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Despite the traditional plasmonic materials are counted on one
hand, there are a lot of possible combinations leading to alloys
with other elements of the periodic table, in particular those
renowned for magnetic or catalytic properties. It is not a
surprise, therefore, that nanoalloys are considered for their
ability to open new perspectives in the panorama of
plasmonics, representing a leading research sector nowadays.
This is demonstrated by a long list of studies describing
multiple applications of nanoalloys in photonics, photocatalysis,
sensing and magneto-optics, where plasmons are combined
with other physical and chemical phenomena. In some
remarkable cases, the amplification of the conventional proper-
ties and even new effects emerged. However, this field is still in
its infancy and several challenges must be overcome, starting
with the synthesis (control of composition, crystalline order,

size, processability, achievement of metastable phases and
disordered compounds) as well as the modelling of the
structure and properties (accuracy of results, reliability of
structural predictions, description of disordered phases, evolu-
tion over time) of nanoalloys. To foster the research on
plasmonic nanoalloys, here we provide an overview of the most
recent results and developments in the field, organized
according to synthetic strategies, modelling approaches, domi-
nant properties and reported applications. Considering the
several plasmonic nanoalloys under development as well as the
large number of those still awaiting synthesis, modelling,
properties assessment and technological exploitation, we
expect a great impact on the forthcoming solutions for
sustainability, ultrasensitive and accurate detection, information
processing and many other fields.

1. Introduction

Plasmons are collective oscillations of free electrons, which can
be promoted by electromagnetic light in nanoscale metals,
where they have not-propagating nature and are usually
defined as localized surface plasmons (LSPs).[1,2] Over the last
decades, plasmon excitations were exploited for an impressive
range of technological applications and research studies,
principally in sensing,[3] biotechnology,[4] light-enhanced
catalysis,[5] thermoplasmonic effects,[6] fundamental studies
connected to local electric field enhancement of optical
processes[2] and modelling of the interaction with nearby
molecules down to the atomic level.[7]

Although all materials with conduction electrons can
potentially originate plasmons, only a few of them are chemi-
cally stable as nanostructures and provide plasmon resonances
with appreciable intensity at optical frequencies.[8–10] Most
metals undergo oxidation or degradation in ordinary condi-
tions, such as Na, K or Al. Almost all the other elements have a
poor plasmonic response, quantifiable by the plasmonic quality
factor at optical frequencies.[8,9,11] This has restricted most of the
studies about plasmonics to the nanostructures made of gold
and silver, missing all the range of chemical, physical and other
properties (low cost, earth abundance, sustainability, magnet-
ism, chemical selectivity…) available from the periodic table.
This problem is frequently raised due to the necessity of
cheaper and alternative nanomaterials with, for instance,

plasmonic and catalytic or plasmonic and magnetic properties.
The simultaneous presence of these features in a single
nanoparticle (NP) makes these nanosystems highly promising
for several frontier research endeavours.

Alloying is a strategy to re-introduce the range of properties
of the periodic table into nanostructures with an appreciable
plasmonic response (Figure 1).[12,13] It is well known that alloying
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Figure 1. Overview of the main motivations for the realization of plasmonic
nanoalloys: achieving better plasmonic properties, better non-plasmonic or
hybrid plasmonic functions and better overall features compared to single
element NPs.
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two or more metals leads to new materials with properties that
are not simply the average of their monometallic counterparts.
In effect, this approach can open the way to multifunctional
plasmonic objects of great appeal for several applications and
can offer the opportunity of moulding the electronic structure
of the metal to improve and maximize the efficacy for a specific
plasmonic effect. In special cases, alloying can be associated
with novel and still unexplored physical or chemical phenom-
ena mutually influenced by the collective excitation of con-
duction electrons with light. Alloying allows the change of
some undesired features connected to a plasmonic material
such as cost, chemical instability, and sustainability of the final
device. This scenario should not be limited to “volume” proper-
ties of a nanomaterial but also concerns the surface properties
and, in particular, the surface chemistry of nanoalloys, which is
markedly modified compared to single element nanoparticles
(NPs).

To have an idea of the possibilities opened by alloying a
plasmonic metal with one or more plasmonic or non-plasmonic
elements, one should think also about the range of atomic
ratios in which each alloy can be achieved. Moreover, one also
needs to consider the size, shape and environment (substrate,
surface coating, etc.) as additional parameters.

On the other hand, several challenges can be identified in
the field of plasmonic nanoalloys, especially concerning the
synthesis with advanced control of composition, crystalline
order, size, product implementation in the desired matrix. The
achievement of metastable phases and disordered compounds
is another crucial point because most of the possible element
combinations are not thermodynamically favoured.

For these reasons, the modelling of the electronic, structural
and optical properties is necessary to the development of new
plasmonic nanoalloys in a more efficient and fast way than

allowed by random experiments or the intuition of materials
scientists. Indeed, also the modelling of nanoalloys structure
and properties still suffers from a gap concerning the accuracy
of results, the reliability of structural predictions, the develop-
ment of suitable models for describing disordered phases on
the nanoscale and their evolution over time, especially in
operating conditions such as during a catalytic reaction or
under photothermal heating.

Whilst there have been a few previous reviews on specific
aspects of the topic,[2,8,13–15] here we provide a general overview
of the latest achievements in the field of plasmonic nanoalloys,
organized according to synthetic progresses, modelling strat-
egies, prominent plasmon-related properties and recently
reported applications, with a special focus on plasmon-
enhanced catalysis, sensing and biotechnology.

The general aim of this review is that of fostering the
research on plasmonic nanoalloys, either those already under
development or the large number of those still waiting for
synthesis, modelling, properties assessment and technological
exploitation, which we expect will greatly impact the fields of
sustainability, ultrasensitive and accurate detection, information
processing and many others in the next future.

2. Synthesis of Plasmonic Nanoalloys

A (metallic) nanoalloy is a nanostructure composed of a mixture
of elements of which at least one is a metal, all held together
by metallic bonding (Figure 2).[16] Homogeneous (i. e. single
phase) alloys can be classified according to the atomic arrange-
ment of their constituents as solid solutions (SS) or
amorphous.[17] A SS has a well-defined crystal structure in which
the lattice of a host element contains the guest elements as
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substitutional or interstitial dopants. Substitutional SSs can be
disordered (the guests occupy random positions in the unit cell)
or ordered (the guests are at fixed positions in the unit cell). SSs
are distinguished from alloys with a well-defined stoichiometry
and a crystalline structure differing from that of single
constituents, which are called intermetallics. On the opposite
side, amorphous alloys do not have crystalline order (i. e. glassy
metals).[18] When multiple homogeneous alloy phases coexist in
heterostructures with various arrangements (Janus, dumbbells,
core-shells, matrix with embedded domains, etc.), the alloy is
defined as heterogeneous. Heterogeneous alloys are frequent
and, indeed, the homogeneity of products represents one major
challenge in the synthesis of several nanoalloys.

It is worth stressing that, according to the definition of alloy
provided above, the plasmonic materials based on multinary
semiconductor nanocrystals are beyond the scope of this
review, because of the non-metallic nature of the chemical
bond and, consequently, a density of conduction electrons
which is orders of magnitude lower than in metals. Indeed, this
also implies a much lower plasmonic response such as an
extinction cross-section for unit volume several orders of
magnitude lower in plasmonic semiconductors than in metallic

NPs, with a consequent lower capability of generating local
electromagnetic field enhancement and light-harvesting effects.
Besides, non-metallic plasmonic nanostructures were already
reviewed recently.[19,20]

The Hume-Rothery rules identify some key parameters for
the formation of alloys,[17] such as the difference of atomic radii
(<15% for substitutional SSs and >40% for interstitial ones),
electronegativity and valency (as close as possible) and, for
substitutional SSs, the crystal structure of the pure constituents,
which should be similar (Figure 3). Nonetheless, metastable
alloys are possible and frequent whenever the synthetic
procedure allows freezing the system in a nanophase which is a
relative thermodynamic minimum. Besides, the Hume-Rothery
rules do not consider the technical problems connected to the
synthesis or the stability at ambient conditions when some of
the alloy elements undergo oxidation very easily. This is the
main issue for most of the elements in the periodic table, which
are base metals with low oxidation potentials (i. e., easy loss of
electrons).

In plasmonic nanostructures, the control of size, shape and
surface accessibility is also crucial, because these features are

Figure 2. Classification of plasmonic alloys: the metallic bond between atomic constituents is a prerequisite. Their structure can be homogeneous or
heterogeneous. The homogeneous domains can be amorphous, intermetallic or solid solutions (interstitial or substitutional).
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relevant for most of the relevant properties in a nanoalloy
(optical, photocatalytic, magnetic, hot-carriers generation, etc.).

In the last decades, the advances in the synthetic routes for
nanomaterials allowed tackling the challenge of obtaining new
plasmonic alloys. Wet-chemistry approaches traditionally guar-
antee the highest control on products in terms of composition
and morphology but are limited to those metal precursors
soluble in liquids and to phases at the thermodynamic
equilibria. Indeed, one of the frontier topics in nanoscience is
the synthesis of metastable phase alloys, requiring more drastic
synthetic conditions running out-of-equilibrium, which may
also prevent the problems of precursor solubility and different
reactivity of the elements in the alloy.[21,22] This explains the
prevalence of physical or hybrid physical-chemical approaches
to the top-down and bottom-up synthesis of plasmonic nano-
alloys reported in the recent literature (Figure 4). In general, for
nanoalloys the synthetic approaches can be differentiated also
on several other parameters such as the reaction environment
(gaseous, liquid or solid), the precursor type (bulk metal or
chemical compounds such as metal salts and coordination
compounds), the dispersion of final nanoalloys (powder, colloid,
substrate, embedded in a solid matrix).

2.1. Laser Synthesis and Processing of Colloids

Laser-assisted synthesis of nanomaterials in liquid phase
includes a family of four different approaches described in the
literature as laser ablation in liquid (LAL), laser fragmentation in
liquid (LFL), laser melting in liquid (LML) and laser-defect
engineering in liquid (LDL), which are sketched in Figure 5.[23–26]

These approaches are of general applicability for any phase or
structure, not only alloys, such as pure metals, semiconductors,
oxides, metal-oxides core-shells and doped oxides, all harvested

as colloids, hence the definition of laser synthesis and
processing of colloids (LSPC).[23,27]

LAL consists in the use of focused laser pulses for the
ablation of a solid target immersed in a liquid solution and is a
“green” technique. Currently, the variety of nanomaterials
produced by this technique is high, thanks to the progress
made to optimize the process. Among the advantages of LAL
there are the low-cost of the synthesis, the ease to obtain
different types of NPs with the same set-up, the speed and the
simplicity of the method.[23–25] Besides, it is possible to control
the synthesis remotely, even with a PC or a smartphone.[28]

LAL proved to be useful to obtain equilibrium alloys as well
as metastable phases, that have been frequently exploited for
plasmonics. For instance, Au� Fe NPs were obtained by LAL and
studied for the coexistence of magnetic and plasmonic proper-
ties, but also in electrocatalysis.[29–32] Alloying can be an
advantage for the productivity of colloids by LAL. For instance,
the production rate of NPs increased from 4 g/h with a pure Au
target to 8 g/h with an Au/Pt 90/10 alloy target with an
ultrashort-pulsed laser and fast lateral target scanning.[33] It was
also demonstrated with single-pulse ns LAL experiments with
Au/Fe multilayers that element mixing into homogeneous
Au� Fe nanoalloys is possible during the synthesis.[34,35] On the
other hand, in bulk targets the ablated volume is much larger
than in the thin film experiments described in Ref. [34,35].
Recently, Waag et al. performed ps and ns laser ablation
experiments on mixed metal powder targets to assess that, in
bulk powder targets, the mixing of different metals prevalently
takes place in the heat-affected but initially not ablated parts of
the target, instead of during material ejection.[36] Longer laser
pulses (ns) have more extended thermal effects on the target
than ps and fs pulses, favouring the formation of homogeneous
nanoalloys starting from heterogeneous targets.

