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Density functional theory (DFT) simulations have been performed to study the structure and physico-
chemical properties of bimetallic Pt,Zr, nanoclusters, for stoichiometries rich in platinum, and sizes
ranging from PtzZr to Pt;,Zr,4. For each cluster, the search for the most stable structural conformations
was performed using a mixed approach where a family of stable isomers was first determined by means
of a genetic algorithm based on a modified Sutton—-Chen semiempirical potential; subsequently, that
family of conformations was relaxed by performing DFT calculations. This procedure results in cluster
geometries which reproduce reasonably well the ordering and atomic packing present in the bulk Pt-Zr
alloys. The binding energies and electronic structures were studied as a function of both stoichiometry
and cluster size; as a result, we identified some clusters with enhanced stability, such as PtsZr, or PtgZrs.
The analysis of the densities of states and local reactivity indicators highlights the strong intermetallic
character of the Pt-Zr bonding, with large charge transfer from Zr to Pt atoms. The Pt—Zr interaction
also induces a sizable weakening of the ability of Pt sites to bind CO, making these bimetallic clusters

rsc.li/pccp

1 Introduction

Bimetallic clusters have attracted significant attention due to
their unique properties’™ and novel potential applications in
various fields, such as materials science, nanotechnology, and
catalysis.*® The combination of two different chemical ele-
ments results in materials with new properties compared to
their pure metal counterparts.” " An interesting case is plati-
num. This metal is widely used as the main catalyst in fuel
cells,”"® and for oxygen reduction, hydrogen oxidation, and
hydrogen evolution reactions.'* One of the most problematic
issues with platinum catalysts is their susceptibility to carbon
monoxide poisoning,'” and therefore the development of new
catalysts with improved resistance to poisoning by trace
amounts of CO is highly recommended. An interesting way of
overcoming these problems is the doping of platinum catalysts
with other transition metals.’®™® Recent studies have shown
that the addition of small amounts of 4d metal impurities
results in important changes in the electronic properties of the
host Pt nanoclusters, modifying the CO binding energies.**>*

The modifications induced by alloying affect not only the
adsorption of various reactants, but also a range of other cluster
properties. Among the dopants which form stable intermetallic
compounds when alloyed with platinum, Zr is an interesting

“ Departamento de Fisica Tedrica, Atomica y Optica, Universidad de Valladolid,
E-47011 Valladolid, Spain. E-mail: Imolina@uva.es
b Donostia International Physics Center (DIPC), 20018 San Sebastidn, Spain

This journal is © the Owner Societies 2025

less sensitive to poisoning by carbon monoxide.

case. At platinum-rich compositions, the Pt-Zr phase diagram
shows the formation of several very stable intermetallic com-
pounds;** among these, the most stable is PtyZr, with a melting
point well above 2200 °C, much higher than those of either pure
Pt or Zr. The bulk Pt;Zr compound has been studied erlier.>*
Bonding in this alloy and similar A;B compounds can be
interpreted according to “Engel-Brewer” theories;> the electro-
negativity difference between Pt and Zr*° induces a sizable
electron transfer from Zr to Pt,* with an associated increased
filling of the platinum d states. These features result in inter-
esting chemical properties for the surface of these intermetallic
compounds. For example, compared to pure Zr, the surface of
Pt,Zr is more inert towards water dissociation.** Also, com-
pared to pure Pt, the presence of Zr is expected to produce
substantial changes in reactivity for oxidation reactions.

In contrast to the bulk case, no previous studies exist for
small bimetallic Pt-Zr clusters. This has motivated us to per-
form an extensive theoretical study of the structure and proper-
ties of Pt,Zr, clusters with sizes between 10 and 100 atoms,
approximately, and platinum-rich concentrations around the
3:1 ratio where the very stable bulk Pt;Zr compound is formed.
This allows to extract valuable information on the effects
caused by Zr doping on the chemical properties of small-size
platinum catalysts. As it is discussed in the next section, the
first fundamental challenge of this type of studies is to find
the most stable structural conformation in situations where the
number of possible structural isomers and permutational
homotopes grows exponentially with the number of atoms in
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the system. To address this issue, we employ an approach
which combines the use of empirical potentials and genetic
algorithms with DFT simulations, to obtain the lowest energy
conformations with a reasonable degree of reliability. The
results show that, although empirical potentials lead to struc-
tures different from the ones obtained by DFT, they are still
useful to generate a set of initial conformations with structural
properties similar to the most stable DFT isomers, thus provid-
ing substantial help to the complex problem of determining
the true global minimum for these intermetallic nanoalloys.
Besides, we have also analyzed a number of chemical properties
of these clusters, namely electronic structure, binding energies,
charge distribution and tolerance for CO poisoning. We found
that these nanoalloys are highly stable (with large values for the
mixing energies) and they also possess a strong intermetallic
character, with a large charge transfer from zirconium to
platinum atoms; in some cases, this leads to large HOMO-
LUMO gaps. Finally, we have studied the process of CO accu-
mulation in one selected case (PtyZr;), comparing it with a pure
platinum cluster of similar size (Pt;,;). The results clearly
demostrate that the presence of the zirconium impurities
produces a strong decrease of the CO binding at the platinum
sites, thus making more difficult the poisoning by CO of the
bimetallic Pt-Zr clusters.

