∼0.5 e−), in line with the larger Eads values calculated for Ni clusters.
This excess of charge on the O2 molecule creates a metal–superoxo (M–O−

2 ) type intermediate (one
electron transferred) [42]. Charge transfer is in line with both O (3.44), Pt (2.28), Ni (1.91), and Mg (1.31)
Pauling electronegativities. As a general trend, our calculations indicate that the amount of charge
transferred from the support to the supported clusters varies as a function of interfacial metal atoms
(number of contact O surface sites), with less charge being transferred from the substrate to Ni clusters,
compared to Pt and PtNi clusters.

At the cluster/oxide interface, we observe a modest tendency of supported PtNi clusters to reduce
the overall roughness of the (100) and (111) interface layers (see Figure 6f). The Pt metal–metal (M–M)
bond lengths—of all those interfacial PtNi cluster layers in direct contact with the oxide surface—are
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slightly larger (∼2.76 Å), compared to the average M–M bond lengths of all PtNi clusters (∼2.65 Å).
This is in line with those elongations observed for the M–M distances at the interface of monometallic
Pt and Ni clusters (∼2.77 Å and ∼2.56 Å, respectively), compared to the overall cluster bond length
average (Pt ∼2.72 Å and Ni ∼2.45 Å). These elongations can be understood as the metal atoms located
at the cluster/oxide interface try to match those Osur f ace atoms (average Osur f ace–Osur f ace distance
∼2.99 Å). Even though weaker Eads values are calculated for TO and CO clusters in contact with the
oxide through their large (100) facets at low roughness (less than 0.1%), the dispersion of the overall
values is too wide to provide any conclusive analysis on a strong MgO oxide substrate effect on the
calculated Eads values. This suggests a rather “inert” nature of the MgO(100) substrate, with the metal
cluster chemistry at the adsorption site ruling O2 Eads values. Our calculations seem to indicate that
the main role of the MgO(100) support is thus to provide an “anchor” point for the cluster, on both
(100) and (111) interfaces, and, to a lesser extent, to facilitate charge being transferred to the supported
cluster (which eventually is redistributed among the cluster and O2 molecule). One could envisage
different cluster/oxide interfaces that could promote the controlled preparation of supported PtNi
clusters grow in size, where tailored O2 adsorption (and eventual dissociation) can take place [30].

From an electronic point of view, the d-band center model can be also used to analyze O2

adsorption. With εd positioned lower (higher) with respect to the Fermi energy describing weaker
(stronger) interactions, Figure 7 shows the calculated εd plotted against the calculated Eads values for
those strongly/weakly bound adsorption sites (see calculated values in Tables S4, in Supplementary
Materials). Overall, we observe that the εd values from the strongest adsorption sites are positioned on
an energy window between −2.80 eV and −3.84 eV, while εd are slightly shifted to lower values
for the weakest configurations (−2.67 to −4.04 eV). For the weakest sites, the lowest εd values
(position ∼−4 eV) are caused primarily by the Pt atoms located at the central (111) facets of TO
structures and the least coordinated Pt atoms for CO configurations. While the d-band center model
adsorption trend is followed for the weakest sites—despite involving some configurations with a
dissociated O2 molecule—this is not the case for the strongest sites, where the trend is not so linear
anymore. Comparisons between different PtNi clusters are remarkably difficult due to the size range
considered and the variety of cluster geometries, including the wide range of their compressive strain.
Thus, our calculations indicate that it is not straightforward to adopt the d-band center model for
supported bimetallic cluster systems—with a few tens of atoms—where interatomic distortions are
induced by alloying play a significant role.

Figure 7. Calculated average d-band center values (εd) for all supported PtNi clusters (25 to 58 atoms),
for the strongest (a) and weakest (b), namely FCC O2 adsorption sites, plotted as a function of Eads
(eV) values. The red line represents the best linear fitting, while blue empty dots refer to those values
calculated for dissociated O2 configurations.

4.2. Inclusion of van der Waals Corrections

Finally, we would like to comment on how London dispersion forces (DFT-D) may affect the
overall O2 adsorption picture. The inclusion of the DFT-D semi-empirical dispersion correction on the
calculated PBE values via single-point (SCF) calculations have, in most cases, modestly increased
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the calculated Eads values. In general, predicted PBE energetic ordering between adsorption sites
was preserved, with only a minor energetic rearrangement among those adsorption sites where
adsorption is the strongest. DFT+D relaxations were also performed for the different adsorption sites,
only for the supported Pt25, Ni25 and Pt20Ni5 (TO)100 structures, confirming an overall preference
for strong O2 adsorption at edge sites, such as (100)/(111) and (111)/(111). For supported PtNi
clusters, DFT+D relaxations predict the along edge (111)/(100) site as the strongest O2 adsorption
site (1.62 eV), closely followed by along edge (111)/(111) site (1.47 eV), just as the PBE energetic
ordering. Similar gains in energy are calculated for the FCC and HCP sites. For the Pt clusters,
the strongest O2 adsorption site is now the along edge (111)/(100), instead of the predicted PBE
along edge (111)/(111) at 1.96 eV. Being now the O2 molecule at close proximity to the oxide
surface (2.99 Å), DFT+D is able to capture a stronger overlap between the electron orbitals of the
O2 molecule and those of the oxide surface. This results in an Eads increase up to 1.96 eV, from
the 1.38 eV single-point (DFT+D) calculation, an increase also calculated for the between edge
(111)/(100) site, from 1.67 to 1.71 eV. Analogous trends are observed for Ni clusters, where along edge
(111)/(100) site remains as the one having the largest Eads value (2.55 eV), while marginal gains are
calculated for sites along edge (111)/(111) and between edge (111)/(100) (2.25 and 1.79 eV, respectively).