Recently Guadagnini et al. synthesized the Au� Co metasta-
ble random substitutional SSs in a single step using a nano-
second laser, resulting in Au84Co16 composition that is above
the thermodynamic limit.[31] The obtained particles showed
useful properties as substrates for surface-enhanced Raman
scattering (SERS). With the same method, Ag� Co NPs with an
Ag83Co17 at% composition were also synthesized as a heteroge-
neous alloy made of an Ag matrix embedding metastable
disordered Ag� Co domains.[37]

A similar approach was exploited by Johny et al. to obtain
either Au� Co SS or core@shell (CS) Co@Au NPs.[38] Their work
shows how the Co content in the ablation targets affects the
final structure and composition of the NPs. LAL synthesis has
been exploited also for the formation of Au� Fe CS NPs.[34,39,40]

Even in this case, a systematic study of the synthetic conditions
pointed out how the liquid environment, the target composi-
tion and its structure affect the final products. By varying the
laser pulse duration from ps to ns and using pre-alloyed targets
instead of multilayers of the pure metals, CS can be obtained
instead of SS NPs in acetone, which is a less oxidising
environment than water.[34,39,40] These studies evidenced also
that smaller NPs are SS, differing from the larger ones that are
CS NPs. The reason is due to the dependence of the surface

Figure 3. Hume-Rothery rules prescribe that alloying depends on atomic
radii, crystalline structure, electronegativity and valency of the pure
elements.
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free energy on size, which is lower in SS with a size smaller than
ca. 10 nm and in CS with a size larger than ca. 10 nm.

Johny et al. recently studied how micro-inhomogeneities
evolve in Au� Fe NPs obtained by LAL.[41] Structure evolution
was studied by applying sufficient temperature to Au80Fe20 NPs
to reach the thermodynamic equilibrium to facilitate the atomic
mobility, while the evolution of crystallite sizes and lattice
parameters were monitored in situ by x-ray diffraction (XRD)
and scanning transmission electron microscopy (STEM). At
temperatures lower than 700 °C, the experiments evidenced the
presence of two face-centred cubic (fcc) phases with lower and
larger lattice constant and, respectively, with larger and smaller
size, suggesting the presence of a complex heterogeneous SS
inside the NPs. By increasing the temperature above 700 °C, a
single fcc phase and a larger crystallite size appeared with the
decrease of microstrain, which is the lattice deformation
resulting from local stress heterogeneity and dislocation

density. The same analyses on Au50Fe50 NPs indicated three
different fcc phases with the composition of Au74Fe26, Au82Fe18,
and Au96Fe04 in addition to a Fe body-centred cubic (bcc) phase.
Also in this case, a single fcc phase appeared only above 700 °C,
when the initial heterogeneous alloy relaxed to a more stable
conformation driven by the thermodynamic driving force and
temperature enhanced atomic diffusion.

Frequently, LAL is coupled with LFL for obtaining alloy NPs
from the mixing of single element educt NPs. For instance,
Fazio et al. produced Au� Ag NPs by synthesizing the Au and Ag
colloidal NPs by LAL and, later, irradiating their mixture with
different Au :Ag ratios to obtain Au77Ag23, Au53Ag47 and Au34Ag66

nanoalloys.[42] An aqueous dispersion of Ag NPs and Fe powder
was irradiated with focused 1064 nm, ns laser pulses to obtain
spherical Ag� Fe NPs.[43]

LML was exploited by Swiatkowska et al. to obtain Au� Ni
metastable nanoalloys with the 56 wt% of nickel. In the LML

Figure 4. Overview of the most frequently reported synthetic approaches for plasmonic nanoalloys and list of their advantages and limitations. “B”: bulk, “M”:
molecular. For details see text.
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procedure, Au� Ni NPs have been obtained by irradiating a
mixture of Au and NiO NPs dispersed in a liquid, despite the
Au� Ni system is difficult to obtain due to the almost complete
immiscibility of the two metals.[44] In the same way, also Au� Fe
submicrometric particles and other alloys were obtained.[45] The
Au� Fe NPs were synthesized starting from a mixture of Au and
Fe2O3 NPs (Figure 6). Interestingly, by changing the ratio
between educt Au and Fe2O3 NPs, the structure of products
changed. Starting with 10–60% of Au, the largest NPs
prevalently had a phase-separated CS morphology. In the 70–
90% of Au range, all the analysed particles were composition-
ally homogeneous. The composition of the alloys was obtained
by XRD using Vegard’s law and showed a discontinuity of gold
content between 20 and 70 wt% of Au in the educt, which is
explained by the immiscibility gap of the Au� Fe system. For
instance, in the NPs obtained from the educt with 30 wt% of
Au, the gold content in the final NPs resulted in ~75 wt%.
Essentially, the NPs resulted to be gold-rich, and a higher
irradiation time corresponded to a larger content of gold.

Figure 5. Sketch of the different methodologies in the family of LSPC and overview of their main advantages. Adapted with permission from Ref. [23] under a
Creative Commons (CC-BY 4.0) license. Copyright (2020) The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.

Figure 6. Sketch of Au� Fe NPs formation mechanism by LML for different
initial gold content in the Au-Fe2O3 educt nanoaggregates. For highest Au
content, only alloy NPs are obtained. For low Au content, core-shell
morphologies are observed with a Fe-rich shell. Reprinted with permission
from Ref. [45] under a Creative Commons (CC-BY 4.0) license. Copyright
(2019) the Authors.
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2.2. Laser-Induced Dewetting and Inter-Melting

As an alternative to LSPC, laser irradiation can be performed in
a gas environment for the preparation of ultrapure alloy
nanocrystals supported on substrates or collected as powders.
The advantage of an inert gaseous environment is, however,
balanced by the complex, expensive and not scalable set-up
(typically vacuum chambers) and by the collection of products
as agglomerated powders or intrinsically embedded on a
surface.

Dewetting requires the melting of thin metallic films to
form nanodroplets on an inert substrate, which then will solidify
in NPs. In specific cases, dewetting also allows the tuning of
nanocrystal morphology and size.[46–49] Because of the high
melting temperature of most metals, a laser source can be
used, known as pulsed laser-induced dewetting (PLiD). The
driving force for the NPs formation is the minimization of the
total free energy at the interface with gas and substrate.

Laser dewetting and laser welding have been recently
exploited to generate Au� Ag,[50,51] Au� Fe,[45] Ag-Ni[52] Ag� Co/
Fe[53] and Au-Ni[44] nanoalloys. Au� Ag nanoalloys with different
compositions were obtained by laser dewetting of Au/Ag thin
films with various relative thicknesses of the two layers.[50] TEM
elemental analysis confirmed that the NPs are Ag� Au alloys,
with two elements well mixed over the whole volume of the
particle. The fact that bimetallic alloys were produced with a
single 6 ns laser pulse suggested that Ag and Au atoms are
intermixed in the liquid phase on a nanosecond time scale.

Production of Ag� Ni magnetic-plasmonic NPs by laser
dewetting was studied starting from Ag and Ni thin films.[52] The
system is interesting because the two metals have limited
miscibility in the liquid and solid phases, lower than Au� Ni.
Immiscibility across a large temperature and compositional
range is expected to facilitate the emergence of complex
particle morphologies during the liquid phase dewetting
process. In fact, by acting on the initial film geometry, substrate,
and laser heating conditions, various particle architectures were
achieved, including Janus, core-shell and homogeneous SS NPs.
Ag and Ni were co-sputtered at a 1 :1 ratio and the thin films
were exposed to 20 ns laser pulses to induce liquid-state
dewetting, observing a correlation of the final NPs size
distribution to the as-deposited film thickness. Starting from an
initial thickness of 20, 10, 5, 3, and 2 nm, predominantly Janus
NPs with an average size of, respectively, 300, 180, 45, 20 and
8 nm were obtained. Again by laser-dewetting, Sachan and co.
obtained ferromagnetic plasmonic NPs made of Ag and Co or
Co� Fe (8% of Fe) heterostructures.[53]

In a similar approach, a laser source can be exploited to
weld single element metallic NPs already present on a
substrate, to form an alloy, in a process called “laser welding”.
In the case of adjacent plasmonic NPs, the “hot spot” effect is
possible by using a laser beam resonant and polarized
according to the plasmon mode oscillating along the dimer
axis. Hence, the plasmonic NPs can be preferentially heated at
the interparticle gap, resulting in a higher welding efficiency
compared with the uniform thermal welding. Xu et al. made a
thorough study for a better understanding of the laser welding

process in the case of Au� Ag NPs.[51] They applied ultrafast TEM
measurement in situ during the laser welding experiment on a
dimer of Au and Ag NPs, to visualize the alloy formation. This
evidenced that the Ag NPs shrink while Au NPs became larger,
due to the inter-diffusion between the two NPs. From the direct
visualization of the process at different pulse number and time,
the formation of Au� Ag NPs was divided into different stages:
(i) neck formation, (ii) Ag shell formation, (iii) Au-rich shell
formation, (iv) alloy dimer formation and (v) homogeneous alloy
NP formation. The neck formation is favoured by the localized
heating at the inter-particle gap, while the neck size increases
with surface diffusion due to the minimization of the surface
energy in heated NPs.

2.3. Sputtering, Dewetting and Arc-Discharge

Sputtering is one of the most popular and versatile approaches
for achieving nanoalloys on a substrate by a physical top-down
route and produces highly pure nanocrystals. As shown, for
instance, by Nguyen and co. with Au� Ag alloys,[54] the
composition can be controlled by co-sputtering two (or more)
targets to obtain NPs with different stoichiometry. By acting on
the sputtering current of each target, they obtained Au� Ag NPs
with five different compositions in gold from 25 to 33, 60, 66
and 75% as well as Au� Cu NPs with different compositions in a
range from Au66Cu34 to Au29Cu71.

[55]

Suzuki et al. instead, used the sputter deposition from a
unique bimetallic target to obtain Au� Cu NPs.[56] The purpose
was the control over the order-disorder transition between the
fcc phase and the L10 structure of the Au� Cu system, which
have different mechanical, catalytic and plasmonic properties.
The same synthetic approach was successfully tested on Au� Pt
NPs.[57]

Pd� Au is another system frequently investigated for cata-
lytic purposes, also by sequential sputter deposition.[58,59] Cai’s
group exploited the sputtering deposition to control the Pd� Au
ratio in ternary alloys of Au, Pd and Pt to obtain electrocatalytic
systems with different performances.[60]

Vahl et al. suggested a novel approach for the fabrication of
alloy NPs with variable composition and better size control by
introducing a custom-made multicomponent target for mag-
netron sputtering in a Haberland type gas aggregation cluster
source. This type of source combines magnetron sputtering
with gas cluster aggregation.[61] From their results for Au� Ag
NPs, they show that the composition and size depend on the
pressure of the gas agglomerate source and demonstrate for
gold-rich NPs that the composition can be adjusted in-
operando.