2 Computational setup

Density functional theory (DFT) calculations were carried out
using the projector augmented-wave method, as implemented
in the GPAW code.’*** Depending on its size, each cluster was
placed at the center of a large cubic cell, with sides ranging in
length from 16 A for the smaller sizes to 24 A for the largest
case, Pt;,Zr,,. The spacing of the real-space three-dimensional
grid was set to 0.2 A. This ensures a convergence of the total
binding energy of the order of 0.01 eV. Exchange-correlation
effects were modelled with the PBE functional.*>>*® PAW pseu-
dopotentials were used,”” and 10 and 12 valence electrons per
atom for Pt and Zr, respectively, were included in the calcula-
tions. In the case of Pt, the pseudopotential includes scalar-
relativistic effects. Spin-polarized calculations were carried out
in all cases, to take into account magnetization of the Pt atoms.
However, we found that the presence of Zr effectively quenches
any magnetic moment on the Pt sites, and for all the clusters
studied the total magnetization was zero, without any sizable
spin polarization. The convergence threshold for the one-
electron eigenstate energies was set to 5 x 10’ eV. Structure
optimization was carried out making use of the BFGS (Quasi-
Newton) algorithm®® until forces on the atoms were below
0.01 eV A"

For binary clusters of medium and large sizes the search for
the most stable structural conformation (Global Minimum, or
GM) is an extremely complex problem. The number of local
minima to be searched increases exponentially with cluster
size, the presence of two different atomic species adding more
complexity to the problem in the form of permutational
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isomers. In order to perform an extensive isomer search with
good chances of locating the true GM, we have followed a two-
stages procedure. In the first stage, we have used a Genetic
Algorithm (GA)***' based on empirical embedded-atom poten-
tials, to generate a large amount of different structures (up to
20-30, for small and intermediate cluster sizes). As we discuss
below, this family of selected local minimum structures
obtained with the empirical potentials needs to show a fair
amount of structural variability. It is also important that the
main structural features (degree of mixing, chemical ordering,
symmetry) present in the empirical potential minima do resem-
ble as much as possible the characteristics of the bulk alloy
determined from experimental measurements. The second
stage of the process involves relaxing with DFT the initial family
of selected structures. As we will comment later, the use of DFT
is mandatory to obtain reliable structures. In fact, relaxation
with DFT of almost any local or global minimum structure
obtained with the empirical potentials leads to different and
more stable structures. That is, although a search of isomers
with empirical potentials can lead to conformations which
share common structural features with the DFT minima, these
conformations do never actually coincide with the global mini-
mum obtained with DFT. However, the use of a GA based on
empirical-potentials as a generator of initial structures for the
DFT step greatly improves the chances of finding the DFT
global minimum structure with a moderate computational
effort. For clusters with more than about 10 atoms, the com-
putational cost of an isomer search with a fully DFT-based
genetic algorithm would be prohibitive.

For the GA algorithm, we employed the empirical Sutton-
Chen embedded atom potentials.*” The expression for the total
energy of a system of N metal atoms of equal type is given by:

- g oo

A VTN

(1)

m

with p; = > (rﬁ) with parameters ¢, a, C, n y m which are
J#i \'Yj

fitted to the bulk properties of a given metal.

In the case of a binary alloy, such as Pt-Zr, the total potential
energy will be an analogous sum extended over all the atoms,
with different parameters ¢, a, C, etc. .., for each of the Pt-Pt,
Zr-Zr of Pt-Zr interactions. However, whereas the parameters
characterizing the interaction between atoms of the same kind
are easy to obtain, it is more difficult to obtain an accurate
description of the parameters for the interaction between
unlike atoms. The usual approach consists in taking arithmetic
or geometrical averages of the parameters for like-atoms,
according to the expressions:

aa + ag
EAB = VEéAEB dAB = 5
na + ng ma + mg
NAB = Y MAB = 5 (2)
Ca+ Cp
Cam=""p
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Table 1 Sutton—Chen parameters employed for the semiempirical mod-
elling of Pt Zr, clusters?>44

& a C n m
Pt 0.01983 3.92 34.41 10 8
Zr 0.00127 4.53 71.68 9 4
Pt-Zr 0.00502 4.225 53.04 9 6

where ¢,p, Cap, €fc..., are the parameters for the interaction
between unlike atoms (A and B), and ¢4, C,, ..., &g, Cg,. .. the
interaction parameters between A-A or B-B atoms, respectively.

