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Synthesis, Structure, Properties, and Applications
of Bimetallic Nanoparticles of Noble Metals

Kateryna Loza,* Marc Heggen,* and Matthias Epple*

Bimetallic nanoparticles of noble metals are of high interest in imaging,
biomedical devices, including nanomedicine, and heterogeneous catalysis.
Synthesis, properties, characterization, biological properties, and practical
applicability of nanoparticles on the basis of platinum group metals and
the coin metals Ag and Au are discussed, also in comparison with the
corresponding monometallic nanoparticles. In addition to the parameters
that are required to characterize monometallic nanoparticles (mainly size,
size distribution, shape, crystallographic nature, surface functionalization,
charge), further information is required for a full characterization of bimetallic
nanopatticles. This concerns the overall elemental composition of a
bimetallic nanoparticle population (ratio of the two metals) and the internal
distribution of the elements in individual nanoparticles (e.g., the presence
of homogeneous alloys, core—shell systems, and possible intermediate

The methods for their synthesis have been
refined to a very high degree, including a
control over particle size and shape.l'&?
Bimetallic nanoparticles have been intro-
duced later but are now an exciting area of
research because they offer a new degree
of freedom to vary the particle properties
by blending two metals in one particle.
This extends their applicability in catalysis
(including electrocatalysis), biomedicine,
and imaging.?43 Here, we discuss the
current state of the art of bimetallic nano-
particles. We will focus on bimetallic nano-
particles that contain noble metals, that is,
platinum group metals and the two noble
coin metals silver (Ag) and gold (Au).

stages). It is also important to ensure that all particles are identical in terms
of elemental composition, that is, that the homogeneity of the particle

population is given. Macroscopic properties like light absorption, antibacterial
effects, and catalytic activity depend on these properties. The currently
available methods for a full characterization of bimetallic nanoparticles are
discussed, and future developments in this field are outlined.

1. Introduction

Nanoparticles of noble metals have been prepared and studied
since decades. They have established themselves as valuable
materials in various applications, for example, homogeneous
and heterogeneous catalysis, nanomedicine, and imaging.l!l
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2. Synthesis of Bimetallic
Nanoparticles

Generally, there are two methods to pre-
pare nanoparticles: bottom-up (by reduc-
tion of the metal cations) and top-down
(by disassembling larger objects, for
example, by laser ablation or grinding).'8?** We will consider
them subsequently.

The bottom-up method requires a suitable soluble source
of metals, usually metal cations in the form of soluble salts or
coordinated by suitable ligands. To such a solution, a reducing
agent is added whose nature has a strong influence on the
particle properties. Numerous methods have been developed
where reducing agents like glucose, citrate, or sodium borohy-
dride are applied. A special case is the so-called polyol method
where the solvent is a high-boiling alcohol that at the same time
serves as reducing agent. The particle growth and the colloidal
stability are usually controlled by suitable capping agents like
surfactants, polymers, and polyelectrolytes. The nature of the
resulting nanoparticles depends on various parameters like tem-
perature, time, and reagent concentrations. Often, these cannot
be fully controlled to obtain monodisperse nanoparticle popu-
lations. After all, the underlying processes of nucleation and
crystal growth are complex and still insufficiently understood.!

In the synthesis of bimetallic nanoparticles, at least two
metal sources must be used (example: Ag* and Au*").0l Their
presence during the reduction determines the nature of the
resulting bimetallic nanoparticles. If both metal precursors are
present at the same time, their simultaneous reduction may
lead to alloyed nanoparticles where both metals (example: Ag,
Au) are present in a statistical mixture. In contrast, a sequential

reduction (“seeded growth”) can lead to core—shell particles.<7]
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For example, if Au** is reduced first to gold nanoparticles,
the subsequent addition of Ag* in the presence of a sufficient
amount of reducing agent leads to bimetallic particles with
a gold core and a silver shell. This happens because gold is
nobler than silver. The reverse case is not always possible. Sup-
pose that Ag" is reduced first to silver nanoparticles, followed
by the addition of Au’*. In that case, cations of the nobler gold
will oxidize the metallic silver and be deposited on the surface
of the dissolving silver nanoparticle. This can lead to a hollow
gold nanoparticle where the silver core has been completely
dissolved."*#l To constrain this oxidative dissolution of the less
noble metal, one can add an excess of stronger reducing agents
together with the nobler metal ion. However, experience shows
that it is not always possible to control redox chemistry on the
nanoscale in such a complex reaction mixture.

The most controllable top-down method is laser ablation.
Here, a solid target (in this case, a bimetallic alloy) is treated
with a laser beam. At suitable conditions, well-dispersed bime-
tallic nanoparticles are obtained which can then be further
fractionized and surface-functionalized.l®*°! Another option is
a two-step synthesis, that is, a laser irradiation of a mixture of
silver and gold nanoparticles.l'% Figure 1 illustrates the basic
synthetic concepts.