In some cases, high temperature is exploited to promote
dewetting of the sputtered thin film and the formation of NPs.
Heat-induced dewetting of a co-sputtered Ag� Au-Cu film was
devised for the identification of crystalline and grain border
defectivity when the three elements are homogeneously
distributed in the NPs (Au53Ag33Cu14) or when the high Cu
content promotes element segregation (Au22Ag26Cu52).

[62]
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Sputtering can be performed also on liquid substrates and,
indeed, lots of progresses have been made to obtain high-
quality NPs with this method. The advantages are the
combination of a physical top-down technique to produce
highly pure nanocrystals NCs with the chemical methods to
capture, stabilize, control the size and surface functionalize NPs
in the liquid medium, similar to the synthesis of a colloid.
Moreover, because there is no necessity of using toxic reducing
agents and organic solvents, the method can be considered as
a green approach to generate NPs in liquids.[63] Nguyen et al.
exploited this technique for alloy and core-shell NPs such as
Ag� Au,[54,61] Au� Cu,[55,56] Pd� Au/Pt,[60] Pt� Au,[57] Pd� Au.[58,59]

Another method compatible with the production of nano-
alloys as a colloid or a powder is the arc discharge. In this
technique, the metal composing the electrode is etched by the
plasma formed in the surrounding environment (gaseous or
liquid) upon application of high electric potential and conse-
quent electric discharge.[64,65] The NPs will have the composition
of the electrode and is thus variable in a wide range, as
demonstrated recently in a vacuum chamber for the synthesis
of Au� Ag nanoalloys.[65]

2.4. Wet Chemistry and Other Methods from Chemical
Precursors in Liquid or Gas Environment

Most synthetic methods for plasmonic nanoalloys start from
chemical precursors of the metal elements which are converted
into alloys in a liquid or gaseous environment. The trans-
formation into the solid-state is triggered by other chemical
compounds, such as a reducing agent, or by a physical process
such as heat or laser irradiation.

The most widely used method to produce metal (alloy) NPs
consists of the chemical reduction of metal salts in liquid
environment. When metal elements are prone to oxidation,
organic liquids under an inert atmosphere are required. These
wet-chemistry methods have unmatched control on size,
stoichiometry and shape of nanocrystals, but run under
thermodynamic equilibrium, meaning that the largest part of
plasmonic nanoalloys is inaccessible. Besides, surface stabilizers
are required, which in most cases remain on the surface of
nanocrystals affecting their properties, primarily the (photo)-
catalytic ones. There are several examples of alloy NPs obtained
by this approach. For instance, with the co-reduction method,
Cu/Au/Pt trimetallic NPs (TMNPs) were synthesized from HAuCl4,
CuSO4 and K2PtCl4 with the addition of NaBH4 at room
temperature.[66] The Cu/Au/Pt TMNPs had an irregular shape
and an average size of ~10 nm, although the three elements
were uniformly distributed. Co-reduction is well suited for the
deposition of alloy nanocrystals on substrates such as fibers, as
demonstrated with Cu� Ag NPs obtained by immersion of
electrospun hydrogels in a solution containing both CuSO4 and
AgNO3 and addition of NaBH4.

[67]

Often, the seeded growth technique is exploited, in which
the alloy is formed on pre-existing metal seeds which facilitate
the control over shape and size. Au� Pd nanostructures have
been synthesized starting from Au nanorods (NRs) made by the

seed-mediated method and, subsequently, the Pd was added in
different concentrations to change the resulting NRs
morphology.[68] Almost the same approach has been exploited
by Rioux and Meunier to produce Au@Au� Ag NPs.[69]

With the seed-mediated process, Ma et al. succeeded in
obtaining NPs with an external crystalline Au layer which
stabilized the internal Au� Cu alloy and Cu core against
oxidation in water.[70] Cu NPs were first prepared as seeds by
the thermal decomposition of copper acetylacetonate in oleyl-
amine and then mixed with the Au3+ precursor, to replace the
Cu atoms on the surface with Au through a galvanic replace-
ment process. This led to a thin shell composed of an
intermediate Au� Cu layer and an outer Au layer around the Cu
core.

The inverse process, starting from Au seeds and proceeding
with the co-reduction of Au and Cu precursors, was exploited
for the synthesis of Au� Cu alloy nanotetrapods unstable
towards corrosion in an aqueous environment.[71] The 3 nm Au
seeds were added into an aqueous solution containing HAuCl4
and CuCl2 with glucose and hexadecylamine as, respectively,
reducing and stabilizing agents, with subsequent heating to
100 °C under a nitrogen atmosphere.

Recently, Clarysse et al. developed the amalgamation
seeded growth synthesis to achieve intermetallic NPs.[72] They
coupled the seed-assisted synthesis with a controlled amalga-
mation of low melting point metals to produce nanocrystal
with controlled size and composition. Amalgamation is referred
to the process in which a low melting-point metal inter-
dissolves inside the lattice of a solid host metal. With this
method, Ga was amalgamated with Au, Ag, Cu, Pd, and Ni
seeds. Besides, In and Zn were used to form Pd� In and Pd� Zn
NCs. A remarkable advantage of this approach is that all the
obtained intermetallic nanocrystals resulted in uniform size and
composition, although structural homogeneity was not optimal
for all the combinations tested (Figure 7). The control in the
average composition is directly related to the concentration of
the metallic precursors. For instance, by varying the concen-
tration of Ga precursors, various intermetallic NPs like AuGa2,
AuGa, Au7Ga2 or Ga-doped Au were obtained as prevalent
products.

An alternative wet method for the formation of plasmonic
nanoalloys has been demonstrated for a liquid Ga metal alloy
by ultrasonication.[73] A bulk Ga� In liquid metal has been
prepared mixing pure Ga and In at 75/25 wt% and a droplet of
this is then transferred in a vial, diluted in ethanol and
sonicated obtaining Ga� In NPs stabilized by a Ga2O3 shell.

Another recent synthetic approach exploits the supercritical
carbon dioxide as dispersing medium for the so-called super-
critical reactive metallization, or supercritical fluid reactive
deposition. This is a bottom-up method that offers scalability in
environmentally friendly conditions.[74] With this technique, it is
possible to obtain monometallic NPs, thin films or alloys such as
Au� Ag,[75] Cu� Ag,[76] Pd� Pt,[77] Fe� Ni,[77] Au� Pt,[78] and Au-Pd[78]

NPs.
Hydrothermal routes are being studied for the realization of

plasmonic nanoalloys, such as Au� Ag NPs, through the
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reduction of metal salts at high temperature and pressure in
the presence of green reducing agents.[79]

More violent methods starting from chemical precursors can
produce also non-equilibrium and disordered alloys. For instance, Yao
and co. developed a two-step synthesis for high entropy alloy (HEA)
NPs with carbothermal shock.[80] The carbothermal shock employs
flash heating and cooling of metal precursors supported on
oxygenated carbon fibers to produce binary (Pt� Ni, Au� Cu, and
Fe� Ni), and ternary (Pt� Pd� Ni, Au� Cu-Sn, and Fe� Co� Ni) NPs with
compositional uniformity typical of a SS. Furthermore, by adding
other metal salt precursors they synthesized quinary
(Pt� Co� Ni� Fe� Cu and Pt� Pd� Co� Ni� Fe), senary
(Pt� Co� Ni� Fe� Cu� Au), septenary (Pt� Pd� Co� Ni� Fe� Cu� Au) and
octonary (Pt� Pd� Co� Ni� Fe� Cu� Au� Sn) SSs of HEA NPs. Compared
to other techniques for the synthesis of HEA NPs, such as LAL,[81]

carbothermal shock does not require a bulk HEA target but just a
mixture of metal precursors.

Photoreduction of metal salts has been intensely inves-
tigated in recent years with a multitude of variants. The most
traditional technique is the laser spray pyrolysis and its variants
such as thermal spray pyrolysis and flame spray pyrolysis, which
allows massive production of agglomerated NPs, also with non-
equilibrium composition, collected on a substrate or in a liquid.

In the spray pyrolysis, the liquid mixture of metal precursors is
reduced by irradiation with an intense laser beam, heat or by
contact of the solution with a flame, eventually with the
addition of reducing chemicals or hydrogen, as demonstrated
with Au� Ag and Ag� Cu NPs.[82,83]

Photoreduction of metal salt precursors can take place in
standard laboratory set-up by irradiation with a xenon lamp, as
demonstrated with Au� Pt nanoalloys supported on Bi2O3

NPs,[84] or by irradiation with pulsed lasers to collect a colloid,
such as Au� Ag NPs,[85] or a film of NPs on a substrate, such as
Au� Ag� Pt NPs on glass.[86] This is possible by the formation of
hydrated electrons produced in the laser plasma and the
simultaneous addition of scavengers of hydroxyl ions such as
isopropyl alcohol.

A special method to produce nanoalloys from metal ions is
ion implantation, in which the ionized atoms are accelerated by
an electric field up to the kinetic energy required for the
penetration in a solid matrix. In the matrix, the NPs can nucleate
already during the implantation process or successively, by
thermal activation which also serves for annealing and particles
growth. Although the final NPs are embedded in a solid matrix,
historically this method proved to be useful for the realization
and the study of alloys not easily achievable by other synthetic

Figure 7. (A) Illustration of the amalgamation reaction, converting monometallic seeds into intermetallic NCs. As-synthesized PdGa, PdIn, PdZn, AuGa2, Cu2Ga,
Ni2Ga3, and Ag3Ga intermetallic NPs are shown in TEM images (B to H) and STEM EDX maps (B to E and G). Line profile scans for AuGa2 and Ni2Ga3 NPs (E and
G) highlight the compositional uniformity of the intermetallic NPs. Reprinted with permission from Ref. [72] under a Creative Commons (BY-NC 4.0) license.
Copyright (2021) the Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science.
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approaches, such as the Au� Fe NPs,[87] or in matrices which are
otherwise difficult to be loaded with NPs, such as Au� Ag NPs in
TiN films.[88]

3. Modelling

A comprehensive understanding of the electronic and structural
properties, as well as the optical behaviour of nanoalloys, is
fundamental to enlarge the number of possible applications
and direct the synthesis to optimized systems among all the
possibilities available.[13] On the other hand, the variety and
structural complexity of nanoalloys pose great challenges also
for modelling, in particular when dealing with the most
heterogeneous and disordered systems.

The large range of structures and properties of nanoalloys is
usually managed exploiting different approaches, where the
most suited one must be chosen considering the complexity of
the system and the property to be computed. In fact, the choice
of a suitable computational approach is a short blanket
dilemma. Predictive, high-quality approaches, able to provide
accurate properties (optical, magnetic, catalytic, etc.), are limited
to simple models of the real systems, thus neglecting defects,
segregation, grain boundaries, etc. Only approximate methods,
conversely, can be applied to accurate models of complex
systems. This picture becomes even more challenging when the
complexity of the nanoalloy is coupled with its structural
evolution during operation, especially at the interface with the
environment, where phenomena such as surface segregation of

some elements, changes of the oxidation state, dealloying,
corrosion, etc. are crucial to explain the behaviour of the
nanoalloy during its function.

The computational methods employed in this field can be
grouped into two families: quantum-mechanics approaches,
where electrons are treated explicitly, and parametric methods,
where the interaction between atoms are described through a
series of parameters.

