Understanding Chemical Ordering in Bimetallic
Nanoparticles from Atomic Scale Simulations:
The Competition between Bulk, Surface and
Strain
J. Magnus Rahm and Paul Erhart*

Chalmers University of Technology, Department of Physics, S-412 96 Gothenburg, Sweden

E-mail: erhart@chalmers.se



Abstract

Bimetallic nanoparticles are highly relevant for applications in, e.g., catalysis, sensing, and
energy harvesting. Their properties are determined by their shape, size, and, most notably, their
chemical configuration, i.e., the elemental distribution throughout the particle. To fully exploit
their potential a comprehensive understanding of the coupling between size, shape, and chemi-
cal ordering is crucial. Here, we employ hybrid molecular dynamics—Monte Carlo simulations
to reveal the energetics of two prototypical nanoalloys, Ag—Cu and Au-Pd, by comprehensive
sampling across the full composition range, while considering both size and shape as param-
eters. Our simulations expose the interplay between bulk thermodynamics, surface energetics
and strain. Relative to the bulk, the behavior of Au—Pd nanoalloys is dominated by surface se-
gregation, and is thus largely independent of particle size and shape. By contrast, strain plays
a key role in the Ag—Cu system, whence size and, even more so, shape have a strong impact on
the overall energetics and accordingly the elemental distribution. This effect is reflected by the
sign of the mixing energy curve, which in the case of the Ag—Cu system changes from positive
to negative when going from the bulk to the nanoscale. While this suggests miscibility it is

rather a manifestation of segregation to different sites.
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Introduction

All monometallic nanoparticles are alike; each bimetallic nanoparticle is ordered in its own way.
Chemical ordering, i.e., the arrangement of different species within a nanoparticle, together with
size, shape and average composition has a profound influence on optical, catalytic and numer-
ous other properties. ' While thermodynamics provides the ultimate driving forces for elemental
distribution, kinetic barriers can be exploited to grow particles with very tailored (and far-from-
equilibrium) elemental distributions.’™ Nanoalloys thus provide tremendous possibilities for op-
timization for specific applications. To this end, it is, however, crucial that the chemical ordering
in thermodynamic equilibrium be understood and reliably predicted over a wide range of sizes,
shapes, and compositions.

Phase diagrams for bulk alloys provide information that also have a bearing at the nanoscale. '°
In a binary alloy that segregates into almost pure phases, for example, the low solubility of either
element in the other is the signature of the interaction between unlike atoms being less favorable
than the interaction between alike atoms. Such a characteristic cannot be expected to change
dramatically at smaller length scales, and we should thus expect segregation in the nanoalloy as
well. At the nanoscale, however, it is necessary to also take into account surfaces, strain and other
defects. If the surface energies of the constituent elements differ, we would expect the element
with the lower surface energy to segregate to the surface. If there is a size mismatch between the
elements, we would expect the smaller element to segregate to compressively strained parts of the
particle.

The chemical ordering in nanoparticles is thus determined by the competition between bulk-
like chemical interaction, surface segregation, and strain-driven segregation. Since these contri-
butions scale differently with particle dimension, chemical ordering is bound to be affected by
size. 112 The surface-to-volume ratio and, even more so, strain are furthermore sensitive to shape,
which thus constitutes an additional variable.'*'* Chemical ordering is thus the result of an inter-
play of contributions that vary from alloy to alloy and depend on both size and shape. !!"1413

This interplay has been illuminated with theoretical studies based on continuum modeling !



20-22 and strain effects.?* Continuum models naturally lend themselves

with focus on both surface
to exhaustive studies of the full composition range over large size ranges. They are, however, prone
to miss out on the finer details of chemical ordering on the atomic scale. This aspect can instead be
approached with atomic scale modeling, which is, however, computationally much more expen-
sive and thus challenging to apply to a wide range of compositions, sizes and shapes. Atomic scale
modeling of nanoalloys requires particular attention to two sets of degrees of freedom: atomic po-
sitions and chemical configuration. Because the number of degrees of freedom grows very quickly
with particle size, searches for energy minima in particles that are larger than a few hundred atoms
are inevitably restricted in at least one of the two sets of degrees of freedom. When restrictions are
imposed, one will thus sample local minima. From a practical standpoint these are, however, just
as important as particles experimentally are almost always found off-equilibrium, in local minima
that are bound by very substantial energy barriers.?* This realization has motivated a multitude of

25,26

studies with different approaches, including genetic algorithms and basin hopping as well as

molecular dynamics (MD) and Monte Carlo (MC) simulations. !3273!

