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Chemical ordering in magic-size Ag-Pd nanoalloys is studied by means of global optimization searches within an atomistic
potential developed on the basis of Density Functional Theory calculations. Ag-rich, intermediate and Pd-rich compositions are
considered for fcc truncated octahedral, icosahedral and decahedral geometric structures. Besides a surface enrichment in Ag,
we find a significant subsurface enrichment in Pd, that persists to quite high temperatures as verified by Monte Carlo simulations.
This subsurface Pd enrichment is stronger in nanoparticles than in bulk systems and is rationalized in terms of the energetics of
the inclusion of a single Pd impurity in an Ag host nanoparticle. Our results can be relevant to the understanding of the catalytic
activity of Ag-Pd nanoparticles in those reactions in which subsurface sites play a role.

1 Introduction

Alloy nanoparticles1, commonly known as nanoalloys, are
presently a very active research field, with many recent ex-
citing developments in both experiment and modeling. This
growing interest stems from a great variety of possible ap-
plications, ranging from catalysis to optics and magnetism.
Nanoalloys are even better suited for tailored applications than
pure elemental nanoparticles, because they can assume dif-
ferent geometric shapes and different chemical ordering pat-
terns. Possible chemical ordering patterns comprise core-
shell, multi-shell, randomly intermixed, intermixed with or-
dered phases, and quasi-Janus configurations2–9. The proper-
ties of a nanoalloy strongly depend on its chemical ordering
pattern. This has been demonstrated for optical, magnetic and
catalytic properties in several cases1.

The silver-palladium system is of great interest for appli-
cations in catalysis, for example in hydrogenation reactions
with enhanced selectivity10,11, where the special role of sur-
face and subsurface hydrogen in the Ag-Pd nanoparticles has
been demonstrated. In fact, it has been shown that the addi-
tion of Ag to the Pd nanoparticles decreases surface hydrogen
much more than subsurface hydrogen, indicating a surface en-
richment in Ag10.

Ag and Pd are miscible in the bulk phase for all com-
positions, without formation of ordered phases12. In Ag-
Pd nanoparticles there is experimental evidence in favour of
some Ag surface segregation. In fact, Ag-Pd nanoparticles
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grown by vapor deposition onto thin alumina films show inter-
mixed chemical ordering but their surface is enriched in Ag13.
Molecular-dynamics simulations of nanoparticle growth by
means of atomistic models agree with this observation6,14,15.
In fact, simulating the deposition of Ag atoms onto Pd clusters
leads to the formation of Pd@Ag core-shell structures14. On
the other hand, Pd atoms deposited on Ag clusters mostly tend
to incorporate inside the cluster6.

Global optimization studies of Ag-Pd nanoparticles have
been limited to small sizes, up to 60 atoms16–18. Their re-
sults confirm that cluster surfaces are greatly enriched in Ag,
for all relevant cluster shapes. However, a systematic study of
the equilibrium segregation profiles in Ag-Pd nanoparticles is
still lacking, especially for what concerns diameters of at least
2-3 nm, that are of greater interest in experiments13.

In this paper we consider magic sizes for fcc truncated oc-
tahedral (TO), icosahedral (Ih) and decahedral (Dh) nanopar-
ticles and search for the most energetically stable chemical
ordering arrangement for a series of compositions. Special at-
tention is devoted to the surface and subsurface layers, which
are the most relevant to determine the catalytic properties
of these nanoparticles10,11. The stability of the low-energy
chemical ordering patterns at increasing temperature is dis-
cussed, and the segregation profiles in the nanoparticles are
compared also to those of bulk systems terminated by surfaces
of different orientations.

2 Model and methods

The interactions between atoms in the Ag-Pd nanopar-
ticles are modelled by the atomistic potential developed
within the second-moment approximation to the tight-binding
model19–21. Form and parameters of the potential can be
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found in Ref.17. The parameters have been fitted on Density-
Functional Theory calculations.