Quantum methods exploited in the modelling of NPs are
mostly implemented within the density functional theory (DFT).
In this context, the energy of the system is computed over
electron states and the electron-electron interaction is approxi-
mated as a local functional of the electron density (and derived
quantities). A key parameter of DFT is the type of functional
adopted to describe the electron density.

Ab-Initio molecular dynamics (AIMD) is rarely exploited in
this context, but molecular dynamics, its parametric counterpart
where interatomic interactions are modelled through classical
potentials, is routinely used. Parameterized energy contribu-
tions are used also in statistical approaches such as Monte Carlo
(MC), which allows the exploration of equilibrium properties,
and kinetic MC (kMC), which is used to model dynamic
processes. For an introduction to the methodologies mentioned
above, we refer the reader to Ref. [89].

From the nanoparticle size perspective, very small systems
can be modelled as clusters using DFT (Figure 8). Large nano-
particles can be treated explicitly only with MD or MC because
the application of DFT to systems with many electrons is
computationally unfeasible. On the other hand, DFT can be

Figure 8. Map of mainstream atomistic modelling approaches for specific aspects of plasmonic nanoalloys. Modelling of the plasmonic properties is possible
starting from the optical constant. For details see text.
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exploited also in the modelling of large NPs, provided that the
property of interest can be derived from separate calculations
on the bulk and the surfaces. As an example, nanocrystals
equilibrium shapes can be devised using the Wulff construction,
namely a method for the determination of the equilibrium
shape of a crystal from surface energies (which can be
conveniently obtained from DFT calculations). Of course, not all
the properties are accessible by both families of methods. DFT
is best suited to investigate electronic properties such as
reactivity, magnetism and optical response, the latter requiring
the evaluation of electronic excitations, usually performed
within the independent particle approximation (IPA) or the
time-dependent DFT (TD-DFT).

MD is the method of choice to inquire dynamic properties
happening at the time-scale of μs, such as coalescence and NPs
formation. Phenomena happening at a longer time scale and
involving activated processes, such as its structural evolution
during operation, can be faced using kMC methods. MD and
MC are used also to obtain equilibrium structures at finite
temperatures and to predict the evolution path of alloy NPs
towards their thermodynamically stable form.

In the last few years, applications of machine learning (ML)
to the study of alloy NPs are also becoming popular. Within this
approach, the output of a very complex function is modelled
using a ML algorithm, that must be trained over a large dataset
of known outputs obtained from either experiments or
calculations. ML promises to be very flexible, as it can be trained
to provide the desired output, which can be a fundamental
property such as the interatomic interaction to be used in
MD[90] or a complex observable of the systems.[91]

3.1. Modelling of Structure and Electronic Properties of
Plasmonic Nanoalloys

The stability of an alloy is typically extracted from experimental
phase diagrams, which are tabled for most binary and ternary
systems. Even if accessible, however, phase diagrams do not
usually contain information on all the metastable phases and
do not take into account nanoscale effects related to the
increased surface-area-atoms-to-volume-atoms, sometimes
leading to deviations from the bulk behaviour.

A thermodynamic method called CALculation of PHAse
Diagrams (CALPHAD) has been developed and intensely
investigated to infer the phase diagrams of multicomponent
bulk systems.[92] CALPHAD is based on the bulk Gibbs energies
as a function of state variables which are obtained with
accurate thermodynamic models and appropriate interpolations
and extrapolation of experimentally available quantities. Espe-
cially for ternary and multicomponent systems, the measured
phase diagrams are needed for validation of the method.
CALPHAD neglects any surface or interfaces interaction
between the phases, which are relevant at the nanoscale below
100 nm and are considered in the nano-CALPHAD (Calculation
of Phase Diagrams for nano-systems) model by including an
additional surface term to the Gibbs free energy of the system.
This method is formally valid above the size threshold where

surface topology and quantum effects become important, that
is below 3–5 nm.[92,93]

Concerning atomistic approaches, Gong et al. used DFT
calculations of Au� Ag alloys to explain the experimental LSP
energy shift with composition.[94] The valence band evidenced a
clear shift of the d-band position by varying the chemical
composition of the Au� Ag alloy. By increasing the Au fraction,
the d-band moves closer to the Fermi level at the Γ-point, with
a consequent decrease of the energy difference with the first
empty state in the conduction band. This finding agrees with
the red-shift of the interband transition of Ag� Au alloys when
the Au content increases.

Koley and Jana performed DFT calculations to explore the
phase stability of Au3Cd5 and Au3Mg5.

[95] They discuss the alloys
stability based on their density of states (DOS) and their crystal
orbital Hamiltonian populations (COHP), a quantity providing
the bonding, nonbonding and antibonding character of each
band. The negative integrated COHP up to the Fermi level
deliver information on the energy stabilization of the material,
due to orbital interactions. The analysis of computational
outcomes pointed out that the major contribution to the
stabilization is given from the M� M (M=Mg and Cd) and Au� M
interactions rather than the Au� Au ones. Moreover, they
deduced that the structures are stabilized through the
interaction between the Fermi surface and the Brillouin zone
through a Hume-Rothery mechanism. The observed behaviour
is thus consistent with that of Hume-Rothery phases (also called
“electron phases”), which are alloys of noble metals with sp-
valent elements such as Al, Zn, Si, Ge and Sn and are renowned
for the adoption of a different crystal structure depending on
the average number of valence electrons per atom (the valence
electron concentration or VEC).[96]

Alsalmi et al.[97] explored the phase stability in the formation
of high-temperature bcc phases of Zn alloys of the coinage
metal group elements Au� Zn, Ag� Zn, and Cu� Zn. They
exploited DFT calculations implemented in the VASP package.
To evaluate the phase stability, the chemical and elastic
formation energies have been calculated, as well the charge
density distribution and the DOS. Results show that the trends
are not always monotonic down the 11th group of the periodic
table. The strength of the X� Zn bond decreases on passing
from Cu to Ag, but then increases to its largest value for Au.
The reason for this behaviour was identified in the trends of
atomic-core sizes and spatial extents of valence d-orbitals, both
increasing down the group. The effect of the first is that of
increasing the repulsion between neighbouring atoms, thus
pulling them apart and reducing their orbital interaction, while
that of the latter is the opposite. The competing effects of these
factors lead to the mentioned overall trend of the bond
strength (Figure 9). Interestingly, this same mechanism could
explain also the larger mixing enthalpy calculated for Ag� Fe
and Ag� Co alloys compared to Au� Fe, in agreement with the
experimental phase diagrams.[37]

Structure optimization and the knowledge of the electronic
structure helped Alexander et al. to describe the plasmonic
properties of Au� Fe nanoalloys.[40] DFT calculations were
performed within a plane-wave/pseudopotential approach as
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implemented in the Quantum-ESPRESSO suite. The contraction
of the lattice parameter with the iron content, observed
experimentally in multiple cases,[29] was well predicted from
calculations and, with the shift of the Fermi level, allowed the
estimation of the increase of conduction electron density in the
alloy compared to pure gold. It was estimated that the Fe
atoms contribute with 1.3 electrons in the fcc cell of the alloy,
and this affected the LSP peak position causing a blue shift.

Au� Fe chemical stability in an aqueous environment was
investigated by DFT calculations in Ref. [98]. The estimation of
Gibbs free energies of the iron oxidation at the surface, as a
function of the Fe concentration, confirmed that Fe readily
reacts with adsorbed water molecules or dissolved atmospheric
oxygen. This leads to oxidized iron species that can be easily
dissolved in solution, similar to what is found in pure metallic
iron. It was also showed that the energy barriers for the
diffusion of Au, Fe, and O atomic species towards the alloy bulk,
computed using the climbing-image nudged elastic band
(CINEB) method, are too high to allow atomic mobility at room
temperature. These results explained the stability of Au� Fe
alloys as a function of composition: Au-rich nanoalloys are
stable because they are passivated by an Au skin, while in alloys
with a Fe concentration above a certain threshold, oxidation
can proceed by pitting due to the appearance of percolation
paths. In thermodynamically stable alloys, such as Au� Ag, such
percolation paths are observed around 50 at% of the less noble
element.[99] Conversely, in the Au� Fe system, whose mixing
enthalpy is positive, the estimated threshold for the appearance
of percolation paths can be much lower. Hence, a MC algorithm
was exploited to simulate the distribution of Fe atoms in an
Au� Fe slab where segregation was allowed, indicating that

percolation appeared in 100% of the considered structures
already at Fe contents of 30–40 at%. This is due to the
thermodynamic tendency to element segregation and phase
separation into pure Au and Fe domains, which is inhibited at
room temperature only because of the high diffusion barriers
inside the metal lattice.

Atomistic models require a precise structure as input, which
is usually unavailable. This problem must be faced in the
modelling of bulk phases, surfaces, as well as whole nano-
particles, and affects in particular DFT but also MD methods.
Different schemes were proposed to overcome this limitation.
The simplest one consists in building a limited series of alloy
models using chemical intuition and possibly available exper-
imental evidence.[100] A more efficient approach, that can be
exploited in DFT calculations of bulk phases, is the special
quasirandom structure (SQS). This approach was introduced in
the 90’s by Zunger et al. to describe the properties of wholly
random crystalline systems.[101] SQSs are small models of an
alloy, where elements occupy precise crystal sites, but the
periodic structure mimics the long-range correlation function of
a real random alloy. SQSs were successfully employed in the
calculation of structural and elastic properties,[102] as well as
electronic structures.[103]

When modelling the whole NP instead of a single unit cell,
optimal structures can be obtained with the topological
approach (TOP) developed by Kozlov et al. in 2015.[104] The TOP
allows the exploration of the chemical ordering of surface sites
(facets, edges and corners) for each type of element. The
method shows an accuracy comparable to DFT also for
relatively large NPs. In fact, the TOP was developed to
overcome the limitations of the DFT alone, which is computa-
tionally cumbersome for particles composed of hundreds of
atoms and thousands of electrons. Given a certain composition
and shape, the number of not-equivalent arrangements of
atoms (homotops) is of the order of 1050 for ~200 atoms. The
TOP deals with such a large number of homotops by
categorizing them into classes where elements have the same
local topology, and then computing the topological energy for
each class. For example, the reactivity of NPs depends on their
surface, therefore homotops can be grouped in terms of their
exposed surface, which means the site occupancy (facets, edges
and corners) of each element and the number of homoatomic
or heteroatomic bonds. The topological energy could be
resumed as the sum of energy contributions of the site
occupancy and the interatomic bonds.