3. Structural Features of Bimetallic Nanoparticles

In general, the average particle size and the particle size dis-
tribution are the most important properties of nanoparticles.
However, these parameters are not always easy to define and
to determine, given the fact that most particle dispersions do
not consist of completely uniform particles. Different particle
size determination methods are based on different physical
principles and can lead to different results.!!! First of all, one
has to distinguish between methods that probe dispersed par-
ticles (like dynamic light scattering, centrifugation techniques,
nanoparticle tracking analysis) and methods that probe only the
solid (metallic) core. In dispersion, the hydrodynamic par-
ticle diameter is measured, and the primary particles may also
be agglomerated. In the dried (solid) state, the primary particle
size is measured, but usually this does not permit a conclu-
sion about the situation in the dispersed state because particles
often agglomerate during drying. This is frequently the case in
electron microscopy where dried samples are studied.

Particle size determination methods are usually applied to
dispersed nanoparticles in the colloidal state. By probing dif-
ferent physical effects, they give information on average par-
ticle diameters and the particle size distribution. They can be
applied to bimetallic nanoparticles in the same way as to mono-
metallic nanoparticles, with all given limitations. The most
common techniques are dynamic light scattering (DLS), analyt-
ical ultracentrifugation (AUC), disc centrifugal sedimentation
(DCS), and nanoparticle tracking analysis (NTA), based on the
Brownian motion of the particles.''*d Less frequently applied
are static light scattering (SLS),!'?l small-angle X-ray scattering
(SAXS),11413] asymmetric field flow fractionation (AFFF),!*
and electrophoresis.[’ Note that in some cases (especially with
centrifugation methods), the particle density must be known
which for bimetallic nanoparticles depends on the actual
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Figure 1. Synthesis of alloyed bimetallic nanoparticles in the silver—gold system (“electrum”) as examples in schematic representations. A) Bottom-
up synthesis, leading to alloyed silver-gold nanoparticles after co-reduction. B) Bottom-up synthesis, leading to silver-gold core—shell nanoparticles
(seeded-growth mechanism). C) Bottom-up synthesis, leading to hollow gold nanoshells (anodic dissolution of the silver core). D) Top-down synthesis
to prepare alloyed silver-gold nanoparticles from an alloyed target by laser ablation.
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Figure 2. Analytical results of different bimetallic silver—gold nanoparticles in dispersion (DLS and DCS) and in the solid state (SEM): A) dynamic light
scattering, B) disc centrifugal sedimentation, C) SEM image of bimetallic silver—gold 50:50 nanoparticles, and D) particle size distribution derived from
these SEM data. Reproduced with permission.['®l Copyright 2014, Simon Ristig.
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Figure 3. Representative HRTEM images of bimetallic nanoparticles: A) Twinned gold—palladium nanoparticles, B) hollow silver—platinum nano-
particles, C) intergrown palladium—platinum nanoparticles, and D) a larger multiply-twinned silver-gold nanoparticle. Reproduced with permis-

sion.'819 Copyright 2018, 2019, Kateryna Loza.

particle composition. This information is available only from
elemental analysis on both macro- and microscale. Figure 2
shows some typical analytical results for dispersed bimetallic
nanoparticles.

Without electron microscopy in combination with high-end
spectroscopic techniques, a meaningful analysis of bimetallic
nanoparticles is impossible. For larger nanoparticles (>10 nm),
scanning electron microscopy (SEM) may be sufficient, but
usually (high-resolution) transmission electron microscopy
(TEM or HRTEM) is required to shed light on particle size and
shape. Electron diffraction helps to identify crystalline domains
and the crystal structure in general. However, it must be
stressed that the “small world” within an electron microscopic
image must always be complemented by methods that probe a
statistically more relevant part of a sample.

As with monometallic nanoparticles, high-resolution trans-
mission electron microscopy and electron diffraction have
revealed that many nanoparticles consist of more than one crys-
talline domain. This feature appears to result from very early
nucleation steps, that is, the initial nucleus is already twinned
and preserves this feature during growth.'”] Thus, a thorough
analysis of the crystalline nature of a nanoparticle permits us
to draw conclusions about the very first (and non-analyzable)

Adv. Funct. Mater. 2020, 30, 1909260 1909260 (4 of 14)

nucleus. Electron microscopy can also demonstrate the pres-
ence of hollow or intergrown (fused) particles. Figure 3 shows
typical results from electron microscopy.