In this work, we use an efficient computational technique based on a combination of MD
and MC simulations in a variance-constrained ensemble to comprehensively sample nanoparticles
of many sizes and shapes across the full concentration range. The MC component allows for an
unrestricted search through the space of chemical configurations, whereas MD allows for sampling
of atomic positions in the vicinity of the atomic positions defined at outset of the simulation.
The particles are thus restricted to retain their shape (structural motif) throughout the simulations.
With this method, we are able to illustrate the competition between bulk-like interactions, surface
segregation and strain-driven segregation as a function of both size and shape with and without
temperature. We consider gold—palladium (Au-Pd) and silver—copper (Ag—Cu) nanoalloys as two
prototypical alloys that exhibit opposing extremes. Au—Pd mixes in the bulk and has a relatively
small size mismatch, whereas Ag—Cu has a wide miscibility gap and a large size mismatch. The

surface energies differ substantially between the two elements in both alloys. As a result of these

differences these systems are well suited for investigating the impact of surface segregation and



strain.

We show that in the case of Ag—Cu the shape of the mixing energy curve, an important quan-
tity for predicting segregation, is inverted when going from bulk to the nanoscale and discuss the
consequences thereof. Comprehensive sampling also allows us to discover ground state chemical
configurations that are more revealing than previously reported. For segregating systems, compu-
tational studies have generally found that the energetically most favorable particle has a core—shell
structure, possibly with the core positioned off-center. %3234 Here, we show that while this is
often the case, the notion of a core surrounded by a shell is to some extent misleading, since the
shape of the segregate is largely governed by the structural motif and may at some compositions

attain highly symmetric, e.g., ring-like, configurations that cannot be described as core—shell.

Methods

The thermodynamic properties of Ag—Cu and Au—Pd nanoalloys were studied as a function of size
and shape using a hybrid MD-MC algorithm based on the variance-constrained semi-grandcanonical
(VCSGC) ensemble ¢ as implemented in LAMMPS. >’ For a two-component (binary) system with
components A and B composed of N particles where c is the concentration of species B the parti-

tion function of the VCSGC ensemble is given by >3

1
ZV:/ dcZc(c, N,V,E) exp [—BRN (c+gz_5/2)2}. (1)
0

Here, Z¢ is the canonical partition function and 5 = 1/kgT, while gz_S and K are two parameters
that constrain the average and the variance of the concentration c, respectively.! Unlike the semi-
grandcanonical (SGC) ensemble the VCSGC ensemble enables one to sample the system also
inside miscibility gaps, i.e. concentration regions in which the mapping between the chemical

potential difference and the concentration is not one-to-one.

I'We use the effective parameters é and %, which were introduced in Sect. II.C of Ref.3¢ and are more convenient
in practice than the original parameters ¢ and k.



In the present work, we sequentially varied ¢ in steps of 0.02 from —2.2 to 0.2 and vice versa,
effectively switching the system from pure Ag/Au to pure Cu/Pd and the other way around. The
variance constraint parameter £ can be chosen from a rather wide range covering approximately
two orders of magnitude.*® Here, we adopted a value of 3% = 500 throughout, which provides a
good compromise between the strength of the constraint and the acceptance rate.

To optimize the chemical ordering at zero temperature, we conducted simulated annealing runs
in which the sequential variation of ¢ was combined with a gradual reduction of the temperature
from 500 K to 200 K at a rate of 1,000 MD steps/K, followed by a conjugate gradient minimization
of the structure. During the MD sequence the temperature in the system was controlled using a
Nose-Hoover thermostat. Every 100 MD steps, the MD simulation was interrupted to carry out a
full cycle of VCSGC MC trial moves®. Simulations were carried out for nanoparticles of different
size and shape as well as slabs with 25 atomic layers.