Vega et al. studied the reactivity of Pt� Au, Pt� Ag and Pt� Cu
NPs using a topological approach based on preliminary DFT
calculations.[105] The topological energy was estimated from DFT
calculations on a limited set of homotops and MC simulations
were then used to extract the most stable structures, which
were finally further optimized by DFT. Their analysis revealed
that gold tends to reach the surface and create a shell in small
Au� Pt NPs (201 atoms) when the Au :Pt ratio is 3 : 1. When the
percentage of gold is decreased to 1 :1 and 1 :3, an incomplete
shell is formed, due to the insufficient amount of gold. Similar
behaviour was found for Pt� Ag, while Pt� Cu behaves differ-
ently. Despite Cu surface energy being lower than that of Pt, in

Figure 9. Sketch of atomic volume and d-orbital extension for the coinage
metals Cu, Ag and Au and the effect on d-bond strength in alloys with Zn,
according to Ref. [97]. The minimum is predicted for Ag� Zn alloys because
of the worst compromise between atomic volume (which destabilize d-bond
formation) and d-orbital extension (which favours d orbital hybridization).
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Pt� Cu 3 :1 NPs the outer layer is composed mostly of Pt
because the smaller size of Cu atoms destabilizes the surface in
small NPs. The analysis was extended also to larger alloy
particles of ~4.4 nm (1463 atoms) and the effect of temperature
on the chemical ordering. In Pt� Au and Pt� Ag the core-shell
geometry is preferred, with the shell composed by Au and Ag
respectively. Instead, Pt� Cu NPs expose only a small amount of
Cu at the surface, preferably located at edges and corners.
Increasing the temperature, only a few atoms of Pt reach the
surface in the case of Pt� Au and Pt� Ag. Conversely, in Pt� Cu
NPs, the rearrangement is more evident: the outer layer exposes
more Cu atoms scattered over Pt atoms in the facets, and the
bulk is composed of randomly distributed atoms of both
metals.

The TOP has been applied to several other alloys and sizes
as Ag� Pt clusters with 116 and 201 atoms,[106] Pd� Au,[107] Pd� Au
(201 and 405 atoms), Pd� Ag (201 and 405 atoms) and Pt� Au
(201 and 405 atoms).[108]

Rapetti and Ferrando investigated the chemical ordering in
Au� Ag clusters with fixed geometry using a global optimization
(GO) algorithm based on DFT energies.[109] Despite the lower
cohesion and surface energy of Ag, computational outcomes
show that Au tends to occupy surface sites. To explain this
counterintuitive behaviour, electrostatics must be considered.
Au atoms acquire a negative charge, become bigger, and
therefore are preferentially placed at the surface. Authors point
out that charge transfers are often neglected in MD, and in
some cases, this can lead to qualitative errors in MD
predictions.

An example of the MD approach combined with MC
simulations is found in the report of Andreazza et al. The study
started from the experimental growth of Co� Ag NPs by
depositing Co atoms on Ag seeds, which was followed in real-
time by grazing incidence x-ray scattering at small and wide
angles (GISAXS and GIWAXS). Then, MC was exploited to obtain
equilibrium structures of the NPs, while MD was used to study
the growth process.[110] Combining GISAXS, GIWAXS, MD and
MC outcomes, it was shown that Co@Ag structures finally form,
but the growth process is quite complex. The sequence starts
with the incorporation of single Co atoms in the subsurface of
the Ag seed. As the deposition proceeds, Co atoms in the
subsurface act as traps for newly deposited Co units, due to the
strong Co� Co interaction. Aggregates then grow and eventually
merge, giving rise to a quasi-Janus asymmetric structure. The
NPs then reaches their equilibrium Ag@Co morphology when
their atomic composition is 70% Co. Proceeding further with
the deposition, the structure becomes Co@Ag in the Co-rich
limit.

Nelli and Ferrando exploited MD and GO to shed light on
the Au� Co, Ag� Ni, and Ag� Cu NPs evolution towards
equilibrium.[111] All systems were made of metals with low bulk
miscibility and high lattice mismatch. Particles of general
formula X293Y293 having a truncated octahedral (TO) geometry
and an Icosahedral (Ih) Ag280Cu281 structure were studied. The
composition was such to allow the formation of a complete
monolayer thick shell. In all cases, the global minimum was a CS
particle with the noblest element as a shell, while some

differences in the final shape were found. Overall, the authors
confirm a complex evolution path of random alloy NPs towards
their equilibrium structure, in some cases involving the
formation of core@shell@shell forms, that can be possibly
synthesized as metastable, kinetically trapped species.

3.2. Modelling the Optical Constants of Plasmonic Nanoalloys

In the last years, many DFT calculations have been carried out
to obtain the optical constants (OC) of nanoalloys. This is
particularly relevant in plasmonics due to the lack of exper-
imentally measured optical constants for a variety of alloys,
especially in certain compositions that are difficult to obtain in
conventional laboratory conditions. The measurement of the
OCs is done by ellipsometry on thin films, which is critically
influenced by surface roughness, chemical homogeneity and
chemical composition. These are relevant issues in the case of
metastable phases and elements prone to oxidation but also for
pure element films, even in ultra-high vacuum conditions.[112,113]

Recently, Bubas and Parramon proposed an approach based
on the GLLB-SC functionals to calculate the OCs of Au� Ag,
Au� Cu, Ag� Cu and Pd� Au systems, which represent a satisfac-
tory compromise between computational cost, efficiency and
accuracy.[114] They used the GPAW package, based on the
projector augmented wave (PAW) method, and chose the GBLL-
SC functional because of its computational efficiency and the
better treatment of d-band electrons compared to other GGA
functionals. They computed the OCs of bulk alloy (Au� Ag,
Au� Cu, Ag� Cu, Pd� Au) systems and monometallic equivalents
within the independent-particle approximation (IPA) and com-
pared the results obtained with LDA, PBE (and its revisions),
vdW-DF and GLLB-SC to the experimental reference. The GLLB-
SC functional showed overall the best performance among the
others considered there, most notably it provided the best
results concerning the interband transitions (IB) onset, which is
particularly relevant for the LSP spectral position.

Avakyan et al. used LDA, LDA+U, GLLB-SC and TB09
functionals to calculate the OCs of Au, Ag, Al and Mg and their
alloys Au� Ag, Au-Al2 and Mg� Au, also within the IPA as
implemented in GPAW.[115] They found out that LDA+U outper-
forms GLLB-SC (Figure 10A), provided that it is fed with the
proper values of the U parameter. The weakness and strength
of LDA+U is indeed the presence of the U parameter that, on
one side requires a considerable effort to pick the correct value,
but on the other side allows to fine-tune the results to match
the experiment. The TB09 functional turned out to be very
precise for reproducing OCs in Ag systems, however, compared
to LDA+U it failed in reproducing the crystal structure and in
general the ground state properties of the system.

Prandini et al. used the PBE functional to obtain the
electronic structures for Au, Cu, Ag and the mixed alloys
(Au� Ag, Au� Cu, Ag� Cu, Au� Cu� Ag). They exploited the IPA to
calculate the OCs of these systems and other intermetallic
compounds as AuAl2, AuIn2 and AuGa2 (Figure 10B) to simulate
the colour of these metals.[116] The comparison between the
calculated and experimental reflectivity of Au� Ag alloys showed
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that the IPA simulation reproduced well the shift of the
reflectivity to a longer wavelength with the increase in the gold
content. Calculations successfully reproduced the trends in
reflectivity, but the reflectivity edge was found to be systemati-
cally shifted to larger wavelengths compared to experiments.
This bias is due to the underlying PBE functional, indeed semi-
local functionals are well-known to overestimate the energy of
d-bands, thus shrinking the gap between valence d-bands and
conduction sp-bands.[117] Nevertheless, this approach is useful
for a systematic study for the photorealistic simulation of metal
alloy surfaces and was tested also for AgCu, AuAl2, AuGa2, and
AuIn2.

Shahcheraghi et al. combined both experimental and DFT
results to study the Cu� Al system (Al 15 at%).[118] They used the
linearized augmented plane wave plus local orbital (LPAW+ lo)
method, as implemented in wien2k, alongside the PBE func-
tional. To calculate the dielectric function, they exploit the
random phase approximation (RPA) considering the polar-
izability of the system as a sum over independent transitions
not considering the local field effects (LFE). Hence, they checked
the quality of the calculated OCs against the ones measured via
ellipsometry. Despite the general trend resulting similar, the
calculated OC had an absorption edge shifted of 0.53 eV
(180 nm) and the optical losses defined from the imaginary part
of the OC were 2 units larger than in the experiment. The
calculated OCs were used to simulate the reflectance measure-
ment with results in qualitative agreement.

It is worth noting that the addition of Al to the Cu crystal
leads to a random substitutional SS, while the DFT is based on
models with inherent periodicity. To better mimic the alloy‘s
randomness, they built different structures with various atomic
arrangements by substituting the Cu atoms with Al atoms in
random positions. The same strategy was used to explore the
structural order-disorder effect on the OCs of the Au� Cu
system. However, the results indicated that the effect of the
random site occupancy in these alloys is not crucial for the
resulting OCs.[119]

Cortie et al. previously reported a seminal study about the
plasmon properties of a series of Au alloys modelled with the

DFT using the LAPW+ lo.[120] They started from the consider-
ation that Au is chemically inert but relatively lossy compared
to other metals like Ag and Al, which however are prone to
oxidation in most real operating conditions. Hence, they
investigated the effect of alloying Au with other elements on
the electronic structure, DOS and plasmonic quality factor.
These parameters were calculated for substitutional alloys of Au
with Al, Cd, Mg, Pd, Pt, Sn, Ti, Zn and Zr. As a result, only alloys
with Al, Cd, Mg and Zn slightly improved the plasmonic
response in a limited spectral region.

3.3. Analytical Models for the OC

An alternative to DFT for the description of OCs in plasmonic
nanoalloys resort to the integration of analytical models with
band structure calculations. For instance, the dielectric func-
tions in metals can be modelled with the Drude–Lorentz (or
Drude–Lorentz–Sommerfeld) formula.[2,40,121,122] This is an im-
provement of the Drude–Sommerfeld model for conduction
electrons in a metal with the addition of a Lorentzian
contribution to take into account the IB transitions [Eq. (1)]:

e wð Þ ¼ e∞ �
w2

p

w2 � igw
�
XN

j

aj

w0j
2 � w2 � igjw

(1)

where ɛ∞ is the contribution from cores polarization and can be
approximated as a constant, ω is the plasma frequency of the
free electron gas, γ is the damping constant, j denotes the
index of a Lorentz oscillator (a maximum index of j=N is
assumed), aj, ω0j and γj are the amplitude, the resonant
frequency and the damping constant of the given oscillator j,
and ω is the frequency of light.[123] The first two terms are the
same as the Drude model describing the free electron gas in
the metal, while the summation spans over the N Lorentzian
contributions chosen to represent the IB transitions. This model
is very useful for fitting the experimental OC of metals but
cannot be used to predict it. For instance, Hashimoto et al.

Figure 10. (A) Comparison of the dielectric functions calculated for AuAl2 with different functionals and experimental data (open circles). Reprinted from
Ref. [115], Copyright (2020), with permission from Elsevier. (B) Comparison between calculated (PBE functional) and experimental reflectivity spectra for
various Ag� Au alloys. Reprinted with permission from Ref. [116] under a Creative Commons (CC-BY 4.0) license. Copyright (2020), The Author(s).
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easily fitted the OCs of Au� Ag� Cu nanoalloys with the Drude–
Lorentz model in a wide range of compositions.[124] Ma et al.
implemented the Drude–Lorentz model to calculate the OCs of
Au� Ag, Au� Cu, Ag� Cu, Au� Pt, and Ag� Pt alloys.[125] They
assumed that the mass, the energy of bound and free electrons
and in general the quantities that describe an alloy between
noble metals obey the bowing rule, and thus can be described
by a quadratic polynomial. The results were generally satisfac-
tory for the alloys between noble metals at the level of a first
approximation in the absence of other data.