5. Conclusions

Our calculations show that O2 adsorption on supported PtNi, Pt and Ni clusters—at the
sub-nanometer 25–58 atoms size range—is a rather complex case, due to the fact that the overall
electronic structure and geometrical properties are deeply intertwined, directly affecting the calculated
Eads values.

We observe that O2 adsorption is regulated by two distinct groups of adsorption sites, where:
(a) the strongest Eads values are calculated at cluster edges (above 1 eV), such as the along edge
(111)/(111) and (111)/(100) as well as the between edge (111)/(100) sites, which tend to have a low
GCN value (<6); and (b) the FCC and HCP sites, where the weakest Eads values (less than 0.64 eV) are
calculated, involving GCN values >8, which resemble those O2 adsorption energies of the flat Pt(111)
surface. Calculated d-band center positions for those Pt atoms weakly (strongly) binding with the O2

adsorbate-molecularly or dissociatively—are located at lower (higher) energies with respect to the
Fermi level. From the supported PtNi cluster sizes considered in this work, it may be difficult to extend
the d-band model to such small, and finite chemical systems, where distortions to the interatomic
distances and the strain associated to them play a fundamental rule in the calculated Eads values.
Our calculations seems to indicate that the generalized coordination number (GCN) is a more robust
reactivity descriptor even at the supported cluster sizes considered. Although Pt and Ni atoms have
a strong mismatch, we kept the simplest GCN implementation, without any particular weighting in
order to distinguish both atoms, as we have recently shown that the effect is almost negligible and none
of those provide a better understanding of the physics of our systems [30]. Overall, the robustness of
the GCN arises from the fact that is a purely geometrical descriptor, very sensitive to the deformation
induced by metal alloying and by the environment (e.g., strain epitaxy due to the considered substrate).

Finally, our results provide—as far as we are concerned—the first O2 adsorption map across
a wide range of bimetallic (PtNi), and monometallic (Pt) and (Ni) supported clusters. This is done
over a wide size range (25–58 atoms) and considering eight different geometries, each of which
involve five different adsorption sites, with two types of cluster/oxide interfaces-namely (100) and
(111)—considered as they may determine different supported cluster core/shell strains. Developing
clear O2 adsorption trends on supported metal clusters can provide a deeper understanding of potential
adsorption sites to target low-barrier O2 dissociation, following the Sabatier principle. This will imply
that the best catalysts should be the ones that bind both atoms and molecules not too weakly nor too
strongly, in order to activate the reactants and to efficiently desorb the products [55]. We show that it is
theoretically possible to construct supported core-shell systems, where the core of the nanoparticle
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(cluster) is made of a cheaper metal (Ni) compared to a more expensive metal on the shell (Pt).
This not only reduces the amount of Pt-loading by alloying, but preserves the Pt chemistry at a mere 1
atomic-layer Pt-shell, where O2 adsorption process can occur, with calculated Eads values of the order
of those seen for a full monometallic Pt nanoparticle and bulk Pt(111) surface. Having systematically
analysed the effects of O2 adsorption over supported over mono (Pt, Ni) and bimetallic (PtNi) clusters
(<1 nm), we foresee that a potential tailoring of physico-chemical properties and a rational novel metal
nanocatalysts design will ultimately depend on a synergistic combination of controlled NP preparation
methods (such as size, geometric and segregation effects) and a profound knowledge of the complex
cluster/oxide interface.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/5/3/43/s1,
Figure S1: O2 adsorption sites considered for supported Pt clusters in the size range 25–55 atoms, involving
truncated octahedral (TO) and cuboctahedral (CO) geometries, Figure S2: O2 adsorption sites considered for
supported Pt clusters in the size range 33–58 atoms, involving icosahedral (Ih) and decahedral (Dh) geometries,
Figure S3: O2 adsorption sites considered for supported Pt clusters in the size range 25–55 atoms, involving
truncated octahedral (TO) and cuboctahedral (CO) geometries, Figure S4: O2 adsorption sites considered for
supported Pt clusters in the size range 33–58 atoms, involving icosahedral (Ih) and decahedral (Dh) geometries;
Table S1: Structural properties of supported PtNi clusters upon molecular O2 adsorption at all the different
inequivalent sites considered in this work, Table S2: Structural properties of supported Pt clusters upon molecular
O2 adsorption at all the different inequivalent sites considered in this work, Table S3: Structural properties of
supported Ni clusters upon molecular O2 adsorption at all the different inequivalent sites considered in this work.
Table S4: Calculated average d-band center of supported PtNi clusters on MgO(100) upon O2 adsorption.
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