A supplementary method to analyze polycrystalline nano-
particles is X-ray powder diffraction (XRD).[342% Its advantage
lies in the fact that billions of particles are probed at the same
time, unlike the situation in electron microscopy. This is a
more representative part of a sample, but on the other hand,
all results show the average of many particles and individual
differences inside a sample are often overlooked. Therefore,
it conveniently complements electron microscopy. By analysis
of diffraction peak profiles, the size of the crystalline domains
can be computed, together with an assessment of the internal
microstrain.2°421 X.ray powder diffraction can be applied if the
crystalline domains are larger than about 2-3 nm. The peak
broadening that occurs with smaller crystallites can be quan-
titatively evaluated by quantitative Rietveld refinement. The
presence of intermetallic alloys can be detected by measuring
the lattice parameters. Usually (but not always), an alloy will
observe Vegard's rule, that is, it will have intermediate lattice
parameters compared to the pure metals.!#22 X-ray diffrac-
tions reaches a limit when the crystalline domains become too
small. In that case, the peaks will be too broad for evaluation.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. X-ray powder diffractometry to analyze bimetallic Au-Pd nano-
particles. A) Physical mixture of monometallic gold and palladium nan-
oparticles (8 nm) where both metals can be distinguished by Rietveld
refinement. B) In Pd-Au core—shell nanoparticles, the palladium core
(5-6 nm) can be distinguished from the gold shell (1-2 nm). C) Vice
versa, in Au-Pd core-shell nanoparticles, the gold core (5-6 nm) can be
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Unfortunately, for metallic nanoparticles that crystallize in high-
symmetry lattices like body-centered cubic (bcc), cubic-close
packing/face-centered cubic (ccp/fcc), or hexagonal-close
packing (hcp), there is often a shortage of diffraction peaks that
prevents a meaningful analysis. On the other hand, anisotropic
crystalline domains can be analyzed by looking along different
crystallographic directions (peaks with different Miller indices).
As a novel development, pair-distribution functions which work
in the real space have been applied to nanoparticles with con-
siderable success.?*!

Two major pitfalls should be mentioned. First, the crystal-
lite size as determined by XRD is not the same as the particle
size.?!l In the case of twinned particles, the crystallite size
will be smaller than the particle size. Only for single-crystal-
line particles, crystallite size and particle size are identical.
Second, the instrumental peak broadening is often not con-
sidered, that is, the Scherrer equation is directly applied to the
measured peak width. For broad peaks (very small domains),
this error becomes increasingly smaller, but for more narrow
peaks (larger domains), a considerable error is introduced if
the instrumental peak broadening (which is the lower limit of
a peak width) is neglected. In that case, the computed crystallite
size is smaller than its actual value. Figure 4 shows an XRD
measurement that demonstrates its ability to identify core and
shell of a bimetallic Au-Pd nanoparticle./3518]

4, Elemental Distribution in Bimetallic
Nanoparticles

Elemental analysis on the macroscale is usually done by atomic
absorption spectroscopy (AAS), by inductively coupled plasma
mass spectrometry (ICP-MS), or by X-ray fluorescence analysis
(XRE). In the case of bimetallic nanoparticles, it is important to
assure that the elemental composition is (ideally) the same as
expected by the stoichiometry of the synthesis process. It must
be underscored that a thorough purification of the nanoparti-
cles, for example, by centrifugation, filtration or dialysis, is nec-
essary to assess the particle properties. As outlined above, not all
metal ions that are present during the synthesis will be incorpo-
rated into the nanoparticles. AAS can be used after dissolution
of the nanoparticles, usually accomplished by digestion in con-
centrated nitric acid or aqua regia (three parts HCl and one part
HNO;). Care must be taken that the digestion is complete and
that no insoluble products (like AgCl) escape the analysis. For
platinum metals like iridium or rhodium, a complete digestion
in aqua regia is sometimes difficult unless pressure is applied.
To our experience, AAS (graphite furnace) does not give the cor-
rect stoichiometry for nanoparticles unless they have been previ-
ously dissolved, although one would have expected a complete
vaporization under these analytical conditions. The detection
limit of AAS depends on the individual element as they all have
different spectroscopic sensitivities. For the eight elements we
are discussing here, the detection limits are 0.8 ppm (Ru), 2 ppm
(Rh), 1.2 ppm (Pd), 0.05 ppm (Ag), 0.75 ppm (Os), 12 ppm (Ir),
24 ppm (Pt), and 1 ppm (Au). Complex environments (like

distinguished from the palladium shell (1-2 nm)."®l Reproduced with
permission.'34f] Copyright 2019, Royal Society of Chemistry.
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Figure 5. Elemental distribution inside typical nanoparticles: A) a palladium—gold core—shell nanoparticle, B) alloyed silver—platinum nanoparticles,
C) a physical mixture of platinum and silver nanoparticles, and D) an inhomogeneous sample of partially alloyed silver-rhodium nanoparticles. Repro-

duced with permission.'®'? Copyright 2018, 2019, Kateryna Loza.