The optimal chemical order pattern has been searched for
by global-optimization procedures. Specifically, we have used
the basin-hopping algorithm (BH)22,23. The BH algorithm
consists of a Metropolis Monte Carlo simulations in which lo-
cal minimization is performed after each move. Since we are
interested in determining the most favourable chemical order-
ing pattern within given geometric structures, we allow only
exchange moves. This amounts to finding the best homotop24

for any given size, structure and composition. In an exchange
move, two atoms of different species are swapped. For all
sizes and compositions, we made simulations using either ran-
dom or tailored exchanges7,25,26. In a random exchange, the
two atoms that are swapped are chosen randomly. In our tai-
lored exchanges, the two atoms are chosen with different prob-
abilities depending on their local environment. We have no-
ticed that tailored exchanges biased towards intermixing lead
to a somewhat more efficient location of low-energy chemical
ordering patterns, even thought the improvement with respect
to random exchanges is not as apparent as in phase-separating
systems such as Ag-Ni or Ag-Cu. For each size and composi-
tion we have performed at least 5 independent runs on 5 105

steps. The temperature used in the Metropolis procedure was
quite low, with the most efficient optimization being those at
100 or 200 K. This is due to the rather small energy separation
between homotops.

Monte Carlo simulations at higher temperatures have been
used to check the stability of the optimal chemical ordering
patterns within each given geometric structure with increasing
temperature. These have been performed by the Metropolis
algorithm allowing both exchange and local relaxation moves.
We have also verified by Monte Carlo simulations with peri-
odic boundary conditions that our model is able to reproduce
the disordered phase of bulk crystals.

Thermodynamic calculations of surface composition for the
corresponding bulk alloys are carried out by means of the
multilayer thermodynamic model developed by Strohl and
King27.

In the following we consider three different geometric
structures at selected magic sizes. Specifically, we consider
an fcc TO of 586 atoms, an Ih of 561 atoms, and a Marks
Dh28,29 of 434 atoms. These structural motifs are in competi-
tion in the size range below 103 atoms. Our magic structures
have been shown to be of remarkable energetic stability for
both pure Ag and pure Pd29. They are shown in Fig. 1. For
each geometric shape we consider compositions with 75 at.%,
50 at.% and 25 at.% Ag content. Moreover, we analyze in
some detail the case in which a single Pd impurity is hosted in
an Ag-rich matrix.

Fig. 1 From left to right: truncated octahedron of 586 atoms,
icosahedron of 561 atoms and Marks decahedron of 434 atoms

3 Global optimization results

3.1 Ag-rich compositions

We consider first compositions that are close to 75 at.% Ag.
Specifically, we consider the TO, Ih and Dh structures of com-
positions Ag440Pd146, Ag421Pd140 and Ag325Pd109, respec-
tively. The lowest-energy chemical ordering patterns for the
three structures are shown in Fig. 2.

Some features of chemical ordering are common to all mo-
tifs – the nanoparticle surface shell contains almost exclu-
sively Ag, and the subsurface atomic shell is enriched in Pd
with respect to the internal part of the nanoparticle (this be-
haviour, which is common to all compositions, is quantita-
tively analyzed in the final discussion below).

However the three structural motifs display also some spe-
cific behaviours. While in fcc and Ih nanoparticles the surface
shell contains Ag atoms only, in the Dh nanoparticle, a few
Pd atoms are visible at the cluster surface. They occupy the
central sites at the bottom of Marks reentrances (see Fig. 2)
and also a few sites on (111)-like facets.

Other specific behaviours are due to the existence of five-
fold symmetry axes in Ih and Dh structures. In the pictures of
the middle column of Fig. 2, it can be seen that there is Pd
enrichment also along the fivefold symmetry axes.

Pd enrichment in subsurface and fivefold-axis sites can be
qualitatively understood by considering the energetics of a sin-
gle Pd impurity in an Ag host nanoparticle6. In Table 1 we
report the data for the energetics and the local pressure acting
on the impurity at different sites of the host TO, Ih and Dh
Ag nanoparticles. We note that the atomic radius of Pd atoms
is smaller than that of Ag atoms, so that we can expect that
the substitution of Ag atoms with Pd atoms should allow the
release of compressive strain, or the increase of tensile strain7.