After performing test simulations using such averages for
the interaction parameters between unlike atoms (see the
values of the parameters in Table 1), we noticed that the results
were rather poor, with global minima in which the degree of
mixing in the nanoalloys was highly underestimated. Fig. S2 in
the SI shows the global minima found for some selected cases,
with a marked preference for the formation of a core of close-
packed platinum atoms surrounded by some Zr atoms in the
surface. In contrast, as we will see later, the structures of these
binary clusters are characterized by a strong tendency for the Zr
atoms to be surrounded by Pt atoms. This is due to a sizable
electronic charge transfer from Zr to Pt atoms (caused by a large
electronegativity difference), which results in a strong tendency
for chemical ordering in the alloys, an effect which takes place
mainly for Ptrich compositions. To take this effect into
account, instead of introducing artificial modifications of the
Sutton-Chen parameters &g, Cap, €tc..., we use a novel
approach involving the introduction of an extra Coulomb term
which accounts for the interaction between charged atoms in
the nanoalloy. Therefore, the total interaction energy is written
as the sum of the empirical Sutton-Chen interaction and an
extra Couloumb interaction term between charged atoms, with
the charges Q on each type of atom determined by a Bader
analysis based on test DFT calculations

1 0
E. = §k° —Q‘Qf
iz i

®)

For Pt-rich compositions (Pt: Zr ratio equal or over 3:1), the
Bader charge analysis shows that each Zr atom transfers more
than one electron to the surrounding Pt atoms, which become
negatively charged sharing the charge donated by the Zr atoms.
As the Pt:Zr ratio decreases and tends towards 2:1, the extra
electronic charge on each Pt atom decreases, and a value of
approximately 0.8 electrons is reached. At the same time, the
net positive charge on the Zr sites also decreases. To model the
extra charge variations with changing concentrations in a
simple way, we used the following partial charges for the
Coulomb interation term within a Pt,Zr, cluster:

ifx/y > 3 Q[Zr]=+1.2 Q[Pt] = —1.2y/x

if x/y < 3 Q[Zr] = +0.8x/y Q[Pt] = —0.80

which ensures a total charge neutrality for each cluster. As we
will discuss later, this choice of parameters leads to reasonable

This journal is © the Owner Societies 2025

View Article Online

Paper

results for the internal chemical ordering of the binary Pt,Zr,
clusters, with a marked tendency for the Zr atoms to
be surrounded by Pt atoms, thus maximixing the Couloub
attraction.

The genetic algorithm employs various operations on the
members of a given population, to produce the offspring for
the next generation. In our customized GA, the following
combination of mating and mutation operations are used:

e Mate: mating of two clusters using the Deaven-Ho*’ cut-
and-splice crossover operation. In this procedure, each one of
the two clusters is cut in two pieces through a plane crossing
the center of mass, and one half of each cluster is combined
with one half of the other cluster into a new structure.

e Swap: for a given cluster structure, pairs of atoms of
different elements exchange their nature (a Zr atom is trans-
formed into Pt and vice versa; this is the same as exchanging
their positions). For each call to the swap operator, we exchange
the atom types of 20% of all the atoms within the cluster.

e Cartesian displacement operator (CDO): the position of
each atom is randomly displaced by up to 15% of the value
of the bond distance between that atom and its nearest
neighbour.

e Angular operator (AO): 5% of the atoms in the cluster are
randomly selected, and each of them is randomly displaced
along the surface of a sphere centered in the cluster’s center of
mass, and with radius R; equal to the distance between that
atom and the center of mass.

e Twist: a plane with arbitrary orientation passing through
the cluster’s center of mass is randomly selected, thus dividing
the cluster into two halves. Then, the atoms in one side are
rotated by a random angle with respect to the atoms in the
other side.

Each time that a mating or mutation operation is per-
formed, it is important to check the resulting atomic coordi-
nates. If any two atoms within the constructed structure are too
close to each other (we chose a cutoff criteria of 2.2 A), the
numerical parameters for the mutation are changed, and this
procedure is repeated until all the atoms are properly sepa-
rated. This proves important for the next step in the algorithm,
which is the relaxation of the new structures generated. At this
stage, we have introduced an important modification to the
standard method. Instead of simply relaxing each structure
towards its closest local minimum, we performed a damped
molecular dynamics simulation, using the velocity-Verlet
algorithm® with a time step of 1 femtosecond, and scaling
down the modulus of the velocity of each atom by a factor of
0.08 every 5 steps. This procedure improves the speed of
convergence towards a low energy minimum, while exploring
secondary minima nearby, and preventing the structure to
become stuck in one of them. As a result of this improvement,
we have observed that, for small and medium cluster sizes,
the genetic algorithm leads to a smaller family of different
conformations, easily discarding in the final population the
repetition of isomers with very similar energies and structures.

On each iteration of the GA, a population M ranging between
20 and 100 different isomers was considered, depending on cluster
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size. Then, after 2 M/3 mating and mutation operations, the M
best conformations (those with lower energies) were selected for
the next iteration. The operators were randomly selected according
to the following probability distribution, which ensures a good
degree of structural variation on the members of the population:
Mate, 45%; Swap, 20%; CDO, 15%; AO, 10%; Twist, 10%. Typically,
between 100 to 200 iterations were necessary to converge the GA.