In addition to simulated annealing, simulations were conducted in which the sequential varia-
tion of gi_> described above was carried out at a fixed temperature. In these runs, 40% of a full MC
sweep was performed every 100 MD steps. At each ¢ value the system was equilibrated for 1,000
MD steps, after which statistical averages were generated over 100,000 MD steps.

Throughout this work, the potential energy £ was calculated using embedded atom method
(EAM) potentials parametrized by Mishin et al.*® and Williams et al.*® for Ag—Cu, and Marchal
et al.** for Au-Pd. Calculations of the volumetric strain as well as visualization were carried out

using OVITO.*!

Results and discussion

We define the mixing energy as

FEnix = Eag — cEX™ — (1 — ¢)ER™, ()

21 cycle is here defined as N trial moves where N is the total number of atoms.
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Figure 1: Mixing energy at O K in icosahedral (a) Ag—Cu and (b) Au—Pd nanoalloys as obtained
from simulated annealing runs (colored lines), compared to random bulk configurations of the
respective binary system (black). Two simulations were carried out for each size, one starting with
pure Ag/Au and ending with pure Cu/Pd and one in the opposite direction. The lower row shows
experimental bulk phase diagrams for (¢) Ag-Cu** and (d) Au-Pd.*



where F5_g is the energy per atom of the alloy system and ¢ the concentration of A atoms. In the
present work, the reference energy E'¥ is chosen to refer to the energy per atom of species X in
the bulk. This quantity highlights the effect of surface and strain energy contributions on the pure
nanoparticles. We note that Ep;, is always positive for Ag—Cu in bulk, leading to separation into
Ag-rich and Cu-rich phases (Fig. 1¢). For Au—Pd, on the other hand, E,, in bulk is always nega-
tive, leading to complete mixing, possibly with ordered intermetallic phases at lower temperatures
(Fig. 1d).

For nanoparticles (Fig. 1a—b) the situation is slightly more intricate. Both Ag—Cu and Au-
Pd have positive Eyx, primarily because of the surface energy since in general nanoparticles are
energetically unfavourable relative to the bulk. Interestingly, the mixing energy curves are, how-
ever, convex not only for Au—Pd but also for Ag—Cu. The behaviour is the same in particles with
icosahedral, truncated octahedral and decahedral shape (Fig. S1 of the Supporting Information).
The inversion of the shape of the mixing energy curve for Ag—Cu implies that mixed particles
are energetically preferable over pure ones in contrast to the bulk case. It should not, however,
be interpreted as a sign for the formation of a mixed phase as it would in a bulk system. Rather,
the system segregates in a way that leads to a substantial lowering of the energy. This behavior
is possible since some of the energy penalties related to the nanoscale, most notably surface and
strain energy, can be relieved if the different species segregate to sites that are favourable for the
respective element as will be elaborated in the following.

Ag has a lower surface energy than Cu (54 and 77 meV/A? for the {111} facet, respectively,
as calculated with the present EAM potential; 77 and 111 meV/A? experimentally**) and Au has
lower surface energy than Pd (48 and 85 meV/A?, respectively, as calculated with the present EAM
potential; 94 and 125 meV/A? experimentally**). The energy is therefore lowered if Ag segregates
to the surface of the Ag—Cu particles and Au to the surface of Au—Pd particles. It should be noted
that this behavior corresponds to vacuum conditions. Adsorbates can have a pronounced effect on
surface energetics and invert segregation tendencies.*

The slopes of the mixing energy curves in the Cu-rich and Pd-rich limits are essentially inde-



pendent of size (Fig. S2 of the Supporting Information). The gain in mixing energy due to addition
of Ag to the surface of a pure Cu particle is about 0.1 eV/atom. This value is lower than what
would be expected from the difference in Ag and Cu surface energies, highlighting that the dissim-
ilar bonds between the Ag surface and Cu subsurface are associated with an energy penalty. The
energy gain of putting Au in the surface of a pure Pd particle is about 0.64 eV/atom, which, because
of the mixing tendencies of Au—Pd, is more than what would be expected from the difference in

surface energies.
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Figure 2: Concentration of Pd per atomic layer in a Au—Pd slab with 25 atomic layers terminated
with a {111} facet, at 300 K. Only the seven topmost layers are shown here, with layer 1 being the
surface layer. The labels indicate Pd concentration in the system as a whole.