Surface sites are highly disfavoured, the more at decreasing
coordination. Therefore the best surface sites are in the middle
of (111) facets in TO and Ih structures, and at the bottom of
the Marks reentrance in the Dh structure. Surface sites have
always negative pressure that correspond to the tendency of
surface atoms to contract in metals.

In the fcc TO structure, the most favourable internal sites
are those that are placed just one atomic layer below the sur-
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face (subsurface sites). In the pure Ag TO, pressures in subsur-
face sites are positive and larger than in inner sites, indicating
a rather strong compression of subsurface atoms. When the
Pd impurity is substituted at any given site, the pressure drops
down to negative values, that are more negative in central sites
than in subsurface sites. As a result, placing the Pd impurity
in subsurface sites allow a better strain release than placing it
in the inner part of the nanoparticle.

In pure Ag Dh structures, also the sites in the fivefold sym-
metry axis present rather large positive pressures, especially
the two subvertex sites. As a result, both subsurface sites and
sites in the symmetry axis benefit by a substitution with Pd
impurities. The most favourable site is the subvertex site.

Ih structures present a more complex behaviour that can-
not be completely explained even qualitatively by the analy-
sis of the behaviour of a single Pd impurity. In Ih structures,
the most favourable site for a single Pd atom is the central
site, whose local pressure is very high in pure Ag Ih. This
is followed by its 12 nearest-neighbour sites, and then by sites
along the fivefold symmetry axis. Subsurface sites are in com-
petition with off-axis inner sites. However, also in the Ih
nanoparticle there is a subsurface enrichment when the pal-
ladium concentration exceeds the concentration needed to fill
the central site and its neighbours.

Highly symmetric structures can be found for magic com-
positions. For example, a Dh structure whose chemical or-
dering preserves the full D5h symmetry of the decahedron
has been found for composition Ag341Pd93. This structure is
shown in Fig. 3.

3.2 Intermediate compositions

In this case we consider TO, Ih and Dh structures of composi-
tions Ag293Pd293, Ag281Pd280 and Ag217Pd217, respectively.
The lowest-energy chemical ordering patterns for the three
structures are shown in Fig. 4. The lowest energy struc-
tures present again a surface enrichment of Ag and a subsur-
face enrichment of Pd. However, several Pd atoms appear on
the nanoparticle surfaces, and correspondingly, Ag atoms are
found in the central part of the nanoparticle. Surface Pd atoms
occupy inner sites of the (111) facets, and of the Marks reen-
trance in the decahedron. No Pd atoms are found on facet
edges or vertices in TO and Ih structures, and very few in the
Dh nanoparticle. Pd atoms in the (111) facets form regular
patterns. A remarkable pattern is found in the Ih nanoparticle,
in which Pd atoms occupy all corners of the inner triangles of
the facets (see Fig. 4, middle row). Pd atoms prefer inner sites
in (111) facets because of their higher coordination.

Fig. 2 Lowest-energy chemical ordering patterns for compositions
with 75 at.% Ag. Each structure is shown in three views. Top row:
fcc TO. Middle row: Ih. Bottom row: Dh. Ag and Pd atoms are
shown in light grey and in pink, respectively. The pictures in the
middle column show a cross-section of the nanoparticles in which
the subsurface enrichment in Pd is evident. In the pictures of the
right column Ag atoms are shown by small spheres.

3.3 Pd-rich compositions

Here we consider first compositions that are close to 25 at.%
Ag (TO, Ih and Dh structures of compositions Ag146Pd440,
Ag140Pd421 and Ag109Pd325, respectively). The lowest-energy
chemical ordering patterns for the three structures are shown
in Fig. 5.