Fig. 1 shows, for the Pt,oZr, cluster, a comparison between
the results obtained with the GA algorithm based on Sutton-
Chen-Coulomb empirical potentials, and the final collection of
isomers obtained after relaxing with DFT the initial structures
obtained from the GA. Because of the tendency of embedded
atom methods to favour close-packed geometries, all the
Sutton-Chen-Coulomb conformations try to maximize atomic
packing and have near spherical shapes. Inclusion of the extra
Coulomb term leads to conformations where the Zr atoms
maximize their mutual separation, with Pt atoms situated
between them, forming a nanoalloy with a high degree of
chemical order. The conformations obtained at the DFT level
have some similarities with the empirical potential conforma-
tions (for example, the presence of chemical ordering) but also

thZr4 Sutton-Chen-Coulomb local minima

£
%@’ (/'\

I gﬂlll%
\‘\'}. =

A

+0.123 +0.203 +0.218 +0.230

PthZr4 DFT local minima

+0.402

Fig.1 Comparison between low energy isomers of the PtioZr4 cluster
obtained with GA based on Sutton-Chen-Coulomb potentials (upper
panel), and isomers calculated by DFT relaxation of initial geometries
obtained from the GA (lower panel). All relative energies in eV. White
spheres: Pt atoms. Orange spheres: Zr atoms.
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some differences: often, the global minimum and some of the
isomers energetically close to it have a less packed structure,
sometimes with a smaller degree of sphericity. At this point,
it must be remarked that, although the family of Sutton-Chen-
Coulomb energy minima provides a good starting point for the
search of stable conformations at the DFT level, structural
relaxation at the DFT level produces in general substantial
distortions of the initial structures. In fact, it rarely happens
(with the notable exception of the highly symmetrical PtyZr;
cluster) that the most stable Sutton-Chen-Coulomb minimum
leads, after relaxation, to the most stable DFT minimum. Still,
this mixed method using empirical-potential-based GA and
subsequent DFT relaxation allows for a reasonably accurate
search of low-energy conformations at a small computational
cost. This is extremely important for clusters with medium or
large sizes, especially if the cluster is bimetallic, because
chemical ordering may be present. In this case, GA isomer
search using exclusively DFT becomes prohibitive.

3 Results and discussion

We are interested on Pt,Zr, clusters with stoichiometries rich in
platinum, focussing on concentrations close to the 3:1 ratio
corresponding to the Engel-Brewer-type Pt;Zr solid alloy. For
clusters containing up to six Zr atoms, we have studied Pt:Zr
relative concentrations ranging between the 2:1 and 3 : 1 ratios.
For larger clusters, the 3:1 ratio was fixed and we have studied
cluster sizes with 8, 12, 16 and 24 Zr atoms, in order to obtain a
good understanding of the effects of cluster size. However, for
the two largest clusters, Pt,gZr;s and Pt;,Zr,,, with 672 and
1008 valence electrons, respectively, the computational cost of
the DFT simulations becomes quite high, and only the most
stable Sutton-Chen-Coulomb isomer obtained with the genetic
algorithm was relaxed using DFT.

After relaxing with DFT a large collection of different iso-
mers, the most stable structures obtained for each cluster
composition are shown in Fig. 2 and 3 (see also the SI). Also,
the corresponding binding energies per atom calculated for
each Pt,Zr, cluster as

By — 1y(xE(Pt)+ VE(Zr) — E(PLZr))  (4)

X+
in terms of the total energies of the cluster and the isolated Pt
and Zr atoms, are shown in those two figures. For clusters with
a single Zr atom, a tendency towards planar shapes is observed,
which are significantly more stable than three-dimensional
arrangements. In the case of clusters with two Zr atoms, three
dimensional conformations are preferred. A growth pattern
emerges based on a Pt;Zr, triangular bipyramid, which is
progressively capped by the additional Pt atoms. When the
cluster contains three Zr atoms, we identify a growth pattern
with Pt atoms being added to an equilateral Zr; triangular unit.
This leads, in many cases, to highly symmetrical C; structures.
A high symmetry conformation is also found for Pt,,Zr,, and for
larger clusters roughly spherical shapes are found (sometimes
elongated, as in Pt;5Zrs). The degree of chemical ordering in
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4.919

Fig. 2 Structures and binding energies per atom (in eV) for the Global
Minima found after DFT relaxation of Pt,Zr, clusters of small and medium
sizes. White spheres: Pt atoms. Orange spheres: Zr atoms.

these clusters of medium size resembles that in the bulk Pt;Zr
alloy, with Zr atoms uniformly distributed within the cluster
and well intermixed with the Pt atoms. In all the cases, there
is no preference for the Zr atoms to occupy positions in the
cluster center.

