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ABSTRACT: To this day, engineering nanoalloys beyond bimetallic
compositions has scarcely been within the scope of physical deposition
methods due to the complex, nonequilibrium processes they entail. Here, we
report a gas-phase synthesis strategy for the growth of multimetallic
nanoparticles: magnetron-sputtering inert-gas condensation from neighboring
monoelemental targets provides the necessary compositional �exibility,
whereas in-depth atomistic computer simulations elucidate the fast kinetics
of nucleation and growth that determines the resultant structures. We
fabricated consistently trimetallic Au�Pt�Pd nanoparticles, a system of major
importance for heterogeneous catalysis applications. Using high-resolution
transmission electron microscopy, we established their physical and chemical
ordering: Au/Pt-rich core@Pd-shell atomic arrangements were identi�ed for
particles containing substantial amounts of all elements. Decomposing the growth process into basic steps by molecular
dynamics simulations, we identi�ed a fundamental di�erence between Au/Pt and Pd growth dynamics: Au/Pt electronic
arrangements favor the formation of dimer nuclei instead of larger-size clusters, thus signi�cantly slowing down their growth
rate. Consequently, larger Pd particles formed considerably faster and incorporated small Au and Pt clusters by means of in-
�ight decoration and coalescence. A broad range of icosahedral, truncated-octahedral, and spheroidal face-centered cubic
trimetallic nanoparticles were reproduced in simulations, in good agreement with experimental particles. Comparing them with
their expected equilibrium structures obtained by Monte Carlo simulations, we identi�ed the particles as metastable, due to out-
of-equilibrium growth conditions. We aspire that our in-depth study will constitute a signi�cant advance toward establishing
gas-phase aggregation as a standard method for the fabrication of complex nanoparticles by design.

� INTRODUCTION
Gas-phase synthesis is a promising method for the green and
economic design of nanoparticles as building blocks for
targeted nanotechnology applications, which has attracted
increasing interest due to its versatility and liberating
independence from chemical precursors and surfactants.1
Today, after signi�cant advances both in the laboratory and
in silico,2�5 it has reached the liminal stage where its potential
for real-world applications can be realized. To this end, two
main limitations need to be overcome: scale-up and structural
control.6,7 This work has nothing to do with the former; it has,
however, everything to do with the latter.

A manifestation of the technique’s coming-of-age would be
the consistent design and engineering of sophisticated,
multicomponent nanoparticles of high technological relevance;
however, to this day, the majority of reports typically concern
simple mono- or bimetallic particles. The comparative
advantage of multicomponent nanoparticles composed of
various elements is twofold: on the one hand, they can o�er
multiple functionalities, combining di�erent classes of chemical
and physical properties stemming from individual constituents.

On the other hand, through coupling between di�erent
components, multielemental nanoparticles can present im-
proved or even novel properties typically unavailable to single-
element nanoparticles.8 These advantages make multielemental
nanoparticles particularly attractive for a wide range of
potential applications; a common example is the use of ternary
magneto-plasmonic nanoparticles for theranostics.9,10 As a
result, a large number of studies have been published over the
past years demonstrating the correlation between the
composition, structure, and physical or chemical properties
of numerous multielemental systems.11�14

Of particular interest is the boost that multimetallic
nanoparticles can provide to the �eld of catalysis. For example,
Pt-based multicomponent nanoparticles have been extensively
utilized in the chemical industry.15,16 Pt presents remarkable
catalytic activity, which may be further enhanced by the
addition of another metallic component such as Au or Pd.17�20
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Many studies focusing on bimetallic systems of these three
elements (especially segregated systems with core@shell
con�gurations) indicate a drastic enhancement of catalytic
activity in various reactions and excellent electrochemical
properties in general.21�27 It was, therefore, expected that a
suitable combination of these three noble metals would
favorably modify the electronic structure of the nanoparticles
and provide more active sites for enhanced catalytic
activity.28�33 Various studies focused on the Au�Pt�Pd
system developed by some chemical route: by typical reduction
of precursors and adjustment of decomposition kinetics to
form multishell particles,34,35 sol-immobilization,36,37 fabrica-
tion from a poly(vinylpyrrolidone)-based aqueous solution,31

electroless deposition,38 etc. These syntheses enabled the
formation of spherical, multishell Au@Pd@Pt nanoparticles,34

nanoalloys,38 Au@Pd@Pt nanocubes,39 or even interesting
trimetallic “nano�owers”.40 Experimental studies clearly
demonstrated these trimetallic clusters’ improved chemical
stability for fuel cell reactions23,30 and impressive catalytic
activity for the methanol oxidation reaction,31,35,39,41 glucose
oxidation,42 selective oxidation of benzyl alcohol,43 formic acid
electro-oxidation,34 electrochemical performance for oxygen
reduction reaction,40,44 etc. Simultaneously, computational
simulation studies established that trimetallic clusters at
thermodynamic equilibrium typically contain Au atoms at
the surface, sometimes accompanied by Pd atoms, whereas Pt
atoms usually occupy inner layers, preferably forming a

subsurface layer.45,46 The main mechanisms responsible for
the optimal chemical order are surface energy and elastic stress
minimization and maximization of the number of high-strength
bonds (i.e., Pt�Pt).47,48 It should be stressed, however, that
these studies concerned small clusters, typically on the order of
a few tens or, at the extreme case, hundreds of atoms.

This study is the �rst to present fabrication of trimetallic
Au�Pt�Pd nanoparticles through a gas-phase synthesis route.
The main goal of this work was to engineer trimetallic Au�Pt�
Pd nanoparticles by means of magnetron-sputtering inert-gas
condensation.49 To allow for a broad spectrum of relative
compositions, three independent neighboring targets of Au, Pt,
and Pd were utilized. We determined a speci�c combination of
sputtering powers, which, through their resultant relative
concentrations of sputtered atoms during nucleation, con-
sistently led to the deposition of purely trimetallic nano-
particles. Several characterization techniques such as atomic
force microscopy (AFM), X-ray photoelectron spectroscopy
(XPS), and high-resolution (scanning) transmission electron
microscopy [HR-(S)TEM] were used to investigate the
structural and chemical orders of these nanoparticles. As Au,
Pt, and Pd display similar lattice parameters, structural analysis
was challenging; therefore, experimental studies were com-
plemented with computational simulation studies. Predicting
the structure of mixed-element nanoparticles is nontrivial due
to its dependence on both size and complex energy landscape:
to reach equilibrium, a multimetallic nanoparticle must

Figure 1. (a) Schematic representation of a magnetron-sputtering inert-gas-condensation system utilizing a triple-target con�guration. (b)
Schematic representation of the MD arrangement and its correspondence to the experimental setup. For the �rst 100 ns, individual nucleation of
each element within plasma zones was simulated in a 1000 K Ar gas environment inside 50 × 50 × 50 nm3 simulation boxes. Next, growth within a
room temperature aggregation zone represented by a single 150 × 50 × 50 nm3 simulation box was simulated for 300 ns. Au, Pt, Pd, and Ar atoms
are represented by yellow, red, blue, and green spheres, respectively. (c) Calculated sputter yields for all three single-element targets for various
energies, used as input for MD: Au and Pd have consistently similar yields, whereas the Pt yield is signi�cantly lower, due to its higher sputter
energy threshold.
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