In this case, the surface is still enriched in Ag, but with
many Pd atoms that appear also in (100) facets and facet
edges. The subsurface layer is almost exclusively of Pd
atoms, while some Ag atoms are present in the central part
of the nanoparticles. A remarkable pattern is found in the Ih
nanoparticle. There, there is a central part made of 3 icosa-
hedral shells (55 atoms) that contains only Pd atoms. In the
fourth shell there are some Ag atoms, that occupy the centres
of the facets of that shell, as shown in Fig. 6. Then there are
no Ag atoms in the fifth shell (which is the subsurface shell)
whereas a high concentration of Ag atoms is in the sixth shell
(the surface shell).
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Fig. 3 Decahedral structure with highly symmetric chemical
ordering found for composition Ag341Pd93. Symbols as in Fig. 2.

Fig. 4 Lowest-energy chemical ordering patterns for compositions
with 50 at.% Ag. Each structure is shown in three views. Top row:
fcc TO. Middle row: Ih. Bottom row: Dh. Symbols as in Fig. 2.

4 Discussion

Here we focus on the quantitative analysis of chemical order-
ing for the different structures and compositions. We first con-
sider the lowest-energy structures that have been previously
determined and then we consider finite-temperature effects by
means of Monte Carlo simulations.

In order to analyze chemical ordering we have subdivided
our structures in shells. For each structure, we consider the
surface shell, the subsurface shell and the nanoparticle core.
The subsurface shell is made of those atoms that, after remov-
ing the surface shell, appear on the nanoparticle surface. The
nanoparticle core is defined as what remains after removing
both surface and subsurface shells.

The compositions of the different shells in the lowest-
energy structures are reported in Table 2. For each nanoparti-

Fig. 5 Lowest-energy chemical ordering patterns for compositions
with 25% Ag. Each structure is shown in three views. Top row: fcc
TO. Middle row: Ih. Bottom row: Dh. Symbols as in Fig. 2.

cle we count the total number of atoms in each shell (Nsur f ,
Nsub and Ncore) and the number of Pd atoms in each shell
(NPd

sur f , NPd
sub and NPd

core). The composition within each shell
is analyzed in terms of the fractions of Pd atoms within the
shell: f Pd

sur f = NPd
sur f /Nsur f , f Pd

subs = NPd
subs/Nsubs, and f Pd

core =

NPd
core/Ncore, which are compared to the overall fraction of Pd

atoms in the nanoparticle f Pd
tot = NPd/N.

The results in Table 2 show the expected Ag enrichment in
the surface shell, which is essentially made of pure Ag when
the overall Ag fraction is 0.75. However, the most remarkable
result is the subsurface enrichment in Pd. One may expect
that the composition of the subsurface shell is enriched in Pd
with respect to the overall composition, simply because a no-
table number of Ag atoms is in the surface shell. However, the
remarkable point is that the subsurface shell is significantly
enriched in Pd even compared to the core of the nanoparticle.
This effect is somewhat stronger in the TO structure, which
does not contain fivefold axes. The Pd enrichment of the
subsurface shell may have important consequences for those
chemical reactions in which the role of subsurface sites has
been demonstrated10,11.

We have checked whether this subsurface Pd enrichment
depends on the specific model that we are using. We have
therefore repeated our calculations by means of a different
parametrization of the potential, the one that was used in
Refs.6,14. The results are qualitatively similar, with a signifi-
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Fig. 6 Icosahedral nanoparticle of composition Ag140Pd421. Atoms
of the subsurface and surface shells are shown as small spheres, so
that the fourth shell can be seen. This is the only internal shell
which contains Ag atoms.

cant subsurface enrichment in Pd. The main difference is that
there is a somewhat higher number of Pd atoms in the surface
shell.

Low-energy chemical ordering patterns determine the low-
temperature properties of the nanoparticles. However, exper-
iments are often performed at room temperature and above.
Therefore it is important to check what is the effect of rais-
ing the temperature on the patterns that we have previously
determined by global optimization. To this end, we have per-
formed Monte Carlo simulations of 104 MC steps per particle
in a temperature range up to 800 K, calculating the average
subsurface and core compositions, in the case in which the
overall Pd fraction is f Pd

tot = 0.25. The results are reported in
Fig. 7 and show that even though subsurface Pd enrichment
decreases with temperature, it is still significant in the whole
range considered in the simulations.