Comparing the structure of small Pt-Zr clusters with the
Pt;Zr bulk alloy, some interesting effects can be noticed,
associated to the small size of the clusters. In general, Pt-Zr
bond distances for Pt,Zr, clusters are slightly smaller than the
bond distances in the bulk alloy: approximately 2.7 A in the
clusters, compared to 2.81 A in the bulk.”” This is a typical
cluster size effect for the interatomic distances.*® However, Zr-
Zr distances are more sensitive to finite size effects. For
instance, in PtyZr;, distances between Zr atoms are approxi-
mately 3.2 A, much shorter than the value of 3.97 A for the bulk
Pt;Zr alloy. As the cluster size increases, such Zr-Zr distances
gradually increase, being approximately 3.45 A for Pt;,Zr,, and
between 3.6 and 4.0 A for Pt;¢Zr;,. We have also studied a few
larger clusters, with sizes in the range 50-100 atoms. Because of
the very demanding computational cost of the DFT calculations
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Fig. 3 Structures and binding energies per atom (in eV) for the Global
Minima found after DFT relaxation of Pt,Zr, clusters with medium and large
sizes. White spheres: Pt atoms. Orange spheres: Zr atoms.

for these cluster sizes, only a few Sutton-Chen-Coulomb struc-
tures were relaxed using DFT. These calculations lead to
amorphous structures with a quite uniform distribution of Zr
atoms within such nanoparticles.

As we have studied clusters with varying numbers of either
Zr or Pt atoms, it is possible to calculate DFT binding energies
for individual atoms in the cluster. These are defined as the
energy gained by the addition of a single Pt or Zr atom to the
cluster, that is:

Ebmdmg(Zr) = E(Ptery,l) + E[Zr) — E(Ptery) (5)
Ebinding(Pt) = E(Ptx,llry) + E(Pt) — E(Ptery) (6)

These binding energies are shown in Table 2. Several inter-
esting features can be noticed. First, the binding of Zr atoms is
much stronger (almost twice as strong) than the binding of Pt
atoms. This is justified by the observation that the coordination
of Zr atoms in the clusters is higher than the coordination of Pt
atoms. Second, the Pt binding energies in some clusters are
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Table 2 Binding energies (in eV) of individual Pt or Zr atoms, calculated
for several Pt,Zr, clusters

Cluster Pt Zr, PteZr; PtyoZr, Pti5Zrg
Epinding(Z1) 8.105 7.359 7.242 8.163
Cluster Pt Zr Pt;Zr, PteZr, Pt,Zr,
Epinding(Pt) 4.065 4.943 4.458 4.885
Cluster Pt,Zr; PtgZr; PtoZr; PtyoZr;
Ebinding(Pt) 4.809 4.959 4.970 4.680
Cluster Pti1Zr, Pty,7r, Pti6Zrs

Epinding(Pt) 4.992 5.449 4.956

slightly larger compared to other clusters. This occurs for PtyZr;
in the Pt,Zr; group, and for Pt;,Zr, in the Pt,Zr, group, both
clusters having 3:1 stoichiometry. However, this is not the case
for PteZr, in the Pt,Zr, group. Instead, for clusters having two
Zr atoms, the largest Pt binding energy occurs for PtsZr,.

To gain more insight into the stability of these Pt-Zr
nanoalloys, we have also performed a systematic search for
the most stable conformation of Pt,Zr, clusters with a fixed
total number of atoms (12), through the whole range of relative
concentrations from pure Pt to pure Zr. To quantify the
tendency towards alloying and formation of intermetallic com-
pounds, we have calculated the mixing (or excess) energy
Enixing, defined as the energy gain obtained when a bimetallic
cluster Pt,Zr, is formed, with respect to its pure Pt;, or Zry,
counterparts:

E(Ptp)  E(Zrn)
1212 —y 1212 (7)

Emixing = E(Pter},) — X

Fig. 4 plots the values of Enixng as a function of the Pt/Zr
relative concentrations. The values are quite high (between —10
and —15 eV) for a wide range of relative concentrations, reach-
ing an absolute minimum at Pt,Zrs. These values confirm the
high tendency towards alloying and formation of intermetallic
compounds for these two metals, with an energy gain of more
than 1 eV per atom when the bimetallic system forms.

-10 - A QK

Emixing (eV)

18 e e o
L “/:i'“ﬁ’f 19N 4
| | 1 | | | | | | | |
0 1 2 3 4 5 6 7 8 9 0 1112

Number of Zr atoms

Fig. 4 Structures and mixing energies (in eV) for Pt,Zr, clusters with a
total of 12 atoms and varying Pt/Zr concentration. White spheres: Pt atoms.
Orange spheres: Zr atoms.
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Fig. 5 shows the electronic density of states (DOS) for some
selected clusters, and the DOS of all the studied clusters are
shown in the SI. In all cases, the DOS is characterized by an
almost filled platinum d-band. A large part of the contribution
from Zr d-states lies above the Fermi energy, meaning that
sizable electronic charge transfer from Zr to Pt atomos takes
place; we later confirm this interpretation by analyzing Bader
charges on the atoms. Also, one can notice the hybridization
between Pt and Zr d-states, revealed by the presence of partial
Zr d-character of the states at the bottom of the Pt d-band
(energies around —8 eV). The electronic charge transfer from Zr
to Pt atoms results in the increased filling of the Pt d-states,
which become completely filled in general. In most small
clusters, this results in the opening of HOMO-LUMO energy
gaps with a magnitude of 1-0-1.5 eV. Interestingly, such gap
opening occurs for Pt/Zr ratios including 2:1, 2.5:1, and also
3:1 (PtyZr,, PtsZr, and PteZr, illustrate this behaviour).
In Table 3, we report the size of the HOMO-LUMO gap for all

