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The energy landscape and kinetics of medium-sized Ag-Au and Ag-Ni nanoalloy particles are ex-
plored via a discrete path sampling approach, focusing on rearrangements connecting regions dif-
fering in chemical order. The highly miscible Agy7Auyg supports a large number of nearly degen-
erate icosahedral homotops. The transformation from reverse core-shell to core-shell involves large
displacements away from the icosahedron through elementary steps corresponding to surface dif-
fusion and vacancy formation. The immiscible Ags,Ni;; naturally forms an asymmetric core-shell
structure, and about 10 eV is required to extrude the nickel core to the surface. The corresponding
transformation occurs via a long and smooth sequence of surface displacements. For both systems
the rearrangement kinetics exhibit Arrhenius behavior. These results are discussed in the light of
experimental observations. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821582]

Metal nanoparticles containing more than one element
(nanoalloys) represent an important and actively investigated
subject, owing to their promising novel properties in terms
of both basic science and technological applications."? This
interest primarily stems from the wealth of possibilities real-
ized at the structural level when varying a given geometrical
framework by distributing the chemical species according to
different patterns, thus generating structural homotops.? The
kinetics of structural rearrangements presents a challenge for
computational approaches because of the exponential num-
ber of minima that may be dynamically interconnected via
sizable energy barriers. Sampling such potential energy land-
scapes (PELs) is a problem with analogues in other fields,
such as protein folding, or the mechanical response of amor-
phous materials.*>

So far, theoretical studies of chemical rearrangement ki-
netics in nanoalloys have mostly used molecular dynamics
(MD) or accelerated MD (AMD) methods, see, e.g., Refs. 6
and 7. However, these approaches require temperatures close
to the melting point in order to speed up the kinetics so that
the transformation of interest becomes detectable in a reason-
able computational time. As with other biasing methods, it
is not clear what effect the bias has on the predictive char-
acter of the simulations. In the present work we adopt a dif-
ferent approach that is potentially free of the limitations of
MD and AMD methods, where the sampling is achieved via
systematic geometry optimization to obtain local minima and
the transition states that connect them. To demonstrate the ef-
ficiency (millions of minima can be handled) and predictive
power, we have applied this procedure to two very differ-
ent classes of nanoalloys of highly miscible (gold-silver) or
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fully immiscible (silver-nickel) metals, which represent real-
istic nanoalloys with contrasting thermodynamic® and inter-
esting optical®!? properties. A total size of N = 55 atoms
is chosen, as it represents a “magic number” for gold-silver
and falls in the range where clear core and shell regions can
be defined. For Ag-Au a composition of around 50:50 is cho-
sen to maximize the complexity of chemical order: Agy7Auyg.
For Ag-Ni, a nickel composition close to 25% is chosen
for Ags,Nij3 so that particularly stable Ni(core)-Ag(shell)
structures can be obtained. We investigate the structural re-
arrangements involved in the transformation from core-shell
structures to either reverse core-shell (Ag-Au), or to Janus-
type (Ag-Ni) structures, and characterize the associated ki-
netics. The variations of the rate constant with temperature
exhibit Arrhenius behavior in both cases, but rearrangements
proceed according to quite different paths in the two cases. Al-
though they both display large atomic excursions away from
the global minimum, rearrangements in Agy7Auyg can gen-
erally be described in terms of vacancy formation. In con-
trast, rearrangements in Agy;Nij; exhibit a long and relatively
smooth sequence of surface displacements, mostly involving
Ag atoms.

To unravel the mechanisms and kinetics for large re-
arrangements associated with changes in chemical order-
ing, we use the discrete path sampling (DPS) method,''-!?
which is unbiased and provides access to the rearrangement
kinetics from the collected databases through transition state
theory for the individual minimum-to-minimum pathways.
The present clusters containing 55 atoms support a huge
number of stable minima, many of which differ primarily in
chemical order."? Although methods based on an explicit de-
scription of electronic structure, especially density functional
theory (DFT), could handle such systems,'? they are not feasi-
ble with such a large number of minima and transition states,

© 2013 AIP Publishing LLC
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unless this number is drastically reduced by assuming a fixed
and highly symmetric structural framework.!* Instead, we
adopt a second-moment-approximation (SMA) tight-binding
analytic potential, which is reasonably accurate and is com-
monly used to describe the energetics of nanoalloys.'*?

