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In addition to structural morphology, the chemical ordering or
compositional structure (i.e., the distribution of the different

chemical species within a given structure)1,2 plays a fundamental
role in determining the properties of multicomponent metallic
nanoparticles—or nanoalloys.3,4 AgAu particles, for example,
exhibit a different optical response depending on whether they
are core-shell or random solutions.5 Mechanical properties are
equally known to be strongly affected by surface segregation.6,7

The precise arrangement of the species in the particle is also
important in catalysis, dominated by processes occurring at
surface or subsurface shells, and changes in the segregation
pattern under operating conditions have been observed.8 Several
mixing patterns have been described in the literature,4 such as
core-shell or in general multishell ordering (in which concentric
shells of different elements alternate), random solutions, ordered
arrangements (more or less related to the known ordered phases
of bulk alloys), and Janus-like segregation typical of immiscible
components.9 In this context, theoretical methods can provide
relevant information which nicely complements and sometimes
prefigures experiment, but the prediction of the correct chemical
ordering is not an easy task, especially at the first-principles level,
due to the combinatorial increase in the number of possible
“homotops” (isomers sharing the same skeletal structure and
composition but differing in the mixing pattern).3 Neglecting the
reduction due to point group symmetry, for a cluster with given
structure and Ntot atoms of which NA of species A and NB of
species B, one has (Ntot)!/((NA)!(NB)!) possible different
homotops. A possible solution to this problem is to consider
“magic” structures,10 i.e., arrangements exhibiting structural shell
closure and thus exhibiting high symmetry. In this approach10 the
full point group symmetry is exploited to partition the atoms into

“symmetry orbits”,11 i.e., groups of symmetry-equivalent species.
The degrees of freedomof the system are thus reduced fromNtot to
the number of symmetry-inequivalent orbits,Norb, and correspond-
ingly the number of distinct homotops is exponentially decreased.

In this work we adopt this symmetry orbit approach and apply
it at a first-principles density-functional theory (DFT) level to
study the segregation patterns of face-centered-cubic-like (fcc-
like) PdPt nanoparticles in the size range between 38 and 201
atoms and over a broad range of compositions. We find that the
interplay of metal-metal homo- and heterointeractions produces
an unusual Pt surface segregation in Pd-rich particles (in spite of
the larger Pt bulk energy) and a novel multishell pattern around
equimolar composition in which each shell is decorated by
“patches” of like atoms. We conclude by speculating on possible
implications of these findings.

Plane-wave DFT calculations were performed using the Quan-
tumEspresso package12 employing ultrasoft pseudopotentials13

and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
(xc-) functional14 (more details in the Supporting Information).
Our structural models consist of fcc-like truncated octahedra
(TO) configurations. Starting from octahedra, fcc polyhedra are
obtained by truncating symmetrically their six vertices, obtaining
square and hexagonal (or triangular) facets; see Figures 1 and 2. A
given TO is characterized by two indexes: nL, i.e., the length of the
edge of the complete octahedron and ncut, i.e., the number of
layers cut at each vertex, andwill be denoted as TO(nL, ncut) in the
following. fcc-like structures are reasonable for PdPt particles at
this size: the transition from icosahedral structures to less strained
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ABSTRACT: Chemical ordering in face-centered-cubic-like
PdPt nanoparticles consisting of 38-201 atoms is studied via
density-functional calculations combined with a symmetry orbit
approach. It is found that for larger particles in the Pd-rich
regime, Pt atoms can segregate at the center of the nanoparticle
(111) surface facets, in contrast with extended systems in which
Pd is known to segregate at the surface of alloy planar surfaces.
In a range of compositions around 1:1, a novel multishell
chemical ordering pattern was favored, in which each shell is a
patchwork of islands of atoms of the two elements, but the order
of the patchwork is reversed in the alternating shells. These findings are rationalized in terms of coordination-dependent bond-
energy variations in the metal-metal interactions, and their implications in terms of properties and applications of nanoscale alloy
particles are discussed.
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structures is expected to occur at relatively small sizes for both Pd
and Pt bare clusters,15 and the only competitors to fcc motifs are
decahedral or “hybrid” ones.16 We select the site population
within these models by applying the symmetry orbit approach in
the Oh symmetry group. Broken-symmetry (such as Janus-like9)
configurations have been explored but found very disfavored due
to the strong mixing tendency of the Pd-Pt pair. The use of
symmetry reduces the degrees of freedom of the system to Norb,
the number of symmetry-inequivalent orbits, which is 12 for a TO
particle of 201 atoms. Considering that a full exploration of all
possible symmetry-constrained segregation pattern is achieved by
performing 2Norb calculations, it follows that this task is feasible
using tight-binding Hamiltonians10 or empirical potentials11,16,17