T T
— Pt5Zr2

)
—_~
o H—
N
)
__>

DOS (arb. units)

AA Ap
43

b I
-10 -8 -6 -4
Energy (eV)

Fig. 5 Densities of electronic states (DOS) for some PtZr, clusters
calculated by DFT. Blue lines show projections of the DOS over Zr orbitals.
Dashed lines mark the location of the Fermi level.
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Table 3 Size of HOMO-LUMO gap for Pt,Zr, clusters. Only results with
values larger than 0.1 eV are reported

Cluster Pt;Zr Pt,Zr Pt,Zr, PtsZr,
Gap size (eV) 1.01 0.41 1.42 1.28
Cluster PteZr, Pt,;Zr, PteZrs Pt,Zr;
Gap size (eV) 0.82 0.75 1.00 0.46
Cluster PtgZr; PtyZr; PtioZrs PtioZr,
Gap size (eV) 0.42 0.19 0.47 —
Cluster Pty1Zr, Pti,Zr, Pti5Zr5 Pti5Zre
Gap size (eV) 0.32 — 0.24 0.17
Cluster PtyeZrg PtigZre PtyuZrg Pt3eZry,
Gap size (eV) — 0.15 0.18 —

the clusters where a significant separation (higher than 0.1 eV)
was found between those two energy levels.

As the cluster size increases, the discrete distribution of
electronic states evolves into a quasi-continuous distribution
dominated by platinum d-states with a minor contribution
from hybridization with Zr d-states. For the largest clusters,
Pt,4Zrg, Pt3eZr;,, PtygZr¢ and Pt,,Zr,,, a clear minimum in the
DOS develops around the Fermi energy. All these facts indicate
that the electronic structure of Pt-Zr nanoalloys with Pt/Zr
content between 3:1 and 2:1 show special features, which
may be caused by the intermetallic character of these alloys,
with a strong charge transfer from Zr to Pt.

Fig. 6 gives the atomic Bader charges*® for some selected
clusters. The results highlight the partial ionic character of
these intermetallic nanoalloys, with the positive charge on the
Zr atoms ranging from +1.6 to +1.9|e| (electrons). Interestingly,
the charge lost by the Zr atoms does not depend too much on
the relative concentration of Pt and Zr; similar values are found
for Pt¢Zr; and PtyZr; clusters, with 2:1 and 3:1 stoichiome-
tries. On the other hand, the change in Pt:Zr ratio leads to a
change in the average charge gained by the Pt atoms, varying
from —0.85|e| to —0.6|e|, depending on the relative concentra-
tions. For larger clusters (Pt;gZrs and Pt,,Zrg), the amount of
charge gained by Pt atoms varies a lot with the Pt site, between
—0.4 and —0.8|e|. In both cases, an interesting feature is
observed: the most negatively charged Pt atom is placed at a
central position inside the cluster; that charge is —1.40|e| in
Pty gZre.

Next, we have analyzed the local reactivity of some of these
clusters, by studying the spatial distribution of the Fukui
functions (f'(r) and f(r)), defined as:

) = prna(r) — paf(r) (8)
S (@) = pa(r) — pyv-a(1) 9)

where pp.1(r), pa(r) and py_4(r) are the electronic densities of
the cluster with N+ 1, Nand N — 1 electrons, respectively. These
functions measure how the electronic density at a given point
varies with a change in the number of electrons of the
cluster.”®" Regions where f () is large provide a good descrip-
tion of the regions where binding of electron acceptor species
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Fig. 6 Atomic Bader charges in some Pt,Zr, clusters. White spheres: Pt
atoms. Orange spheres: Zr atoms. The Bader charges are highlighted in
orange and pale yellow backgrounds for Zr and Pt atoms, respectively.

(electrophiles) will preferently take place. Analogously, regions
with high values of f'(r) describe preferential binding sites for
electron donors (nucleophiles).

By assuming a small distortion of the Kohn-Sham orbitals
after addition or removal of one electron, the Fukui functions
will resemble the electron densities of the frontier orbitals of
the cluster (the HOMO and the LUMO orbitals); that is,

S = promo(r) [ (1) ® promo(1)- (10)

Fig. 7 shows the results of the analysis for Pt¢Zrs;, Pt;5Zrs, and
Pt3eZry,. The case of PtgZr; illustrates a situation where the
HOMO and the LUMO are separated by a substantial energy
gap. For this cluster, the density distributions for these two
frontier orbitals show some differences. The density of the
HOMO is localized on Pt atoms, a result consistent with the
DOS of Fig. 5. The LUMO density is distributed between Pt
atoms and some Zr atoms. This is understandable, since the
DOS of this cluster reveals that the LUMO state presents a
strong contribution from the Zr d orbitals. For larger clusters
(Pty5Zrs, and PtzeZry,) the situation changes, and both f'(r) and
f (r) have very similar density distributions, localized at Pt
atoms on the cluster surface. That is, both frontier orbitals
are distributed over the surface Pt atoms.