In the case of Ag-Ni, the SMA potential correctly re-
produces the complete phase separation of the two metals,
with silver surrounding nickel.!>'® For Ag-Au the parame-
ters favor surface enrichment in Ag due to strain minimiza-
tion, at variance with more accurate DFT calculations.!” This
deficiency could be solved by including a charge transfer
correcting term in the potential, accounting for the elec-
tronegativity difference between the two elements.'® How-
ever, at finite temperatures more relevant to the present work,
the potential predicts a high miscibility,® in agreement with
the known solid solution formed in the bulk and nanoscale
forms of the Ag-Au mixture.'® In addition, reverse Au(core)-
Ag(shell) configurations can be obtained experimentally by
exploiting the higher oxygen affinity of Ag with respect to
Au.?" All the databases of connected minima were built and
expanded using the DPS method.'"!> More details about the
computations are provided as the supplementary material.'®

Gold-silver nanoalloys exhibit a frustrated energy land-
scape, in which a given structure is associated with a combina-
torially large number of homotops differing in their chemical
order, with very similar atomic positions. At size 55, the two-
layer Mackay icosahedron is the most stable structure, and the
lowest part of the PEL consists of different homotops with al-
ternative arrangements of Au and Ag within the icosahedron,
as depicted in the disconnectivity graph.'® Among these low-
lying minima, two families of structures can be identified with
all 14 core atoms being either gold (core-shell) or silver (re-
verse core-shell).

Two order parameters were used to describe the transfor-
mation from core-shell to reverse core-shell in the Agy7Ausg
nanoalloy. Radii of gyration appear suitable for distinguishing
between the end points, so we define

1
R2 = r.z’
¥ Nag+ Nau iegAu !
2 _ p2 2
and AR, = Ry ns — Rg au
1 2 1 2
O MR S
NAg icAg NAu icAu

as the global squared radius of gyration and the squared
radius of gyration for silver relative to gold, respectively.
Figure 1 shows these order parameters for the 1 017 958 min-
ima in our database plotted as (R2, AR?,). This scatter plot
clearly shows the most compact icosahedral minima as a se-
ries of nearly discrete spots at low R, differing in AR; by
steps corresponding to Ag or Au atoms belonging to differ-
ent shells. Within this region of low R;, the core-shell and
reverse core-shell regions are defined from the extreme val-
ues of AR;, either with silver outside (high AR;) or inside
(low AR?,). The DPS rate calculations used these definitions
as the product and reactant states for the transformation. In ad-
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FIG. 1. Scatter plot of the squared radius of gyration ARf, for silver relative

to gold, versus the global squared radius of gyration Ré, for the database of
local minima of Agy7Ausg. The core-shell (reverse core-shell) regions where
the 14 core atoms are pure silver (pure gold) are highlighted in green and red,
respectively, as well as a Janus-type configuration in which the icosahedron
is split into two halves of pure silver and pure gold. A continuous pathway
connecting the most stable minima of the core-shell and reverse core-shell
regions is depicted. (Inset) The calculated rate constants for the transitions
between the core-shell and reverse core-shell regions as Arrhenius plots.

dition to the core-shell minima, the Janus-type clusters with a
side-by-side phase separation appear around AR; ~ 0.