salts, biomolecules, or the presence of other metal ions) make
analyses by AAS difficult and sometimes impossible.?’! In
contrast, ICP-MS is a highly sensitive method with a higher sen-
sitivity (even below the ppt range) that can detect all elements
in a sample in the same experiment.?%! ICP-MS has also been
coupled to chromatographic techniques so that an individual
elemental analysis of single particles is possible.’”l XRF works
with solid samples with a detection limit of about 1 ppm. This
gives reasonable data for bimetallic nanoparticles.?®l Together
with electron microscopy, energy-dispersive X-ray spectroscopy
(EDX) and wavelength-dispersive X-ray spectroscopy (WDX)
give semi-quantitative results for macroscopic samples. How-
ever, for accurate analytical data on nanoparticles assemblies by
EDX and WDX, the samples have to be specially prepared and
the instrument has to be calibrated.?’]

For bimetallic nanoparticles, the question of the ele-
mental distribution inside each nanoparticle becomes
important.?>d£62.¢30 1t jg necessary to prove that a given
population of bimetallic nanoparticles indeed contains bime-
tallic nanoparticles that are all identical. Particle size distri-
butions and particle shapes cannot give this information, that
is, an elemental analysis on the nanoscale is necessary. Without
this information, it would be almost impossible to distinguish,

Adv. Funct. Mater. 2020, 30, 1909260 1909260 (6 of 14)

for example, a population of 10 nm Ag-Au nanoalloys from a
mixture of 10 nm Ag nanoparticles and 10 nm Au nanoparticles.
Thus, modern analytical techniques which can distinguish
between elements on the nanometer scale and below are required.
These are typically associated with high-resolution transmission
electron microscopy: Energy-dispersive X-ray spectrometry (EDX)
and high-angle annular dark-field imaging (HAADF).BY Only if
the elemental distribution inside a nanoparticle is known, we can
discriminate homogeneous alloy nanoparticles and core—shell
nanoparticles. Figure 5 shows representative examples of bime-
tallic nanoparticles with different elemental distribution.
Fundamental questions concern the distribution of the ele-
ments inside a nanoparticle (e.g., alloy or core—shell) and the
crystallographic faceting (e.g., which crystal faces are exposed).
For instance, it is usually not clear whether the measured ele-
mental distribution represents a thermodynamic equilibrium
state or a frozen image of the synthesis conditions. The fact that
it is possible to obtain different kinds of bimetallic nanoparti-
cles underscores the latter, that is, bimetallic nanoparticles usu-
ally represent a kinetically frozen state. Nevertheless, it is inter-
esting to assess whether, for example, a core—shell nanoparticle
will transform into a nanoalloy if sufficient energy is supplied
to overcome the activation barrier for atom movement inside a

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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particle. This would involve heating the particles to below the
sintering and melting temperature and analyze the elemental
distribution before and after heating, usually by HRTEM com-
bined with EDX or HAADF. However, it cannot be taken for
granted that the equilibrium state at elevated temperature is the
same as the “frozen” state after cooling to ambient temperature
for individual particle analysis by HRTEM. Thus, in situ anal-
yses at high temperature are required which are experimentally
not trivial. The same considerations apply to crystal faces that
may result from the specific synthetic process (e.g., influenced
by capping agents) or from a stable energetic state in terms of
surface energy.

It must again be stressed that the yield of a nanoparticle
synthesis is not always 100%. This means that the ratio of
both metals in the nanoparticles can be different from the
ratio of the metallic precursors. A proper assessment requires
elemental analysis of a large number of nanoparticles, that is,
beyond the analysis of just a few particles by EDX and related
methods. A representative amount of a sample should be ana-
lyzed by bulk methods AAS, ICP-MS, or XRF to assure the
overall composition of a sample. Thus, both microscopic and
macroscopic analytical methods should be used for a full char-
acterization. Further analytical data on the elemental distribu-
tion inside nanoparticles can be obtained by X-ray absorption
spectroscopy (EXAFS and XANES).132l and X-ray photoelectron
spectroscopy (XPS).3!

Electrochemistry is a powerful tool to analyze metallic nano-
particles as they can all be oxidized and again reduced by
application of a suitable voltage.?* Cyclovoltammetry (CV) is a
common technique which also permits the quantitative analysis
of bimetallic nanoparticles where the metals are subsequently
oxidized and reduced, depending on their electrochemical
potential. It is also possible to distinguish between alloyed nan-
oparticles and core-shell nanoparticles.?* The underpotential
deposition, for example, of lead (Pb), permits a very sensitive
surface analysis which is not possible by any other means.l*®l
Another option is the single particle analysis after impact on
an electrode after electrophoretic deposition in the electric field
where the size of each particle can be computed from the total
charge measured for each particle.?”]