Next, the vertical ionization potentials and electron affinities
of some selected clusters (that is, calculated using the same
geometry for the neutral and charged clusters) are plotted in
Fig. 8 as a function of the number of atoms in the cluster. The
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Fig. 7 Three-dimensional plots showing the spacial distribution of the
Fukui functions for PteZrs, PtisZrs, and PtsgZri, clusters, according to
eqn (5). Green spheres: Pt atoms. Pale red spheres: Zr atoms. Red and
blue isosurfaces show regions with values of +0.03e~ A= and —0.03e~ A—*
for the density differences, respectively.
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Fig. 8 lonization potentials (IP) and electron affinities (EA) of Pt.Zr,
clusters as a function of cluster size.

ionization potentials vary between 7 and 6 eV for small clusters,
with the changes becoming smaller when the cluster size is
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bigger than 15-20 atoms. Similar effects are found for the
electron affinities, with values varying between 2 and 3 eV.
Finally, we have studied the chemical reactivity of these
clusters towards CO adsorption. In order to make a direct
comparison of these bimetallic clusters with the case of pure
platinum, we have chosen Pt;, and PtyZr; as a prototypical case.
Then, for each of these clusters, we have studied the multiple
adsorption of CO molecules until a saturation coverage is
reached. For each additional CO molecule added to the cluster,
various alternate conformations were tested with the CO mole-
cules bonded to different sites. Panels (c) and (d) of Fig. 9 show
the most stable isomer found for each coverage. It is important
to comment that, for pure Pt;, with no CO molecules adsorbed,
the structure shown in the figures (identical to PtyZrs, save for
the substitution of three Pt atoms by Zr ones) is not the most
stable isomer. We found, in agreement with other studies'*>* a
more stable isomer with a structure having the shape of two
stacked equilateral Pty triangles, around 0.7 eV lower in energy.

)
=]

)
S
I

S
T

Energy (eV)

w o

tal binding energy I—,—,—
(b)]

I Incr

N

Energy (eV)

Fig. 9 Comparison of reactivity towards CO binding for Pt;; and PtgZrs
clusters. Panels (a) and (b) total and incremental CO binding energies at
either Pty or PtgZrs clusters. Panels (c) and (d) relaxed structures for the
most stable confirmations of multiple CO molecules adsorbed at either
Pt1, or PteZrs clusters. White spheres: Pt atoms. Orange spheres: Zr atoms.
Grey spheres: C atoms. Red spheres: O atoms.
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However, we checked that upon addition of 2-3 CO molecules,
such conformation is strongly destabilized in favour to the
close-packed one shown in Fig. 9. Therefore, it makes sense to
compare the reactivity of isomers with similar structural
features, focussing on the effects caused by a change in
stoichiometry.

In the case of pure Pt;,, we found a preference towards CO
binding on top of Pt atoms located at the top and bottoms
triangles of the close-packed structure. On panels (a) and (b) of
Fig. 9 we plot, respectively, the total and incremental CO
binding energies, defined as either the total energy gained
upon adsorption of N molecules:

Epinding = E(Pt12) + NE(CO) — E(COxPt;5) (11)

or as the binding energy of the last CO molecule to a cluster
with N — 1 molecules already adsorbed on it:

Eincrem = E(COy_1Pty,) + E(CO) — E(COxNPty,)  (12)

As the six first CO molecules are bonded to the Pt atoms at
those triangular facets, the binding energy for each molecule
remains very high, with values of the order of 2.5 eV. Then, as
the following three CO molecules bind to corner sites of the
central Pte triangle, incremental binding energies decrease a
little, to values of the order of 2.0 eV.

In the case of PtyZr;, the most stable conformations for
various coverages of CO molecules are shown in panel (d) of
Fig. 9. We found a marked preference for configurations where CO
bridges two Pt atoms. We have also checked that, as it should be
expected, binding of CO at Zr sites is much weaker, with a binding
energy of only 0.7 V. This means that, under a CO atmosphere,
the CO adsorbates will exclusively be adsorbed at the Pt sites
in PtyZr;. Such preference of CO for Pt sites at bimetallic clusters
have already been reported for other metals, such as Pt-Ag, for
example.'® The presence of the three Zr impurities results also in
drastic changes in CO reactivity at the Pt sites themselves, in
comparison with the pure Pt;, cluster; for up to 5 CO molecules,
the incremental CO binding energies fluctuate around 2 eV, being
0.5 eV smaller that in the case of the pure platinum cluster. Then,
for the sixth CO molecule the binding strength drops suddenly to
values of the order of 1 eV. Finally, a saturation coverage seems to
be reached at most with 8 CO molecules, since the next CO
molecule only adsorbs with around 0.5 eV binding energy.