Rioux et al. instead, modified the model by including the
electronic structure of Au� Ag alloys in the IB transitions
contribution, as calculated with DFT.[126] They developed a
parametric analytical model that considers that the main
features of the OC are in critical points (the Van Hove
singularities) of the joint Density of States (jDOS). Thus, the
interband contribution was modelled with the convolution of
the jDOS with a single Lorentzian oscillator [Eq. (2)]:

eib ¼ A
Z ∞

0

jDOS wlkð Þ

wlkðwlk
2 � ðw � igÞ2 (2)

where k and l define the occupied and empty states, γ is the
broadening factor, and A is an amplitude factor. This model
implemented on the Au� Ag system well reproduced the
dielectric functions obtained from ellipsometry measurement
and the plasmonic peak position in the extinction spectra
simulated with Mie theory for different compositions (Fig-
ure 11).

3.4. Modelling the Optical Extinction Properties of Plasmonic
Nanoalloys

OCs are the required input for the calculation of the extinction
(i. e. absorption plus scattering) cross-sections of alloy NPs, as
well as of the local electromagnetic field effects. There is a
variety of numerical models for the calculation of optical
properties at various degrees of accuracy depending on the
size, shape, composition and assembly of NPs, as reviewed for
instance in Ref. [2,127].

The simplest case is that of isolated spherical particles, also
core-shell, which are excellently described with the analytical
Mie theory. The Mie model is based on the solution of the
Maxwell equations by considering multipolar expansion of the
incident, internal and scattered electromagnetic field.[128] By
applying the boundary conditions, it is possible to obtain the
expansion coefficients that are related to the extinction cross-
sections (absorption and scattering). With the Gans theory, the
model can be extended to elliptical particles under the dipolar
approximation, i. e. field homogeneity along the whole NP
volume, which happens only for photon wavelength much
larger than particle size.

For any shape and assembly, the most common numerical
models are the discrete dipole approximation (DDA), the finite-
difference time-domain (FDTD) and the boundary elements
method (BEM).[2,127] All of them use the OCs directly or mediated

by a Drude–Lorentz fit. In DDA the particles are modelled as a
simple cubic array of polarizable volumes (dipoles) interacting
with the electromagnetic wave and mutually with the surround-
ing dipoles. The FDTD model is based on the solution of the
Maxwell’s equations in the time domain within a finite space
volume (the Yee cell). The space and the time discretization
allow to determine the value of the electric field at that
timeframe by solving the derivatives of the electric and
magnetic fields.[127] The BEM model is based on the boundary
conditions for the continuity of the tangential components of
the electric and magnetic fields at the surface and interfaces of
the system. In this way, a system of surface-integral equations is
obtained, which is solved by discretization of the integrals using
a set of N representative points distributed at the boundaries of
the system. In the specific case of ensembles of spherical
particles, the generalized Mie theory (GMT) approach and the T-
matrix methods can provide exact electromagnetic solutions
with the best computational efficiency.[2,129]

Figure 11. Measured (a) and calculated (b) extinction spectra of Au� Ag alloy
NPs with different gold metal fractions. The interband contribution was
modelled with the convolution of the jDOS with a single Lorentzian
oscillator. Reprinted with permission from Ref. [126]. Copyright (2013)
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Literature provides several examples of the use of Maxwell-
Garnett effective medium theory (EMT) as a simple model for
the description of mixed phases or when particles are
distributed with high density in a small region of space. For
interacting spherical particles, the interaction is considered in
the model with a parameter K measuring the extent of local
electromagnetic field contribution from nearby NPs. The model
can be adapted also to elongated particles with the approach
proposed by Garcia et al.[130] However, the accuracy of this
theory is limited and not comparable to the numerical models
listed above.

3.5. First-Principles Modelling of the Optical Absorption of
Small Alloy NPs

In spatially confined materials, where the surface and interface
break the periodicity of the bulk phases and quantum effects
make the bulk OC no more representative, first-principles
approaches like TD-DFT can be used to obtain directly the
optical absorption. This is the case of NPs composed of at most
a few hundred atoms, while for thousands of atoms it is usually
more accurate and computationally affordable to extract the
OCs from the bulk phase and correct it with size effects as
described in detail in Ref. [2,122]. The first-principles approaches
are the only one capable of predicting and understanding the
appearance of plasmon resonances in ultrasmall alloy NPs.
Besides, the predominance of core-shell ordering over other
chemical configurations emerges in this size range at the
boundary between molecular and solid-state behaviour, which
is evidenced by the models and must be considered for the
interpretation of the resulting optical properties.[131]

Recently, TD-DFT and TD-DFT+TB (tight binding) were used
to compute the absorption spectra of Au� Ag clusters in the 10–
102 atoms range.[132,133] They evaluated how the scalar-relativistic
(SR) and the spin-orbit (SO) contribution affect the optical
properties and the transition from molecular-like to metal-like
(plasmonic) optical excitations.[133] This evidenced how the
screening of s-electrons by the d-electrons as well the s-d
hybridization leads to the quenching of plasmonic excitation in
Au-rich clusters compared to Ag-rich ones. In fact, the Ag/Au
ratio correlates with a decrease of the s-d hybridization and an
increase of the s-s transitions that enhance the intensity of
collective excitations, shifting the LSP energy and intensity
toward higher values with larger Ag contents. This shows that
the doping of Au clusters with Ag atoms is a good method to
modulate the optical response between molecular and metallic
behaviours by acting on the SR and SO effects. In a subsequent
study, they exploited a TD-DFT integrated with a tight binding
model as an alternative method that starts with the full DFT
ground state calculation and apply approximations only for the
excited state part to reduce the computational cost without
significantly affecting the precision of the calculations.[132] The
results for Au� Ag icosahedral and tetrahedral clusters were in
good agreement with the ones obtained with the more
accurate standard TD-DFT calculations, despite the lower
computational effort.[133]

Danielis et al. also used a TD-DFT method to calculate the
absorption spectra for Ag� Pd, Au� Pd, and Au� Pt clusters. They
exploit the complex polarizability TD-DFT algorithm on the ADF
program to extract the spectra from the imaginary part of the
polarizability.[108] The same method has been used by Olobardi
et al. to study in depth the optical properties of Ag� Pt and the
role of the Pt!Ag or Ag!Ag transitions in the low and high
energy parts of the spectrum.[106] Medves et al. used the same
complex polarizability TD-DFT approach to simulate the photo-
absorption spectra of Au� Ag alloys, in particular Ag24Au-
(DMBT)18

� in which DMBT is a thiolate ligand (dimeth-
ylbenzenethiolate).[134] The good agreement of the spectra with
the experimental data depended on the choice of the
exchange-correlation functional and of the geometry of the
cluster.

It is worth mentioning that in TD-DFT all excitations are
treated on the same footing, and thus it is not obvious how to
distinguish plasmonic peaks from pure electron-hole excitations
in the computed spectra. To overcome this limitation, plasmo-
nicity indexes were proposed, that allow inquiring the nature of
electronic excitations obtained from TD-DFT.[135] Less obvious to
read, but just as useful, Transition Contributions Maps (TCM)
decompose each electronic excitation in electron-hole transi-
tions, giving a direct visualization of TD-DFT outcome and
facilitating the discussion on the nature of the excitation.[136]

3.6. ML Approaches to the Modelling of Plasmonic
Nanoalloys

ML approaches are exploited for the identification of trends and
patterns in big sets of data. Thus, the ML computational
technologies are highly versatile and are being exploited to
solve problems at different levels in the field of plasmonic
nanoalloys.

Saidi et al. reported on the training, use and validation of a
ML potential (deep neural-network potential, DNP) for model-
ling Ag� Au alloys with accuracy comparable to the standard
DFT method, but with lower computational cost.[90] The DNP
was trained with the DFT and applied for the prediction of
various alloy properties such as equilibrium crystalline struc-
tures, mechanical properties, defect energies and diffusion
energy barriers for Au or Ag adatoms on the principal surfaces
of the Au� Ag alloy. Besides, the DNP allowed the simulation of
the nucleation and growth of a shell of Ag (or Au) on the core
of Au (or Ag), as in the real case of seeded growth, confirming
the preferential growth of {111} facets at the expense of the
{100} ones.

Kitchin et al. trained a neural network with >5000 DFT
calculations to predict the potential energy of ternary
Cu� Pd� Au alloys in the whole compositional range and then
used Monte Carlo simulations to obtain the segregation profile
at 600 K.[137] Results showed a limited agreement with exper-
imental data and this was explained with the inapplicability of
ideal ordered crystalline models to the more complex and
defective real alloys.
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Mirkin et al. extended the ML approach to the synthesis of a
library of multi-element and multi-interface nanocrystals by the
scanning probe block copolymer lithography (SPBCL).[91] In
SPBCL, a scanning probe is used for the deposition of micro-
scopic volumes of liquids containing a block copolymer and
metal salts, to synthesize metal NPs. This method allows the
rapid screening of synthetic parameters such as metal precursor
concentration. Indeed, for an eight-dimensional chemical space
(Au� Ag� Cu� Co-Ni� Pd� Sn� Pt), the number of variables is so
high that a ML approach was required to limit the number of
tests and identify the conditions to harvest the desired nano-
materials. Starting from the experimental data for a smaller set
of 5 metals, the ML method was trained and extended to the
larger dataset in a feedback loop approach, allowing the
discovery of NPs with unprecedented composition and number
of interfaces.

4. Properties of Plasmonic Nanoalloys

Among the long list of properties of plasmonic nanoalloys,
some general trends can be identified in the recent literature
which specifically takes advantage of alloying compared to
single element NPs. These trends can be tentatively grouped in
the plasmonic response, the hot carriers generation and the
coupling of magnetic with plasmonic features.

4.1. Plasmonic Response

Alloying usually has a deep influence on the plasmonic
response of single element constituents. In terms of plasmonic
efficiency versus losses, these can be quantified with the
dimensionless plasmonic quality factor QP. A reliable expression
of QP has been proposed as a function of the real (ɛ1) and
imaginary (ɛ2) components of the OC at a specific frequency of
light ω [Eq. (3)]:[8,19]

(3)

which can be further approximated in the limit of low loss and
the quasistatic regime for the LSP in a nanostructure as
[Eq. (4)]:[2,8]

(4)

However, the expression for QLSP is better suited to indicate
the extinction cross-section and local field enhancement
features, both connected to ɛ1. Instead, all those effects related
to the efficiency of light-to-heat conversion (thermoplas-
monics), that are connected to ɛ2, are not directly considered by
QLSP. For this reason, Baffou et al. introduced two dimensionless
parameters, named Faraday and Joule numbers, to simply

quantify the ability of a NP to, respectively, enhance the optical
near field and produce heat just starting from the material OC,
geometry and surrounding environment.[138]

Since alloying modifies the OC of a material, also the
plasmonic figure of merits will be altered. For instance, gold
and silver are the most prominent plasmonic materials[2,139] and
retain their superior plasmon capabilities also in the Au� Ag
alloys.

For what concerns the LSP position, taking as a reference the
common case of spherical NPs in the dipolar regime, it is defined
as a first approximation by the frequency of electromagnetic light
at which the following relation[122] is satisfied:

Equation (5) means that the LSP spectral position and
extinction cross-section can be easily tuned by changing the
real and imaginary components of the OC. For instance, in
Au� Ag alloys the LSP is tuned in the 400–520 nm spectral range
(for spherical NPs) simply by acting on the Au/Ag ratio and
taking advantage of the full miscibility of the two elements.
Indeed, the Au� Ag alloy is by far the most studied and well-
known bimetallic plasmonic system, which is often used as a
benchmark for testing computational and analytical models.