One could argue that the properties of bimetallic nanoparti-
cles should be predictable by knowledge of the phase diagram.
However, this is misleading because phase diagrams describe
thermodynamic equilibrium phases.’¢J Most synthetic pro-
tocols (especially the chemical syntheses based on bottom-up
approaches) involve reactions at or near ambient temperature.
They also lead to kinetically stable products as it is evident from
the possibility to synthesize so many different types of bime-
tallic nanoparticles with the same composition (alloy, core—
shell, etc.). Furthermore, phase diagrams do not include sur-
face energy effects which are important and sometimes even
dominant for nanoparticles.t¢ Therefore, the knowledge of a
phase diagram of a given bimetallic mixture is certainly helpful,
but its predictive capacity is unfortunately limited for bimetallic
nanoparticles. As an example, the system silver-platinum has
a miscibility gap,1®® but it has been shown that the synthesis
of alloyed silver—platinum nanoparticles is possible.l”23239 Elec-
trochemical arguments have been used to predict the forma-
tion of core-shell and alloyed nanoparticles.[*) The laser-based
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synthesis of metallic nanoparticles for catalysis has also been
investigated in detail as a model top-down approach.*!]

Theoretical methods have also been applied to bimetallic
nanoparticles to address these questions.[*?l Unfortunately, their
predictive behavior is limited because high-end simulations can
only be applied to small particles (a 1.8 nm gold nanoparticle
already contains about 150 atoms) and because the influence of
the organic capping agents cannot be assessed. Furthermore,
most computations are carried out in vacuum which is physi-
cally correct but much different from the state of a dispersed
nanoparticle. Nevertheless, the increasing computer power and
refined models will probably lead to considerable advances in
the future.

If nanoparticles become sufficiently small (a few nm in
diameter), they are denoted as “ultrasmall.” In this dimension,
they meet the size of metalloid clusters which can be consid-
ered as large molecules.1%**] In contrast to nanoparticles,
such clusters are often atomically sharp, that is, they contain a
given number of metal atoms in a defined geometric arrange-
ment that can be probed by single-crystal X-ray diffraction.[*
Besides a number of monometallic clusters, some bimetallic
clusters have also been crystallized and structurally character-
ized.! Such ultrasmall particles have special properties com-
pared to larger ones, in terms of spectroscopic properties (e.g.,
autofluorescence instead of fluorescent quenching),*?! biolog-
ical properties (e.g., a better cell membrane permeability, also
into the cell nucleus),”! and for heterogeneous catalysis and
electrocatalysis.¥#8] An interesting synthetic concept is biotem-
plating by selective peptides to form bimetallic ultrasmall
nanoparticles.[*’]

Often nanoparticles are spherical, but there is a strong
interest in reliable synthetic protocols for non-spherical par-
ticles. Generally, the synthetic protocols which have been
developed for monometallic nanoparticles can also be applied
to bimetallic nanoparticles, that is, a successful control over
nucleation and growth can lead to non-spherical nanoparticles.
Seeded-growth methods are a straightforward example where a
non-spherical seed of the first metal is overgrown by a shell of
the second metal under retention of the particle shape.[2b5250
Figure 6 shows representative non-spherical bimetallic
nanoparticles.

There are also reports on more complicated systems that
contain more than two metals. Trimetallic nanoalloys of Au-Pt-
Pd have been prepared by magnetron-sputtering, and their for-
mation has been studied by molecular dynamics simulation.”?
The thermal behavior of trimetallic Au-Cu-Pt nanoparticles was
studied by molecular dynamics to predict the melting process
in such core—shell nanoparticles.3!

5. Optical Properties of Bimetallic Nanoparticles

Depending on the element, nanoparticles of noble metals
have distinct optical properties that are different from the bulk
metals. These involve surface plasmon resonance (SPR) where
surface electrons are excited to give a characteristic absorption,
leading to colored nanoparticle dispersions.”® The characteristic
red color of gold nanoparticle dispersions is famous since the
days of Michael Faraday, but has been used even by the Romans

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Representative HRTEM images of non-spherical bimetallic nanoparticles with elemental distribution by EDX. A,B) Silver nanorods, overgrown
with palladium. C,D) Silver nanocubes, overgrown with gold. Reproduced with permission.’!l Copyright 2019, Kateryna Loza.

and by medieval glassmakers to prepare colored bottles and
windows.l'?l The SPR absorption wavelength depends on the
individual element. In dispersions of “common” nanoparticles of
about 10-20 nm diameter, silver has a yellow color and gold has
a red color. The platinum group metals do not show a distinct
SPR absorption in the visible region (400-800 nm), that is, their
nanoparticle dispersions are usually brownish-black colored.P®
The wavelength and the intensity of the SPR band both depend
on the particle size and the particle shape.