but remains heavy to accomplish at the first-principles level due to
limitations in computational resources. We have thus further
reduced the number of possible homotops by focusing on
selected compositions: the two regimes characterized by a small
amount of one of the two elemental components and around 1:1
composition. An issue with the orbit approach is that the number
of atoms in each orbit presents an nonhomogeneous distribution,
being 1, 6, 12, or 24 in the cases here investigated. This puts
constraints on the cluster chemical composition by limiting the
number of homotops. To explore a broader range, a suborbit
approach has been used, in which each orbit is divided into
equivalent suborbits of six atoms. By properly choosing the
populations of the suborbits in order to keep as high a symmetry
as possible and to avoid repeated calculation of homologous
configurations, it is possible to enlarge the scope of significant
results still keeping the computational effort within reasonable
limits. Four different sizes with Ntot = 38, 79, 116, 201 have been
investigated, and total energy results for all selected homotops are
reported in the Supporting Information.

38-Atom Particle.This structure corresponds to the TO(4,1)
shown in Figure 1b. It is made by an inner shell of 6 atoms
(Figure 1a) and an outer shell of 32 atoms. The number of orbits
is three: orbit-1 is formed by atoms of the inner shell; orbit-2 by
the 8 atoms at the center of the (111) facets, and orbit-3 by the 24
atoms on the (100) facets.
A single Pd impurity in a nearly pure Pt cluster is best

positioned on the surface, almost isoenergetically on the (111)
or the (100) facets, while moving the Pd impurity into the core
costs 0.23 eV. This is coherent with the lower surface energies of
Pd, which thus prefers to segregate to the surface of the
cluster.18,19 At variance, a single Pt impurity can stay almost
isoenergetically in the first or in the second orbit (i.e., in the core
or on one of the 111 facets), whereas the occupation of the third
orbit (one of the corners of the TO) increases the energy by 0.24
eV. This unexpected result (one could think that surface
occupation by Pt is always disfavored with respect to the core)
is the first indication of the Pt tendency to (111)-surface
segregation. Increasing the number of impurity atoms to six
changes the situation which turns out to be more in line with
previous work,20 as the six Pt atoms in fact preferentially go inside
the cluster resulting in a core-shell structure.
79-Atom Particle.This structure corresponds to the TO(5,1)

shown in Figure 2c. It is composed of three shells: the first shell is
formed by the central atom (Figure 2a); the second shell by the
surface of the internal (3,0) octahedron (Figure 2b); the third
shell by the remaining 60 surface atoms. There are six orbits:
orbit-1 corresponds to the central atom; orbit-2 to the surface of
the inner TO(3,1) and contains 12 atoms; orbit-3 by the 6
vertices of the TO(3,0). The orbits from the fourth to the sixth
contain the 60 surface atoms of the third shell: 24 on (111) facets
(orbit 4), 12 on edges (orbit 5), and 24 on (100) facets (orbit 6).
For a single impurity the results are similar to those found in the

38 atoms case: a single Pt prefers to stay in the first inner-shell
orbit, while moving it toward the surface corresponds to a gradual
increase in the energy, with the situation mirrored in an inverse
way for the Pd impurity. At the 6-73 composition, in Pt-rich
structures the six Pd atoms prefer to populate corners, as
expected, but for Pd-rich structures the landscape is more
interesting. The lowest-energy configuration is one in which the
Pt atoms populate part of the second orbit, which is not surprising
as these sites are internal ones. However, this configuration is
nearly isoenergetic with the occupation of the third and fourth
orbit, which latter corresponds to a surface segregation of the Pt
atoms in the middle of the external (111) facets. This behavior is
definitively more marked at composition 12-67. Again, the Pt-rich
panorama does not bear any surprise and the 12 Pd atoms
preferentially populate the (100) facets. On the contrary, in the