An interesting comparison can be made between segrega-
tion in nanoparticles and thermodynamic aspects of segrega-
tion at bulk surfaces. We adopt a multilayer thermodynamic
model developed by Strohl and King27 to analyze the segrega-
tion behaviour in the bulk alloys with f Pd

tot = 0.25 and 0.50 for
T = 773 K. The thermodynamic model uses as inputs the Ag-
Pd phase diagram, the optimized thermodynamic data on the
Gibbs free energy of the fcc solid phase30, the surface energy
data31 and the molar volumes32of Ag and Pd pure compo-
nents. For both alloys, the calculations of surface composi-
tion were carried out for two layers, i.e. the topmost and the

subsurface atomic layers, taking into account the (100) and
(111) orientations and the relation between the corresponding
surface energies. The results are reported in Table 3. The
calculations of surface composition for f Pd

tot = 0.25 and 0.50
suggest a strong segregation of Ag atoms at the topmost layer
and a subsurface enrichment in Pd, indicating so called inverse
segregation. The degree of Ag surface segregation is slightly
higher for the (100) surface, while subsurface inverse segre-
gation is slightly higher for the (111) orientation. The results
obtained are in qualitative agreement with similar results re-
ported in33. Comparison with experiments on bulk samples
is not straightforward because contradictory results are found
in the literature for what concerns surface compositions, from
Pd surface enrichment34, to bulk composition35, to weak Ag
enrichment36–38 and to strong Ag segregation39,40.

Comparing results in bulk and nanoparticles, we can see
that the subsurface enrichment is stronger at the nanoscale. In
fact, the difference in composition between subsurface layer
and inner part of the nanoparticle is larger than the difference
in composition between the subsurface layer and the internal
part of a bulk crystal. This nanoscale effect is due to the pres-
ence of a non-negligible proportion of edge and vertex sites.
In fact, the most favourable sites for Pd impurities are those
below edges and vertices (see Table 1).

 0

 0.1
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 0  100  200  300  400  500  600  700  800

fPd
shell

T

Fig. 7 Temperature dependence of the composition of the different
shells as obtained by Monte Carlo simulations. Asterisks correspond
to f Pd

subs, open squares to f Pd
core and full squares to f Pd

sur f . Red symbols
refer to the fcc TO, green symbols to the Ih and blue symbols to the
Dh. The overall fraction of Pd is f Pd

tot ' 0.25.

5 Conclusions

The optimization of chemical ordering in magic-size Ag-Pd
nanoalloys has singled out a behaviour whose main features
are common to the different geometric structures (fcc, Ih and
Dh nanoparticles) and to the different composition, from Ag-
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rich to Pd-rich. These common features are the expected Ag
enrichment of the surface, and, more important, a neat subsur-
face enrichment in Pd. Ag-Pd nanoparticles therefore present
always a three-shell chemical ordering pattern in which the
surface shell (of monoatomic thickness) is strongly enriched in
Ag, the subsurface shell (of monoatomic thickness) is strongly
enriched in Pd, while the inner part of the nanoparticle is rather
weakly enriched in Pd. This behaviour is more pronounced
in fcc nanoparticles, because in Ih and Dh nanoparticles also
the inner sites in fivefold symmetry axes are enriched in Pd.
Our simulations show also that the subsurface Pd enrichment
slowly decreases with temperature, but it is still significant
well above room temperature.

The chemical ordering pattern of Ag-Pd can be qualitatively
rationalized in terms of the energetics of single Pd impurities
in an Ag host nanoparticle. The inclusion of the Pd impurity
at subsurface sites, or at sites of fivefold axes induces a better
strain release with energetic advantages. On the other hand,
surface sites are disfavoured because of their low coordination.