Surface segregation is not limited to nanoparticles but is observed also for flat surfaces (Fig. 2).
Here, it is noteworthy that the segregation of Pd to the first subsurface layer of a Au—Pd slab is
almost as strong as the segregation of Au to the surface layer. In fact, the concentration profile
exhibits an oscillatory behavior, with layers alternatingly enriched in Au and Pd, until the effect
fades out a few atomic layers into the slab. We attribute this effect to the favorable energy of the
Au-Pd bond, compared to Au—Au and Pd-Pd. The surface thus has an impact on the subsurface
mediated by bulk-like chemical bonds. The Ag—Cu system does not straightforwardly lend itself
to the same analysis, since segregation induces surface reconstruction and introduces spurious size
effects.

We observe the same behavior, i.e., Au enriched surface layer and alternatingly enriched sub-



surface layers, also in Au—Pd nanoparticles at 300 K (Fig. 3a). Particles of this kind have been
observed also in previous studies*’ and are sometimes referred to as onion-like.! The concentra-
tion profile is also isotropic and essentially identical regardless of particle size and shape (Fig. 4,
Figs. S4-6 of the Supporting Information). In conclusion, the equilibrium chemical configuration
of Au-Pd particles is driven primarily by the bulk-like chemical bonds and surface segregation,

and is essentially the same in a surface slab and in a particle.
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Figure 3: Average concentration at 300 K in icosahedral Au—Pd (left) and Ag—Cu (right) particles
with 5,083 atoms, ordered by (a—b) atomic shell, with core at the bottom and surface at the top,
and (c—d) tetrahedra, excluding the innermost 55 atoms as well as the faces of each tetrahedron
(leaving 120 atoms per tetrahedron). The tetrahedra are ordered by concentration. The horizontal
axes represent the overall Pd/Cu concentration in the particle as a whole whereas the color scale
represents the concentration in each shell/tetrahedron specifically.

While bulk-like contributions are naturally also present in the Ag—Cu system, strain plays a
much more dominant role than in the case of Au—Pd due to the pronounced size mismatch. Bulk
Cu has a substantially smaller lattice parameter than Ag (3.615 A and 4.09 A for Cu and Ag, respec-
tively, as calculated with the present EAM potential), meaning that strain energy may be relieved if
Cu is placed in regions under compression. The strain field is, however, to a large extent dependent
on the underlying structural motif of the particle, and as a consequence, the preferential positions
of the Cu atoms within the particle must be analyzed for each structural motif separately. Here,
we consider icosahedral, truncated decahedral and truncated octahedral particles, all of which have

been shown to be thermodynamically favorable for noble metal particles in the small or medium
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Figure 4: Representative snapshots of Au—Pd particles at 300 K, 5,083 atoms icosahedral (left)
6,593 atoms truncated decahedral (middle) and 6,266 regular truncated octahedral (right). The
uppermost row shows the volumetric strain in relaxed particles of pure Ag.

size regime. *®

Icosahedral particles (Fig. 5) can be thought of as twenty face-centered cubic (FCC) tetrahe-
dra stacked together so that they all share an atom in the center of the particle while every two
neighboring tetrahedra share a common face, forming a twin boundary. The particle has a low
surface-to-volume ratio for its size and only {111} facets. It is, however, geometrically impossi-
ble to construct without straining the constituent tetrahedra, resulting in a highly compressed core
(Fig. 5a, top row). Accordingly, Cu has a strong tendency to segregate to the core of icosahedral
particles (Fig. 5a, second row). This is particularly striking when the Cu concentration is repre-
sented atomic layer by layer (Fig. 3b). Naively, one might expect that in going from a pure Ag
particle to pure Cu there should be an isotropically growing Cu core surrounded by an Ag shell;
this is, however, not observed. As the core has reached a certain size (dependent on overall par-
ticle size), the Cu segregate starts to grow anisotropically. In going from pure Ag to pure Cu,
the constituent tetrahedra tend to switch from Ag to Cu one by one (Fig. 3b), akin to previous