Most of the map in Fig. 1 is filled with defective (R;
~20.2-20.4 A?), or even non-icosahedral (Rf, > 20.4 A?)
minima. A pathway connecting the most stable minima in
the core-shell and reverse core-shell regions was obtained us-
ing Dijkstra’s algorithm,?' as implemented in the PATHSAM-
PLE program.”? This path corresponds to the largest contri-
bution to the rate constant at 300 K when intervening min-
ima are placed in steady state,'? and its main steps are shown
in Fig. 2 as a function of the integrated Euclidean distance
along the sequence of minimum-saddle-minimum. The rear-
rangement proceeds in two stages: at the beginning of the

4

w

N

Energy (eV)

R R T
400 600
Integrated path length (A)

FIG. 2. Pathway transforming the two lowest potential energy structures of
the core-shell and reverse core-shell regions for Agy7Ausg to each other, also
depicted in Fig. 1. Some intervening minima and transition states along the
path are highlighted. All energies are relative to the global minimum.
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transformation, when many atoms need to move, the clus-
ter breaks the icosahedral symmetry, adding a few atoms in
the overlayer, significantly deforming the cluster and increas-
ing its radius (see Fig. S1(a)'®). The strain from this pro-
cess is progressively released, especially in the second stage,
when vacancies appear from Ag atoms moving to the over-
layer and exchanging with Au atoms at the surface, allow-
ing them to diffuse into the core. The number of mixed and
homologous bonds stays nearly constant (see Fig. S1(b)'®)
and both Ag and Au atoms undergo substantial excursions
(see Fig. S1(c)'®).

The calculated rate constants for the transformation,
shown as an inset in Fig. 1, display essentially Arrhenius be-
havior, with overall forward and backward activation energies
of 2.74 and 0.62 eV for the core-shell<>reverse core-shell
transformation. Those values are consistent with the highest
barrier heights on the pathway in Fig. 2. At room tempera-
ture, only the transformation from the (metastable) core-shell
to the (most stable) reverse core-shell regions would be seen
for reasonable observation time scales.

In contrast, the Ag-Ni nanoalloy has a strong tendency
for phase segregation and a preference for nickel to be
surrounded by silver. There is now a high energetic cost
associated with alloying, but the difference in interactions
destabilizes the two-layer icosahedron in favor of deformed
minima, where the nickel core is off-center.® The resulting
PEL displays a broad variety of core-shell structures with dif-
ferent shapes, belonging to funnels associated with different
core geometries, as shown in the disconnectivity graph.'®

The binding energy and the nickel-specific gyration
radius R;Ni are good order parameters to distinguish the
core-shell minima from minima having Janus-type segregated
structures. A two-dimensional scatter plot of the order param-
eters for the 192 300 minima of our database, shown in Fig. 3,
highlights the two states considered in transformations, where
the nickel core is extruded from the nanoalloy center (core-
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L 100 = Nw 4
25=~ | so| J-C/Is | .
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FIG. 3. Squared gyration radius R;Ni for nickel versus binding energy in the
database of local minima of Ag4;Nij3. The core-shell and Janus regions in
which the nickel component is surrounded or next to the silver component are
highlighted in red and green, respectively. A continuous pathway connecting
the (core-shell) global minimum to a Janus minimum based on icosahedral
packing is depicted. (Inset) The calculated rate constants for the transitions
between the two core-shell and Janus regions in Arrhenius plots.
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FIG. 4. Pathway transforming the core-shell global minimum of Ag4>Nij3 to
a icosahedral Janus-type minimum, also depicted in Fig. 3. Some intervening
minima and transition states along the path are highlighted. All energies are
relative to the global minimum.

shell) and finishes in a Janus structure. Because the Janus
minima span a broad energetic and structural range, a specific
Janus minimum based on icosahedral packing was selected
to illustrate the complex rearrangement of this extrusion
transformation. This icosahedral minimum lies quite high
in energy (about 10 eV above the global minimum), and is
connected to the core-shell minima by a longer and smoother
sequence of surface displacements, as shown in Fig. 4. Here
the Ni atoms mostly remain in an identifiable subcluster,
while changing their shape from a thin surface layer to a clus-
ter inside the core: phase separation is essentially conserved
during the whole process. Concurrently, the Ag atoms at the
surface progressively cover the Ni aggregate, while the num-
ber of mixed bonds increases linearly at the expense of homol-
ogous bonds (see Fig. S2(b)'®) and Rf, for the complete cluster
decreases (see Fig. S2(a)'®). In this surface-dominated trans-
formation Ag atoms undergo much larger excursions than Ni
atoms (see Fig. S2(c) in the supplementary material'®) and
the role of vacancies is minor, in contrast to the Ag-Au case.