For bimetallic nanoparticles, the SPR can give a clue on the
internal distribution of the elements. For alloyed nanoparticles,
the maximum of the SPR absorption band shifts linearly with
the composition. For core—shell nanoparticles, only the SPR of
the metal in the shell is observed (if the shell forms a contin-
uous layer around the core). Figure 7 shows typical data.

Like nanoparticles, bimetallic nanoparticles have a strong
capability for fluorescence quenching.?®%¢ This makes it dif-
ficult and often impossible to attach fluorescent labels, for
example, for imaging experiments in cell cultures. How-
ever, if the nanoparticles become very small (a few nm), their
quenching ability is lost and an autofluorescence can result,
depending on the nanoparticle and the ligand shell.[>58]
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6. Biological Properties of Bimetallic
Nanoparticles

Two main properties of nanoparticles are important: Their
uptake by cells and their potential to release bioactive ions. In
general, all kinds of nanoparticles are taken up by all kinds of
cells, usually by endocytosis and related mechanisms. They
usually end up in the endolysosome from which they can reach
the cytosol or face excretion out of the cell. Oxidation can lead
to the release of metal cations, an effect that can lead to unex-
pected results in the case of bimetallic nanoparticles. When two
metals with different electrode potential are electrically coupled,
a local element results which can lead to a preferential oxida-
tion of the less noble metal. This effect is important for silver
which is the most bioactive of the eight metals discussed here.
Silver has a well-known cytotoxic effect toward bacteria and cells
which is frequently exploited for antibacterial coatings.!'>®% In
contrast, the other noble metals form nanoparticles which are
much less cytotoxic and often have small biological effects, if
at all.l’! In silver-alloyed nanoparticles, the release of silver can
lead to a tunable cytotoxicity, but experience has shown that it
is difficult to predict the exact level of cytotoxicity.?:60262] The

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

SI

10:90 2080 3070 6040 7030 8020 9010 1000

A 0100

s'rvvv-v--~

1.04 Ag Au 90:10
Ag:Au 80:20
Ag:Au 70:30
E ol Ag:Au 60:40
'é- Ag:Au 50:50
o ——— Ag:Au 40:60
2 —— Ag:Au 30:70
< 064 ~—— Ag:Au 20:80 0
® —— Ag:Au 10:90 =
N —r <}
= \ ') L=
S \ 55
E 04 e
] \ E=1
x
= w
0.2
00 : ; : ; : - :
350 400 450 500 550 600 650 700

wavelength / nm

460

440

420

SPR peak maximum [nm]

4004

200 0.0 ’ 0'2 ’ 0.4 . 0'6 ’ D.B ‘ |‘0
Portion Au [-]

400 500 600 700 800
Wavelength [nm]

Figure 7. Optical properties of bimetallic nanoparticles: Alloyed silver—gold nanoparticles prepared by A) wet-chemical reduction and by B) laser abla-
tion. It is remarkable that bimetallic nanoparticles from these very different synthetic approaches show such similar optical properties. A) Reproduced
with permission.[8222] Copyright 2015, Royal Society of Chemistry. B) Reproduced under the terms and conditions of the Creative Commons Attribution

License.’d Copyright 2014, The Authors, published by Beilstein-Institut.

presence of platinum in alloyed silver—platinum nanoparticles
causes an osteopromotive activity in contact with human mes-
enchymal stem cells.[®®] Figure 8 shows typical cell-biological
data of bimetallic nanoparticles.

Due to its antibacterial action, bimetallic nanoparticles that
contain silver are most prominent in biomedical applications.!*¥
This was also shown for a range of bimetallic silver-containing
surface coatings, deposited by magnetron sputtering. (] How-
ever, the exact reasons and mechanisms of the observed biolo-
gical effects often remain unclear and require a laborious inves-
tigation of materials scientists together with biologists. It must
be stressed that bimetallic nanoparticles can strongly differ in
their properties as outlined above, that is, an assessment of the
biological effect must be accompanied by a thorough analysis
of the nanoparticle structure itself, mainly the elemental distri-
bution inside the nanoparticles. It is not sufficient to use the
average particle size and the overall elemental composition to
predict the biological effect of bimetallic nanoparticles.