Figure 2. Orbit structure of the odd-numbered truncated octahedra considered in this work: (a) 1-atom TO(1,0); (b) 19-atom TO(3,0), obtained
adding 18 atoms to (a); (c) 79-atom TO(5,1), obtained adding 60 atoms to (b); (d) 201-atom TO(7,2), obtained adding 122 atoms to (c). Different
symmetry orbits are singled out by different colors and numbers.

Figure 1. Orbit structure of the even-numbered truncated octahedra
considered in this work: (a) 6-atom TO(2,0); (b) 38-atom TO(4,1),
obtained adding 32 atoms to (a); (c) 116-atom TO(6,2), obtained
adding 78 atoms to (b). Different symmetry orbits are singled out by
different colors and numbers.
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Pd-rich case the 12 Pt atoms preferentially populate the fourth
orbit, occupying half of the (111) surface sites, even though the
competition with deeper segregation is still strong. In short,
doubling the number of Pt atoms changes the segregation sites:
there is a close energetic competition between internal and
surface or subsurface segregation sites, and this competition is
moved in favor of surface with increasing Pt content.
One can wonder whether a different theoretical method may

change these results, as it is known that the precise energetics of
systems containing third-row transitionmetals is very sensitive to
the details of the theoretical approach.22 We have thus used an
approach involving norm-conserving pseudopotentials and loca-
lized basis sets23 and found that this behavior is fully confirmed
(more details in the Supporting Information). Note that in this
case the use of symmetry is also beneficial to greatly speed up
DFT calculations: we use the NWChem 5.1 quantum chemistry
package,23 which is efficiently parallelized and fully exploits point
group symmetry.
116-Atom Particle.The TO(6,2) shown in Figure 1c has also

been analyzed, finding results in line with those for the other sizes
(more details in the Supporting Information).
201-Atom Particle. The largest (201-atom) nanoparticles

here considered exhibit the most outstanding results. This
structure corresponds to the TO(7,2) depicted in Figure 2d
which is obtained by adding a further shell to the 79-atom
TO(5,1). The structure is thus formed by four shells: the inner
three are those of the 79-atom cluster, while the fourth one is
composed of 116 surface atoms, distinguished into five orbits. As
shown in Figure 2d, the (111) facets are regular hexagons.
The results for a single impurity and composition 6-195 show

an even more marked tendency of Pt to populate the surface, in
agreement with a coordination-dependent bond-energy varia-
tions (CBEV) study of 923-atom cuboctahedral PtPt particles.21

Already a single or few Pt atoms now segregate at the (111)
surface, whereas few Pd atoms in a Pt-rich cluster segregate at the
corners of the (100) facets. The tendency of Pt to (111)-surface
segregation in Pd-rich clusters thus increases with cluster size: at
slight variance with CBEV predictions, the (111) surface segrega-
tion of a single Pt impurity is only clearly realized when the (111)
facets are large enough. Also, with respect to the CBEV, at low Pt
contents the center of the facets rather than the near-edge
positions is favored (see Table 4 of the Supporting Information).
However, similarly to the CBEV results, the tendency of Pt to
occupy near-edge sites at (111) is apparent at composition

Pd153Pt48: the 48 Pt preferentially occupy all the hexagon sites
of the (111) surfaces, see Figure 3a, while the structure exhibiting
Pt subsurface segregation is higher in energy by 3.82 eV. Thus,
the tendency of Pt to (111)-surface segregation is now very
strong.
A new picture emerges around composition 1:1. The lowest-