Kadkhodazadeh et al. systematically studied the plasmon
resonance of single Au� Ag and Au� Pd nanodisks with different
compositions using electron energy loss spectroscopy (EELS).[140]

From EELS, they also obtained the complex dielectric function
applying the Kramers-Kronig analysis. The advantage of this
approach was that of demonstrating at the single-NP level the
correlation of LSP energy and full width at half maximum
(FWHM) with the composition. In this way, the highest FWHM in
Au� Ag nanodisks was found for alloys with nearly equimolar
composition, while in Au� Pd nanodisks the FWHM continuously
increased with Au fraction (Figure 12A). Indeed, Au, Ag and
their alloys have an identical fcc crystal structure and lattice
parameter, making the precise identification of alloying very
difficult in ensemble samples. Even scanning TEM elemental
analysis based on energy dispersive spectroscopy (EDS) with a
resolution of few nm is insensitive to surface segregation or
inhomogeneities at the level of 1 nm in most cases. This helps
explaining why literature reports conflicting experimental
evidence about linear or non-linear LSP position shift with
composition.[141–144] However, the nearly linear dependence of
the plasmon resonance position in spherical Au� Ag NPs is most
frequently observed for Ag fraction <80 at% (Figure 12B).[142,143]

The LSP tuneability in Au� Ag alloys was at the basis of
broadband plasmonic substrates synthesized via radiofrequency
sputtering of Ag/Au bilayer on glass followed by annealing in
Ar for dewetting and alloying into Au� Ag NPs.[145] The LSP was
tuned towards blue or red by increasing respectively the Ag
and Au film thickness. The experimental results were checked
with FDTD calculations and the observed LSP peak shifts were
well matched.

Similarly, the optical properties of Au77Ag23, Au53Ag47, and
Au34Ag66 NPs in a colloidal solution were studied experimentally
and compared with good agreement with those calculated with
a T-matrix model, exploiting dielectric functions measured by
ellipsometry.[42] From the plot of the real component of the
refractive index (n) versus the wavelength, it was possible to
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see that the onset of IB transitions shifts from ~500 nm to
315 nm going from Au to Ag. Besides, n values in the NIR region
are higher for the alloys than in pure Ag and Au, which may be
due to the increase of alloy defectivity introduced by the
adopted LFL synthetic approach. Also, Nishijima et al. have seen
from experimental data and FDTD simulations of LSP extinction
and local electric field enhancement that all the alloys have
lower performances than the arithmetic average between gold
and silver, and attributed this to the defectivity introduced by
alloying.[141]

Borah et al. also studied the absorption and scattering
properties, the near field enhancement and the photothermal
effect of Au� Ag alloy and CS NPs with spherical and non-
spherical shapes.[146] From their simulation with the model
developed from Rioux et al.[126] they observed that the addition
of Au to Ag induces the red-shift of LSP peak, the decrease of
scattering cross-section and the increase of absorption due to
interband transitions for both alloy and CS NPs. Interestingly,
the decrease of plasmonic response upon alloying Ag with Au
is not seen in anisotropic NPs such as nanorods or nano-
triangles with the main LSP peaks located in the red or NIR,
where no IB transitions occur. Further analysis on how
composition affects the spectra shows that in CS systems the
plasmonic shift is not proportional to the Au (or Ag) content as
in the alloy and that the LSP position in Au@Ag and Ag@Au CS
NPs are located at a longer wavelength than in alloy NPs with
the same elemental composition.

Interestingly, by exploiting the dependence of LSP peak
position on composition, Barcikowski and co-workers used
hyperspectral dark-field imaging to monitor dealloying due to

silver ion leaching from individual Au� Ag spherical NPs
deposed on a transparent substrate and immersed in an acidic
aqueous solution.[147]

According to literature, also the plasmon response in the
Au� Cu alloy changes with the Au/Cu ratio with a shift of the
LSP peak in the range of the monometallic counterparts,
similarly to the Au� Ag system.[148,149] In cases like these, the
composition-weighted average of the OCs of single element
constituents is found in literature as a first approximation to
infer the plasmonic properties of the real alloys, although only
the experimentally measured OCs can provide reliable results.
Majhi et al. studied Au� Cu spherical NPs in a silica medium,
showing the presence of a single LSP shifted with the
composition between ~535 nm (Au) and 590 nm (Cu).[144,150] The
FWHM of the plasmon band becomes broader due to the
contribution of IB transitions in Cu. The same approach was
exploited for the Ag� Cu system, which however is not miscible
and very difficult to obtain as a homogeneous sample, despite
still showing intermediate plasmon absorption between the
pure Ag and Cu equivalent nanostructures.[144,151,152]

The Au� Ni and Ag� Ni alloys have also been studied for their
properties and possible applications. The optical properties of
Au� Ni within the whole range of composition have been
studied by Collette et al.,[153] who synthesized Au� Ni thin films
via RF magnetron co-sputtering of Au and Ni targets in the
whole alloy compositional range. Despite both Au and Ni
having fcc crystals in their elemental composition, a large
miscibility gap is present in the phase diagram due to the high
difference in the lattice parameters. Collette’s group studied the
optical properties by measuring the dielectric functions of the

Figure 12. (A) Energy and FWHM of the bulk plasmon in Au� Ag (a, c) and Au� Pd alloys (b,d) as a function of the Au content, measured by EELS in alloy
nanodisks. Reprinted with permission from Ref. [140]. Copyright (2019) American Chemical Society. (B) Composition dependence of the surface plasmon
resonance (SPR) wavelength for 20 nm spherical Au� Ag alloy nanoparticles with different compositions in water. The R2 value corresponds to a third-order
polynomial fit. Inset corresponds to a linear regression of the composition dependence of the SPR wavelength at intermediate gold fractions. Reprinted with
permission from Ref. [142]. Copyright (2013) American Chemical Society.
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SS and calculating the plasmonic quality factor QLSP. While the
real part of the OC in pure Au has a large negative value below
2.5 eV, which enables LSP modes in NPs, its absolute value
decreases with nickel content whereas the imaginary part
increases, with a consequent exponential decrease of QLSP.
Besides, the spectral position of the maximum of QLSP blue-shifts
linearly with the Ni content. By annealing the as deposited thin
films at 300 and 600 °C, phase segregation into gold-rich and
nickel-rich phases was observed, with consequent effects on
the OCs which resulted as the weighted average of the various
phases in the samples (Figure 13).

The effect of phase segregation on plasmonic properties of
immiscible alloys as Au� Ni and Ag� Ni have been studied by
Mueller et al. considering the thermodynamically stable geo-

metries of NPs extracted according to the nano-CALPHAD
model.[93] The calculations evidenced three possible morpholo-
gies resulting from the phase segregation, which are the Janus,
core-shell and separated NPs. Both silver and gold have surface
energy (1.28 vs 1.92 J/m2) lower than nickel (2.01 J/m2), mean-
ing that the plasmonic metals are both preferentially on the
surface of NPs. Moreover, Ni� Ag has lower miscibility than
Ni� Au, causing the preferential phase-separated morphology
for a nickel composition of 30–50 at% in Ag. Conversely, Au� Ni
does not form separated NPs but the CS morphology is
favoured at the extreme compositional values (Au <16 at%
and >80 at%), where the shell is formed by the metal with
higher concentration. Note that the threshold for Ni-shell
formation is larger than for the Au shell because of the

Figure 13. The real and imaginary parts of dielectric constant and plasmonic quality factor in Au� Ni thin films with different compositions (indicated in the
legend) as deposited (left panels) and after annealing at 300 and 600 °C (middle and right panels). Insets in OCs components show the magnification for
specific energy intervals. Insets in the quality factor show the dependence of quality factor maximum value and energy location versus Ni content. Reprinted
from Ref. [153], Copyright (2019), with permission from Elsevier.
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difference in the surface energy of the two metals. FDTD
calculations of the electric field enhancement evidenced the
superiority of noble metal-rich surfaces compared to the Ni-rich
ones, although in all cases an enhancement effect was
predicted which is expected to be compatible with SERS
applications.

A key point in this type of calculation is the identification of
the OCs for a given alloy because reliable quantitative
predictions are not possible when the OCs are obtained from
the composition-weighted average of the OCs of pure elements.
Nonetheless, by the comparison of OCs measured in thin Au� Ni
films from Collette et al.,[153] with the optical properties
predicted with averaged OCs for the same alloy by Bhatia
et al.,[154] a qualitative agreement was found. They simulated
with the DDSCAT package Au� Ni and Ag� Ni spherical and non-
spherical NPs with various sizes and Ni content varying from 0
to 25, 50, 75 and 100 at%. Both systems indicated a LSP blue
shift and intensity decrease with the Ni content.

The most reliable evaluation of the optical properties is
possible using the experimentally measured OCs and single NP
measurements. Alexander et al. studied the relation between
size and composition in Au� Fe spherical nanoalloys obtained
by LAL, using combined single NPs EDS-EELS experiments.[40]

The EELS spectra were modelled with the Mie theory with Fe
content in the range 0–25 at% (Figure 14). The simulations
exploited the OCs of Au� Fe alloys experimentally measured by
ellipsometry, when available, or resorting to a composition-
weighted average of data from alloys with the nearest
composition, when necessary. Single NPs results and simula-
tions indicated that, at parity of size, the increase in iron
content causes the damping and blue-shift of the LSP
maximum respect to the pure gold NPs. At parity of alloy
composition, the intensity of the LSP increases with size and its
position slightly red-shifts.

To explain these trends, DFT was used for the calculation of
the DOS, equilibrium crystal structure and electron density of
Au� Fe alloys. The results indicated that the LSP damping is due

to the appearance of new electronic states with a dominant Fe
d-level character in the proximity of the Fermi energy (Figure 14
C). These new levels, called “virtual bound states” (VBS), enable
low frequencies interband (LFIB) transitions to the conduction
band.[8,120] LFIB transitions are common for alloys of plasmonic
metals (Au, Ag) with other non-plasmonic transition metals with
empty d levels (i. e., Fe, Co and so on) as well as with non-
plasmonic noble metals as Pd and Pt and also sp-group
elements.[8,31,120,155] This is because plasmonic metals as Au and
Ag have d-band levels far from the Fermi energy, which is key
for achieving high quality factor LSP at energies lower than the
onset of IB transitions, while magnetic and catalytic metals have
d-band centers close to the Fermi level and their optical
properties are dominated by IB transitions.[15] In the case of
Au� Fe alloys, the LFIB effect is not compensated by the fact
that the iron-doping induces the shift of the Au d-band edge
downwards from the Fermi level, which taken alone would
have been beneficial for the QLSP. The downward shift of the d-
band is a frequent result for Au alloys with d-group and sp-
group elements, which is expected due to the presence of
additional s-p valence electrons from the substitutional metals.