In terms of regulatory affairs, the framework laid out by
organizations like the U.S. American Federal Drug Administra-
tion (FDA) and the European Union (EU) are important. Typi-
cally, nanomaterials are defined by one or more characteristic
dimensions between 1 and 100 nm.! Both FDA and EU are
regulating the application in consumer products, in biomedical
devices, and in drugs. Thus, if a bimetallic nanoparticle falls
into this size range, it will be considered as a nanomaterial. To
assess the biological effects and potential risks, all properties
that are discussed above (e.g., size, average size distribution,
shape, charge, surface functionalization) have to be consid-
ered. For a bimetallic nanoparticle, the inner structure, that is,
mainly the elemental distribution, and the elemental composi-
tion (ratio of metals) need to be provided as further parameters
because they will affect the biological properties. It is probably
not an exaggeration to assume than the approval process for a
bimetallic nanoparticle system for biomedical application will
be a regulatory nightmare.
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Figure 8. A) Effect of silver—gold nanoparticles on the viability of human mesenchymal stem cells. B) Effect of silver—platinum nanoparticles on the
viability of human mesenchymal stem cells. Reproduced under the terms and conditions of the Creative Commons Attribution License.[52 Copyright
2015, The Authors, published by Beilstein-Institut. B) Reproduced with permission.**1 Copyright 2018, Royal Society of Chemistry.
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Figure 9. A) STEM images of a Pt-Pd/Al,O; CO oxidation catalyst. The left and right columns show magnified images of the interior and outer edge of
the alumina support, respectively. Colored circles indicate different-sized Pt-Pd nanoparticles. Reproduced with permission.’l Copyright 2017, Wiley-
VCH. B) STEM image and EDX map of Ru/RuO, OER catalyst clusters. Reproduced with permission.’2l Copyright 2018, American Chemical Society.
C) HRTEM image of a platinum fuel cell catalyst nanoparticle on a carbon substrate. D) STEM image of a facetted platinum—-nickel alloy catalyst.

Reproduced with permission. Copyright 2019, Marc Heggen.

7. Application of Bimetallic Nanoparticles
in Heterogeneous Catalysis

Heterogeneous catalysis strongly relies on metals, usually in
finely dispersed form to enhance the catalytically active spe-
cific surface area.’#7! A plethora of supported metal catalysts
has been described, explored, and brought to practical applica-
tion. The application of bimetallic nanoparticles broadens the
range of heterogeneous catalysis, for example, for fine-tuning
the redox activity in alloyed nanoparticles in redox catalysis
and electrocatalysis.[243&hik5468] Noble metal nanoparticles are
important electrocatalysts, for example, in polymer electrolyte
membrane (PEM) water electrolysis and fuel cells. Ruthenium
(Ru/RuO,) and iridium (Ir/IrO,) are the most active catalysts
for the oxygen evolution reaction (OER) at the anode in water
electrolysis. Ruthenium is more active than iridium, but as cor-
rosion limits the use of ruthenium, iridium is generally consid-
ered as the state-of-the-art catalyst for the OER in PEM water
electrolysis.[®) The reference catalyst for the hydrogen evolu-
tion reaction (HER) at the cathode in PEM water electrolysis is
platinum. In addition, platinum nanoparticles are also bench-
mark catalysts for the hydrogen oxidation reaction (HOR) as
well for the oxygen reduction reaction (ORR) in PEM fuel cells
(Figure 9). Especially the ORR requires a high platinum loading
due to its sluggish kinetics.”"!

It should be noted that the activity of noble metal cata-
lysts, for instance, for the ORR can be substantially increased
by alloying them with more abundant transition metals like
nickel. Such alloying strategies can be used to introduce lattice
compression effects 3l and/or to modify the electronic prop-
erties.’* Furthermore, the selection of highly active facets and
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the use of faceted nanoparticles can substantially increase the
catalytic activity. For instance, it has been demonstrated that the
Pt;Ni (111) alloy surface has an exceptionally high ORR activity
(Figure 9):7° Tt is ten times more active than the platinum (111)
surface and 90 times more active than state-of-the-art spherical
platinum catalysts. In addition, surface doping with a ternary
metal is a highly effective strategy to stabilize the octahedral
shapes of the catalyst nanoparticles and to improve their long-
term stability during electrochemical cycling.’®! As palladium
has similar properties as platinum but is less costly, it is some-
times considered as a substitute for platinum catalysts. Thus,
palladium was tested in fuel cells as platinum co-catalyst as
anode and cathode material in acid media and as anode mate-
rial in alkaline membrane fuel cell.’”)