The rate constants associated with the extrusion rear-
rangement, obtained from the DPS analysis, again exhibit
Arrhenius behavior (see inset of Fig. 3) with activation en-
ergies of 8.80 and 0.87 eV for the core-shell-Janus and
Janus— core-shell transformations, respectively. On average,
the kinetics are slower for Ag-Ni with respect to Ag-Au: this
difference is related to the presence of stronger Ag-Ni bonds
that limit the structural freedom of the system.

The fivefold symmetric, randomly alloyed structures ob-
tained for Ag-Au nanoparticles are consistent with previous
observations,”’ even though more complex arrangements’’
can also be produced. Accurate experimental data relevant to
the present work only exist for much larger nanoparticles,?*2
which often exhibit crystalline morphologies,?® different from
the present icosahedral-based structures. A systematic analy-
sis of particles of this size would require a great deal more
computer time; comparison of the present results with avail-
able experiments already provides significant new insight.
Our results for Agy7Au,g are consistent with the experimental
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observation of enhanced interdiffusion due to structural free-
dom at the surface of Ag-Au nanoparticles.?’ In particular, the
formation of defects such as vacancies at the bimetallic inter-
face can also be seen in our simulations, although surface dif-
fusion processes with lower energy barriers definitely prevail.
8 nm Au(core)-Ag(shell) particles were recently transformed
into randomly alloyed particles over about 2 h at 250 °C,%
while in a previous experiment 24 h at 100 °C were needed to
interconvert Ag(core)-Au(shell) 15 nm particles into random
alloys.>* From our simulations we estimate that the alloying
process for a 55-atom Ag-Au cluster should be complete in
about 0.1 s at 250 °C. Assuming that the total alloying time
scales as N>3+~N?, with N the number of atoms in the parti-
cle, we estimate 0.5-5.0 h as the time scale needed for sponta-
neously alloying a 8 nm particle. Given that nanoparticles are
larger in the experiment,? our predictions for the transforma-
tion rates thus lie within the observed range. It is noteworthy
that the DPS approach can provide estimates of experimen-
tal time scales far beyond the reach of standard molecular
dynamics.

Ag-Ni nanoparticles can be synthesized as solid solutions
or random alloys®® or even Ag(core)-Ni(shell) particles?
but only as metastable, kinetically trapped configurations,*’
which evolve upon annealing into the thermodynamically
preferred Ni(core)-Ag(shell) structure.'>3! It was found that
2-5 nm particles synthesized in the gas phase do indeed ex-
hibit Ni(core)-Ag(shell) arrangements.®~! However, the con-
ditions of these experiments make it difficult to determine
the equivalent growth kinetic parameters, preventing a di-
rect comparison with our prediction that Ag-Ni particles alloy
more slowly than Ag-Au particles.

In summary, we have shown how a thorough investi-
gation of the chemical ordering kinetics in nanoalloys is
computationally feasible using state-of-the-art methodology
combined with analytic interatomic potentials. Application of
discrete path sampling'"!? to two prototypical systems with
contrasting miscibility properties (random mixing or core-
shell segregation) shows how compositional rearrangement
proceeds via rather diverse atomistic mechanisms (and dif-
ferent rates) in the two systems, which also exist in homoge-
neous clusters,*” and range from vacancy formation to surface
diffusion. The predicted interconversion rates are of the order
of seconds to hundreds of seconds, in agreement with experi-
mental estimates for larger crystalline nanoparticles,* 2> con-
firming an enhancement of the kinetics of interdiffusion in
nanosystems with respect to the bulk.?’
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