The most favourable chemical ordering patterns of AgPd
nanoparticles of different shapes have been found by an atom-
istic model whose accuracy was previously tested against DFT
calculations for smaller nanoparticle sizes17. We remark that
in each of the nanoparticles considered here, there are many
homotops that are very close in energy (few hundredth eV) to
the lowest-energy minimum that we have found, and that our
model is not likely to be accurate enough to correctly classify
their energetic ordering. However, all these homotops share
the same type of chemical ordering pattern, with Ag surface
enrichment and Pd subsurface enrichment, so that they are es-
sentially equivalent to each other from the experimental point
of view. On the other hand, homotops that do not present Ag
surface enrichment and/or Pd subsurface enrichment are much
higher in energy, by several eV, and in this case our model is
accurate enough to clearly distinguish between them.

Finally we remark that our findings can be relevant to the
understanding of the catalytic activity of Ag-Pd nanoparticles,
especially for those reactions for which a role of subsurface
sites has been demonstrated.

The authors acknowledge support from the COST Action
MP0903 “Nanoalloys as Advanced Materials: From Structure
to Properties and Applications”.
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structure shell position PAg Pimp Eimp

fcc TO surface vertex -2.95 -2.66 0.586
edge -2.88 -2.92 0.492
(100) facet -3.14 -3.30 0.349
(111) facet -2.09 -3.89 0.298

subsurface subvertex 4.64 -0.75 -0.042
subedge 2.86 -2.63 -0.040
sub (111) 1.93 -3.68 -0.022
sub (100) 2.60 -2.84 -0.021

core center 0.53 -5.26 0.000
2nd layer 0.85 -4.91 -0.016

Ih surface vertex -2.99 -2.63 0.895
edge -4.88 -5.85 0.713
facet -5.37 -7.08 0.630

subsurface subvertex 7.39 2.26 0.201
subedge 2.06 -3.33 0.265
subfacet 0.88 -4.63 0.279

core center 35.48 32.25 0.000
axis 1 14.33 8.71 0.120
axis 2 8.67 3.20 0.179
off-axis 1 6.09 0.09 0.210
off-axis 2 2.89 -2.87 0.250

Dh surface vertex -2.45 -1.95 0.648
(100) facet -2.55 -2.54 0.368
(111) facet -2.41 -4.12 0.337
reentrance 3.16 -4.23 0.234

subsurface subvertex 7.02 1.85 -0.043
subedge 3.20 -2.26 -0.003
sub (111) 1.75 -3.92 0.012
sub (100) 4.69 -0.71 -0.008

core center 3.10 -2.47 0.000
off-axis 1.36 -4.36 0.023
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Table 2 Pd atomic fraction in the surface shell ( f Pd
sur f ), in the

subsurface shell ( f Pd
sur f ) and in the core ( f Pd

core) for the lowest-energy
chemical ordering patterns of the different structures, compared to
the overall Pd atomic fraction ( f Pd

tot ) in the nanoparticle.

structure f Pd
tot f Pd

sur f f Pd
subs f Pd

core

fcc TO 0.249 0.000 0.609 0.286
Ih 0.250 0.000 0.562 0.333
Dh 0.251 0.032 0.561 0.350
fcc TO 0.500 0.254 0.816 0.586
Ih 0.499 0.238 0.747 0.674
Dh 0.500 0.306 0.780 0.575
fcc TO 0.751 0.552 1.000 0.829
Ih 0.750 0.520 1.000 0.871
Dh 0.749 0.563 1.000 0.850

Table 3 Pd atomic fraction of surface and subsurface atomic layers
in bulk Ag-Pd fcc crystals with (111) and (100) surfaces. The
fraction of Pd atoms in the inner part of the crystals f Pd

core coincides
with the overall fraction f Pd

tot . The data are calculated at the
temperature of 773 K.

f Pd
tot orientation f Pd

sur f f Pd
subs

0.250 (100) 2 10−3 0.347
(111) 3 10−3 0.357

0.500 (100) 6 10−3 0.561
(111) 9 10−3 0.582
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