For the storage of hydrogen produced by sustainable
resources, ammonia has been suggested due to its high energy
density compared to hydrogen. Ruthenium-based catalysts have
the highest activity for the decomposition of ammonia into
hydrogen and nitrogen.”® As further examples for noble metals
in gas-phase catalysis, palladium and palladium/silver are state-
of-the-art catalysts for the semi-hydrogenation of acetylene,
which is an industrially important reaction for the purification
of an ethylene feed for the production of polyethylene.”! Sup-
ported noble metal catalysts like platinum, palladium, and gold
are also used to oxidize volatile organic compounds.®®% Gold is
a highly effective catalyst for the oxidation of CO at very low
temperatures. Because of this, gold has also been used as cata-
lyst for the water gas shift reaction (CO + H,0 — CO, + H,), a
reaction which is crucial for the production of hydrogen on an
industrial scale.®! Gold and silver are also active catalysts for
the electrochemical reduction of CO,. Furthermore, platinum,

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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palladium, and rhodium are used as automotive exhaust cata-
lysts, where platinum and palladium serve as oxidation cata-
lysts (Figure 9) and rhodium and platinum serve as reduction
catalysts. Thus, bimetallic nanoparticles of noble metals offer
many opportunities that go beyond the individual metals or
their physical mixtures.

The performance of bimetallic nanoparticles and metal alloy
surfaces in heterogeneous catalysis has been studied by theo-
retical methods. Only a few examples can be discussed here.
Electronic effects were shown by density-functional theory
(DFT) to control the adsorption of oxygen and its dissociation
on the surface on Ag-Au alloys.B2l A synergetic effect of palla-
dium and gold was found by DFT for formic acid decomposi-
tion to enhance the hydrogen production rate.®¥l The melting
of Au-Pd nanoalloys was predicted by molecular dynamics sim-
ulations.®* A DFT analysis in the Pd-Ir system was performed
to describe the hydrogen-metal interaction which was weak-
ened by the presence of iridium./®! The influence of the particle
structure and internal elemental distribution was approached
both experimentally and theoretically (by DFT simulations) on
Pt-Au nanoparticles (7 nm), and compositions with a maximum
catalytic efficiency were identified on the basis of the surface
atom arrangement.8® The strain inside nanoparticles was deci-
sive for the catalytic performance in electrocatalysis.®® By DFT
calculations, an optimized composition of RhAu nanoparticles
was predicted that was efficient in the oxygen-reduction reac-
tion. Notably, rhodium and gold are immiscible in the bulks
state and can only be alloyed as nanoparticle.l®”] It has also been
argued, based on extensive DFT simulations, that the catalytic
effects on nanoparticles cannot be easily compared to model
surfaces that are, however, more easily defined.[63]

8. Conclusions and Future Developments

A considerable amount of work has been reported for bimetallic
nanoparticles. On summary, they extend the field of potential
applications beyond monometallic nanoparticles. Based on the
current state-of-the-art, we envision future developments in the
following directions.

First, it will be interesting to blend three or more metals in
one nanoparticle. This touches the field of high-entropy alloys
in materials science. The synthesis and the structural character-
ization will be more complex, but a possible fine-tuning of the
properties could give rise to new applications, for example, in
heterogeneous catalysis. However, an empirical understanding
of the synthetic procedures and the observed effects will be
increasingly difficult, given the many degrees of freedom for
such complex nanoparticles.

Second, there is the perspective to make the bimetallic nano-
particles smaller until they reach the size of ultrasmall parti-
cles which meet the area of atom-sharp clusters. In this case,
the particle diameters are at about 2 nm and below. From such
particles, novel applications (e.g., imaging in cell biology) and a
Dbetter cell wall permeation can be expected.

Third, ultrastructural methods will gain further importance
to bring our knowledge of the internal crystallography and
the elemental distribution inside individual nanoparticles to a
higher level. For instance, high-resolution electron microscopy,
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also applied in situ, and atom probe tomography (APT) should
be able to shed light onto the structure on the level of individual
atoms. The results will also go into the third dimension, that is,
electron tomographic techniques will be combined with spec-
troscopic techniques with atomic resolution (EDX, HAADF).
At the moment, we can identify elements inside a particle, but
the detection of a possible enrichment or depletion along dislo-
cation steps is still beyond our experimental abilities. Electro-
chemistry and single-particle analyses will strongly contribute
to our knowledge.

Fourth, synthetic approaches will be accompanied by in
situ methods where we will learn more on the particle forma-
tion processes of bimetallic nanoparticles, for example, small-
angle X-ray scattering (SAXS), small-angle neutron scattering
(SANS), X-ray absorption spectroscopy (XANES, EXAFS)

Fifth, theoretical method will permit us to predict and under-
stand properties of bimetallic nanoparticles as computers are
becoming faster and relevant systems become larger. This will
help us to develop and to improve more reliable and robust syn-
thetic pathways, both bottom-up and top-down, also to produce
bimetallic nanoparticles in larger amounts.
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