experimental observations of sequential hydride formation in Pd icosahedra.*’ This behavior is
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Figure 5: Representative snapshots of Ag—Cu particles at 300 K, 5,083 atoms icosahedral (left)
6,593 atoms truncated decahedral (middle) and 6,266 regular truncated octahedral (right).
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particularly striking in small particles subjected to simulated annealing (Fig. 6) but to some ex-
tent also occurs in particles with several thousand atoms and at elevated temperatures. The shape
of the Cu segregate is thus dictated by which tetrahedra have switched and which have not. A
particularly stable structure, at least for particles with less then a few thousand atoms, is formed
when ten tetrahedra have switched to Cu and ten are still Ag. The Cu tetrahedra then arrange
in a ring sandwiched between two caps of Ag (Fig. 6¢). This sandwich-like particle can hardly
be described as core—shell. For other compositions the segregate is typically less symmetric. In
some cases the Cu tetrahedra cluster together forming what previous simulation studies at fixed
concentrations reported as off-center cores.?®*3 More often the segregates are spread out in the
particle, separated by tetrahedra that predominantly contain Ag (Fig. 5a, fourth row). Note that
these types of behavior are in stark contrast to Au—Pd particles with the same shape, for which the
distribution is completely isotropic (Fig. 3c). Note also that these particles generally have a large

Ag—Cu interface area in contrast to what is expected in bulk Ag—Cu.
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Figure 6: Filling of Cu during simulated annealing of an icosahedral Ag—Cu particle with 561
atoms. The constituent tetrahedra are filled sequentially (a—b) until a complete Cu ring of ten
tetrahedra has been formed (c). The three rows show the same particles but from different angles.

For larger sizes, the icosahedral motif becomes increasingly unfavourable as a result of strain.

Truncated decahedral particles, consisting of five truncated tetrahedra sharing a common edge, ex-

13



hibit significantly less strain while still maintaining a large fraction of {111} surfaces. As opposed
to icosahedral particles, the core is not significantly more compressed than other parts of the par-
ticle (Fig. 5b, top row) and thus Cu does not preferentially fill the core as observed in icosahedral
particles. Instead, Cu initially segregates around the fivefold axis near the apex, in layers close to
yet excluding the actual surface (Fig. 5b, second row). Thereafter, Cu fills twin boundaries be-
tween the constituent tetrahedra (Fig. 5b, third row), and then segregates into one of the tetrahedra
at a time (Fig. 5b, fourth row). The result is an off-center Cu core, the shape of which is largely
governed by the underlying structure.

Truncated octahedra (Fig. 5c), i.e. single crystalline FCC polyhedra, are always the most stable
motif for large enough size.*® Of the three structures discussed here, it is the least compressed in
the core and thus resembles decahedra in the sense that the Cu starts to segregate asymmetrically,
close to the surface (Fig. Sc, second row). Just as for the other shapes, we find segregation to
be highly anisotropic (Fig. Sc, third and fourth row), and we note once again that the Cu core is
typically not spherical but quite irregular and faceted, with {111} facets dominating. “Core—shell”
is thus a crude simplification of the structure of these particles.

To summarize, minimization of surface energy, strain energy and the interface area between
Ag and Cu all play important roles for the segregation behavior in Ag—Cu particles, but their

importance vary depending on the underlying structure.

Conclusions

In this contribution, we have shone light on the interplay between bulk, surface and strain effects
and how they impact equilibrium chemical ordering in Au—Pd and Ag—Cu nanoparticles. As ex-
pected, a strong tendency for surface segregation was observed in both systems. In Au-Pd, this
results in segregation also in subsurface layers, driven by the favorable interaction between unlike
atoms. Equilibrium chemical configurations are very similar regardless of structural motif, indicat-

ing that strain is of little importance in this system. In contrast, segregation in Ag—Cu is strongly