In conclusion, the results show that the presence of a
number of Zr impurities in Pt-rich clusters leads to a strong
weakening of the intrinsically high binding of CO at platinum
atoms. However, it must be noted that such effect becomes
apparent only when multiple CO adsorption at the cluster
is considered; the adsorption of a single CO molecule at either
Pt;, or PtyZr; has very similar binding energy, between
2.0-2.5 eV.

4 Conclusions

The structure and chemical properties of small and medium-
size bimetallic Pt-Zr clusters have been studied, focusing on
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concentrations rich in platinum. Due to the relatively large
number of atoms, and the presence of two different species, the
number of structural possibilities to consider, both in terms of
geometrical and permutational isomers, becomes overwhel-
mingly large. In order to facilitate finding the lowest energy
structures, we have explored the use of a Genetic Algorithm
based on the semiempirical Sutton-Chen potential, which was
modified with the addition of a Coulomb term to adequately
reproduce the ordering and atomic packing in the mixed
nanoalloy. In general, the Genetic Algorithm produces a family
of isomers with structural features resembling the chemical
ordering in the Pt;Zr bulk alloy. By relaxing afterwards the most
stable conformations using DFT, substantial structural relaxa-
tions occur, leading in general to new structures. The lowest
energy DFT structures are usually different from those obtained
with the semiempirical potential. This is not unexpected, since
this semiempirical potential only takes into account two-body
effects and does not take into account some subtle bonding
effects mediated by the d electrons. However, it must be recog-
nized that by reproducing the chemical ordering in the nano-
alloy, the family of isomers obtained with the semiempirical
potential provides a very good start for the DFT search of the
global minimum. In each case, relaxation of the collection of
semiempirical local minima at the DFT level leads to a wide
range of different structures. Therefore, in cases where the use
of other search algorithms based solely on ab initio methods
becomes prohibitively expensive due to the large cluster size
(such as DFT-Basin-Hopping, etc...) this approach, which
combines semiempirical calculations with subsequent DFT
relaxation provides an interesting alternative to find stable
conformations for transition metal nanoalloys. It is interesting
to note that, in one case (PtyZrs;) the semiempirical global
minimum actually coincides with the one found at the DFT
level. This can be understood because of the highly symme-
trical and compact structure of this cluster.

Our study, which is focussed on Pt:Zr concentrations around
the 3:1 stoichiometry, allowed us to uncover several interesting
structural effects. First, for clusters containing two or three Zr
atoms, varying the amount of platinum results in growth patterns
based on some highly stable symmetrical units decorated by
platinum atoms. Second, by increasing the cluster size a transition
takes place from highly symmetrical to amorphous-like structures.
The transition occurs for clusters with 4-5 Zr atoms; that is, with a
number of 15-20 atoms in the cluster. The calculated binding
energies allowed us to obtain a rough estimate of relative stabilities
for various clusters. Pt-rich compositions around the 3 : 1 stoichio-
metry result in some quite stable clusters, although clusters of
some neighbouring compositions, such as PtsZr,, are also highly
stable, due to a sizable electronic gap. The intrinsic stability of
these clusters against segregation was also tested by calculating
their mixing energies. The systematic study for 12-atom Pt/Zr,
clusters has shown that the alloying of Pt and Zr is very favourable
for a broad range of relative concentrations, with mixing energies
per atom of the order of 1 eV.

The analysis of the electronic structure reveals a large elec-
tronic charge transfer from Zr to Pt atoms. At various relative
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Pt:Zr concentrations, the amount of charge donated by Zr is
approximately constant, meaning that changing the stoichio-
metry results in a varying amount of extra negative charge on
the Pt atoms. These effects influence the densities of states,
which show hybridization between platinum d-states and Zr d
states at the bottom of the valence band. The electronic
structure of many small clusters shows a substantial HOMO-
LUMO gap. For the largest clusters studied, with sizes in the
range of 30-100 atoms, a minimum in the density of states
develops at the Fermi level. This, undoubtedly, is a precursor of
the character of the bulk alloy with the composition 3 : 1, which
is an ordered intermetallic compound. Also, the local chemical
reactivity of the surface of the Pt,Zr, nanoalloys was studied by
investigating the Fukui functions, which in general are evenly
distributed around the platinum sites.

Finally, the tolerance towards CO poisoning for these
clusters was studied by comparing two clusters with the same
number of atoms, namely PtoZr; and Pt;,. Our results show
that the presence of Zr impurities has a sizable effect on the
strength of the CO-Pt bond, effectively reducing the saturation
coverage (very high por pure platinum clusters) to values
well below the ratio of one CO molecule per surface platinum
site. Overall, the results reported in this manuscript indicate
that small Pt,Zr, clusters around the 3:1 stoichiometry
possess interesting chemical properties, which could make
them useful as potential new bimetallic catalysts for various
reactions.
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