energy chemical ordering pattern, e.g., at composition 110-91 is
reported in Figure 3b, and it is clearly a multishell arrangement,
but of a different kind. As can be drawn from an inspection of this
figure, the structure of the fourth shell is such that Pt atoms
occupy the center of surface (111) facets, whereas Pd atoms
occupy the (100) facets and the edges of the surface shell.
However, for the subsurface shell the chemical order is reversed
with respect to that of the surface shell: Pd atoms occupy the
three central positions of the (111) facets, whereas Pt occupies
the (100) facets and the edges. In other words, in correspon-
dence with segregation of Pt at the center of surface facets, we
find a segregation of Pd at the center of the underlying facets, and
so on. In this segregation pattern, which—to the best of our
knowledge—has not been reported before, each shell is a
“patchwork” of islands of atoms of the two elements, but the
order of the patchwork is reversed in the alternating shells. This is
realized in a clear way starting at a sufficiently large size (1.7-
1.9 nm) and around composition ≈50-50%. However, this
arrangement is not bound to a precise number of atoms
but is stable in a range of compositions around the equimolar
one. As shown in Table 5 of the Supporting Information, we find
it favored not only for the nearly equimolar Pd99Pt102 and
Pd102Pt99 particles but also for Pd90Pt111 and Pd117Pt84. CBEV
calculations (which are essentially in tune with DFT results)
confirm that this remains true also in the intermediate composi-
tions which are not accessible to our orbit approach, so that we
predict it to be stable between at least 45-55% and 58-42%
compositions. It can also be recalled in this context that the
minimum in the mixing energy (see ref 10 for its definition) for
PdPt clusters in this size range at the DFT level is realized at
compositions between 30% and 50% in Pt,20 i.e., in the range in
which patchy multishell arrangements are favored.
The origins of this unique chemical ordering can be rationa-

lized in terms of the different behavior of site-energetics of the two
elements as a function of the coordination number,24 i.e., the
preferential strengthening of Pt-Pt (and Pt-Pd) intrasurface
and Pd-Pd (and Pt-Pd) surface-subsurface bonds, as predicted
by the CBEV method.21 Furthermore, as shown in Table 6 of the
Supporting Information in the Pd99Pt102 case, the multishell
patchy arrangements allow the system to minimize the number
of weak Pd-Pd bonds with respect to the stronger Pt-Pt and
heterobonds between the two elements, which is energetically
advantageous as Pd-Pt mixing is exothermic:20,30 in a way, the
subsurface order is driven by the chemical order of the outer shell.
This peculiar compositional structure can have interesting

consequences on the properties of Pd-Pt nanoalloys. Mechan-
ical response6,7 is expected to be reinforced by a thermodyna-
mically robust and thorough intermixing of the two metals as
realized in the patchy arrangement and will be investigated in
future work. Catalytic properties of Pd-Pt nanoclusters are
likely to be influenced as well.26 It has been shown in fact that
the preference of Pd and Pt clusters toward TO structures is not
strongly affected or is even increased27 in the presence of H
adsorption and that Pt-ligand bonding in TO clusters (where Pt
lies on a 111 facet) is strengthened by the presence of neighbor-
ing Pd atoms.28 This implies that patchy multishell patterns are

Figure 3. Optimal chemical ordering in a PdPt nanoparticle of sizeNtot

= 201: (a) composition Pd153Pt48; (b) composition Pd110Pt91 (around
1:1). The view represents atoms of different sizes to highlight the patchy
multishell pattern in (b). Atom coloring: yellow for Pd and blue for Pt,
with slightly darker shades for the inner shells.
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robust to ligand adsorption in realistic conditions, which can
even enhance their stability. This may explain the increase in the
activity of Pd nanoparticles when Pt is added in the Pd-rich range
of compositions.29

To conclude, the orbit approach here employed is a powerful
tool to explore segregation patterns in nanoscale alloy particles at
the first-principles level and will be used in the future also in
conjunction with and to further validate effective Hamiltonian
methods (e.g., the CBEV approach). The novel type of chemical
ordering in nanoalloy clusters (patchy multishell segregation)
revealed by first-principle computations is of general interest and
is expected to have a significant impact on their properties and on
current research in the corresponding area. Indeed, the fact that
unusual segregation patterns can occur in nanoparticles even for a
pair such as Pd-Pt which presents a nearly ideal solid-solution
behavior in the bulk sheds new light on the unexpected possibi-
lities arising at the nanoscale. Experimental verification1 of
the unusual surface segregation of the constituent having larger
bulk energy (Pt), and of the corresponding patchy pattern, are
desirable.
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