14



influenced by the underlying structural motif and specifically the associated strain. In particular
in particles with twin boundaries one observes a sequential “switching” of different parts of the
nanoparticle. Asymmetric core structures that have been reported previously for this system ap-
pear naturally along such pathways. The notion of a core surrounded by a shell may be misleading,
since the shape of the segregate is dictated by the structural motif, with the interface between the
elements often coinciding with twin boundaries. We hope that future experiments can support or
disregard these claims. It is, however, extraordinarily difficult to observe these effects experimen-
tally, and only recently has atomic electron tomography been pushed to the resolution that would
enable corroboration of our predictions.*

The composition of the surface is of great importance in many technological applications,
including catalysis and plasmonics. Our results expose potential pitfalls: even if the surface com-
position is relatively predictable based on surface energies, the subsurface composition is not. One
may find that it is heavily enriched in the element that does not segregate at the surface, as in
Au-Pd, or that its composition has a dependency on the structural motif, as in Ag—Cu. This should
be kept in mind when using surface sensitive experimental techniques such as X-ray photoelectron

spectroscopy that probe more than just the topmost atomic layer — the surface segregation may be

more pronounced than the experimental data suggests.
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Mixing energy in truncated octahedral and decahedral

particles

The mixing energy of truncated octahedral and decahedral particles of various sizes is shown
in Fig. S1. The behavior is very similar to the one of icosahedral particles as presented in

Fig. 1 of the main paper.

Mixing energy with pure particles as references

Figures 1 and S1 both show the mixing energy with the pure bulk phases as references, i.e.

Fix = Ea g — cEYS — (1 — ¢) ERUX, (1)
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Figure S1: Mixing energy in (a) regular truncated octahedra and (b) truncated decahedra
of various sizes, compared to mixing energy in bulk systems. Two simulations were carried
out for each size, one starting with pure Ag/Au and ending with pure Cu/Pd and one in the

opposite direction.
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Figure S2: Mixing energy with the pure particles as references. In both Au—Pd and Ag—Cu,
the energy gain of adding an Au/Ag atom to an otherwise pure Pd/Cu atom is independent
of particle size.

One can also define a mixing energy in which the energies of the elemental particles are used

as reference (Fig. S2), i.e.
Emix _ EAfB . CEzarticle o (1 . C) Egarticle. (2)

This makes it evident that the energy of adding an Au/Ag atom to an otherwise pure Pd/Cu
particle is constant with respect to particle size for both Au—Pd and Ag—Cu. Inspection of

the trajectories reveals that such atoms always reside in the surface of the particle.

Surface segregation in a Au—Pd slab

The concentration in the topmost four layers of an Au—Pd slab, as a function of the concen-
tration of Pd in the bulk, is shown in Fig. S3. Atomic layers that are sufficiently deep in the
slab approach the diagonal, which represents a composition in the atomic layer that equals
the one of the slab as a whole. Close to the surface, the concentration deviates significantly

from the diagonal, meaning that segregation has occurred. Note that the odd layers (layer



1 and 3) are to the lower right of the diagonal, signifying that they are always richer in Au
than the interior of the slab, whereas the first even layer (layer 2) is on the opposite side,

signifying enrichment in Pd.
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Figure S3: Concentration per atomic layer in a 25 layer Au-Pd slab at 300 K as a function
of bulk concentration (i.e., the concentration in the innermost seven atomic layers) obtained
from a MD/MC simulation in which the concentration was swept over the whole range.
Layer 1 is the surface layer, layer 2 the first subsurface layer, etc.

Concentration profiles

Sampling of the full concentration range at 300 K was performed for icosahedra of eight
different sizes (Fig. S4), regular truncated octahedra of five sizes (Fig. S5) and decahedra of
five sizes (Fig. S6). The decahedra were chosen with a truncation leading to a particularly

low energy for the materials at hand.
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Figure S4: Average concentration at 300 K in isosahedral particles, ordered by atomic shell
with core at the bottom and surface at the top. Figure (g) is the same as in the main paper.
The horizontal axes represent the overall P§/ Cu concentration in the particle as a whole
whereas the color scale represent the concentration in each shell specifically.
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Figure S6: Average concentration at 300 K in truncated decahedral particles, ordered by
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the overall Pd/Cu concentration in the particle as a whole whereas the color scale represent
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