Concerning the LSP blue shift measured in Au� Fe nano-
alloys, it agrees with the increase of the electron density of the
alloy, due to both the number of conduction electrons brought
from Fe (1.3 vs 1 for Au) and the contraction of the cell
parameter. Indeed, d-group and sp-group metals usually have
higher plasma frequencies than plasmonic noble metals,
resulting in LSP in the blue-UV range where Au IB transitions
are located (Figure 15). Nonetheless, a recent study indicated
that alloying induces the single elements in an alloy to lose
their characteristic DOS features, opening the possibility of
creating a predetermined desired DOS. This study considered
HEA NPs composed of all eight noble-metal-group elements
(Ru, Rh, Pd, Ag, Os, Ir, Pt, Au) and investigated the electronic
structure with the hard X-ray photoelectron spectroscopy of a
synchrotron radiation source, supporting the results with DFT
calculations.[156]

Figure 14. (A) Simulated EELS spectra of a 40 nm Au� Fe alloy NP with various compositions. The quenching of the LSP is clearly appreciable while increasing
Fe content. (B) The plot of calculated LSP resonance (LSPR) maximum versus composition for the same alloy and different sizes and compositions, showing
the blue-shift. (C) DOS calculated with DFT for pure Au, Au94Fe6 and Au75Fe25 showing the appearance of VBS close to Fermi energy (EF) in the alloys.
(D) Calculated free electron density versus alloys composition. (E) Calculated and experimental cell volume versus alloy composition. Reprinted with
permission from Ref. [40]. Copyright (2019) American Chemical Society.
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Another study focused on the fact that, in Au� Fe alloys, the
LFIB transitions enabled by the new d-states around the Fermi
level are associated with the sensible increase of the imaginary
part of the OCs, especially in the red and NIR. Although the
plasmonic quality factor is depressed by the increase of ɛ2, as
shown by the damping of the LSP, the absorption cross-section
is proportional to the ɛ2.[155] Consequently, all those plasmonic
effects relying on the conversion of light into heat benefit of
the increase in ɛ2 due to alloying. It has been calculated, for
instance, that Au� Fe CS NPs with silica core and size of the
order of 100 nm have 100% better efficiency in light-to-heat
conversion than pure Au analogues (Figure 16). This beneficial
effect is observed especially for large (>100 nm) Au� Fe nano-
structures with LSP position in the red and NIR, because they
are in the size range most affected by the competition of
absorption versus light scattering and exhibit a LSP in the
spectral region with the largest increase of ɛ2. This is the only
case reported to date in which a purely plasmonic effect is
improved by alloying a plasmonic metal like Au with a non-
plasmonic one like Fe.

Conversely, all those plasmonic effects relying on light-
scattering, including the local electric field enhancement, suffer
from the decrease of QLSP. It has been shown experimentally
and with DDA calculations that the SERS enhancement factor
decreases of 20-folds going from pure Au to Au87Fe13 spherical

NPs with a size of ca. 20 nm.[30] However, the calculations also
evidenced that the 20 nm Au87Fe13 nanospheres generated a
SERS enhancement factor of 106 at 633 nm, which allowed the
detection of intense Raman signals from organic analytes. The
exploitability of Au alloys for SERS was recently demonstrated
also with Au� Co alloy NPs, whose plasmonic properties resulted
similar to those of Au� Fe nanoalloys.[37] Interestingly for
applications, both Au� Fe and Au� Co alloys with Au at% >80%
showed the formation of an Au rich skin, eventually associated
with oxidised Fe or Co species, which passivated and stabilized
the nanoalloy in an aqueous environment, even at acidic or
basic pH and in a physiological environment.[30,31,98]

Blue shift, intensity decrease and broadening of the LSP has
been observed also with single-particle dark field spectroscopy
in Au nanorods upon amalgamation with Hg (Figure 17A).[157]

Exposure to air produced a small red shift of the LSP and a
reduction of the FWHM due to Hg oxidation and partial de-
alloying.

Ag� Fe and Ag� Co alloys were also studied experimentally
for plasmonic applications, by resorting to the LAL
synthesis.[158–161] However, the large positive mixing enthalpy of
these systems brought to segregated bimetallic NPs with
crystalline Ag matrix embedding Fe� Ag or Co� Ag domains.
These domains are supposed to be amorphous based on EXAFS
and Mossbauer investigations because they are not detectable
from XRD analysis. Indeed, compared to Au� Fe and Au� Co
alloys, the Ag analogues evidenced a high yield of nonspherical
particles (defined as “nanotruffles”), interpreted as the tendency
to phase segregation of the two elements. Therefore, the
resulting optical properties nearly corresponded to the sum of
Ag NPs and metallic Fe or Co NPs. The experimental spectra
were successfully modelled with the DDA method considering
this type of homogeneous phase-segregated structure. The
DDA simulations evidenced the good local electric field
enhancement capabilities of these nanoalloys, which were
confirmed by SERS experiments.

Recently, Bhatia et al. succeeded in reproducing the general
trend of the optical properties of Au� Fe and Ag� Fe alloys with
OCs averaged from pure elements and using the DDA method
for NPs with various sizes, shapes and compositions.[162,163]

Boldman et al. even succeeded in the synthesis of the Ag� Fe
random substitutional SS by RF magnetron co-sputtering at

Figure 15. Overview of problems observed in literature when plasmonic elements have been alloyed with non-plasmonic elements, resulting in a decrease of
the plasmonic quality factor.

Figure 16. Sketch of absorption in silica-metal core-shell NPs with size
>100 nm, showing that at parity of geometrical shape, the Au� Fe alloy shell
(with Fe content close to 20 at %) have much larger absorption in the red
and NIR compared to a pure Au shell. Reprinted with permission from
Ref. [155]. Copyright (2015) The Royal Society of Chemistry.
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various compositions from 12 to 82 at%.[164] The XRD Ag [111]
peak of the as-deposited samples continuously shifted towards
higher 2θ values, indicating a decrease in lattice cell parameter
as the Fe concentration increased but, after annealing at
>800 °C in an inert atmosphere, the diffraction peak returned
in all cases to the position of pure Ag, indicating the phase
segregation of the supersaturated Fe component. The OCs of
the films were measured by ellipsometry and used to extract
the QLSP, which indicated an exponential increase and blue shift
of its maximum with the Ag fraction.

Ag� Al alloys were recently studied for the realization of
chiral plasmonic substrates with high thermal resistance.[165]

Plasmonic chiral NPs are promising as asymmetric catalysts and
plasmon enhanced catalysts but often suffer of loss of optical
activity due to the limited thermal stability and reshaping.
Ag� Al 1 :1 alloy NPs were fabricated by glancing angle
deposition in a chiral lattice which resisted up to 700 °C thanks
to the formation of a Al2O3 layer. The combination of alloying
and Al oxide shell maintained the LSP and the consequent peak
of the optical activity in the 400 nm spectral region of pure Ag
NPs.

The Au� Al alloys are noteworthy systems for plasmonic
applications, considering that both gold and aluminium possess
high QLSP.

[8,120] Keast et al. suggested that the intermetallic AuAl2
perform better than Au in the blue-green part of the visible
light.[120] On the other hand, De Silva et al. described the effect
of small fractions of Al as random substitutional impurities in
the Au lattice.[166] In the range 0 to 12.5 at%, Al atoms cause the
bleach of gold surface plasmon peak due to the decrease of the
real part and the increase of the imaginary part of the OC.
Collette et al., with the same approach before described for the
Au� Ni system, studied Au� Al alloys with nominal compositions
covering almost the whole phase diagram (Au16Al84, Au26Al74,
Au41Al59 Au56Al44, and Au72Al28).

[167] The system is studied before
and after annealing with grazing incidence XRD (GIXRD) and
the dielectric functions were obtained by ellipsometry. The
results for Au� Al films remarkably differ from Au� Ag or Au� Cu
ones, where OCs are close to the composition-weighted

average (Figure 17B–C). In fact, the formation of intermetallic
Au� Al phases introduces remarkable discontinuities in the
evolution of the OCs. Despite this, a general trend is observed
because below 2.6 eV the real part of the OC increases and the
imaginary part decreases with Au content. The imaginary part
increases instead above 2.6 eV. After the annealing procedure
at 500 °C, the XRD peak position in Au-rich samples shifted
toward pure gold, whereas in Al-rich films the pure Al and AuAl2
components prevailed. SERS performances were also tested
experimentally in Au� Al nanoislands, indicating an
enhancement effect comparable to pure Au analogues with up
to 30 at% of Al in Au, from which it was extrapolated a SERS
enhancement factor of 105–107 versus the 106–108 of gold.

Several reports addressed the intense purple colour of AuAl2
surfaces suggesting the origin was due to interband
absorption.[118] Samaimongkol and Robinson recently verified
the existence of a low energy surface plasmon after that some
OCs’ calculations alluded to it.[168] They launched surface
plasmon in AuAl2 thin film with Kretschmann configuration and
the surface plasmon resulted quite lossy and lying at lower
energy (2.1 eV). This is unusual for gold but may be interesting
in spherical NPs due to the high absorption cross-section in the
red spectral range.

Beyond the plasmonic noble metals, which have high QLSP

and are active from the visible to the NIR with appropriate
morphologies, other elements of the periodic table have been
considered as possible alternatives for their different
characteristics.[19] The transition metals (d-metals), for example,
can be considered for light-to-heat conversion in the UV region,
because of the high energy of their LSP but also for the
relevance of IB transitions which imply a high imaginary part of
the OC. Instead, because of the very large QLSP, the s and sp
metals such as Mg, Al, In and Ga are appealing candidates for
UV plasmonic applications, including those requiring local
electric field enhancement like SERS. However, the ease with
which these metals undergo oxidation hamper their use. Hence,
alloying is a possible strategy to avoid the intrinsic limitations
of not-noble plasmonic metals. For instance, Wu et al. studied

Figure 17. (A) LSP blue shift, intensity decrease and broadening in a single Au NR upon amalgamation with Hg. Reprinted with permission from Ref. [157].
Copyright (2022) American Chemical Society. (B) GIXRD recorded before and after annealing of Au� Al thin films with different Al content (x). The samples are
shown as black lines before annealing and as red lines after annealing. (C) Measured OCs (real and imaginary components) for the thin films as-deposited and
after annealing at 500 °C. (B) and (C) reprinted with permission from Ref. [167]. Copyright (2018) American Chemical Society.
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the plasmonic properties of Ga� Mg alloy and CS NPs.[169]

Gallium and Al, have the best QLSP in the UV range but, while Al
oxidises very easily, Ga is relatively more stable in air. Mg also
oxidises very easily but has useful properties for hydrogen
sensing and storage. Therefore, molecular beam epitaxy has
been exploited for the synthesis of Ga� Mg NPs, achieving CS,
segregated or alloy structures by acting on the temperature
and the order of deposition. The real-time spectral evolution
taken during the NPs deposition showed a redshift in the
Ga� Mg NPs compared to the initial pure Ga NPs. The NPs were
exposed to air for 10 months and a small shell of gallium oxide
was detected, explaining the LSP redshift of 0.5 eV. Besides, the
LSP showed a remarkable tunability with composition, with a
red shift from 3.4 to ~1.8 eV for Mg varied between 0 and
55 at%. This range is larger than that achieved with Au� Ag
(from 2.35 to 3.20 eV).

UV plasmonic properties have been observed also in
eutectic Ga� In liquid-metal NPs suspended in ethanol.[170] In
particular, the two main resonances were located at 213 nm
and 275nm for 100 nm nanospheres. The eutectic has useful
properties for reconfigurable and tuneable liquid-metal plas-
monics by deforming the shape of the NP but has an even
lower melting point (15.5 °C) compared to pure Ga (30 °C).

Transition metal nitrides such as Ti� N, Zr� N and Hf� N are
another class of materials intensely investigated for their
plasmonic and refractory properties.[171] These binary semi-
conductors are very stable even at temperatures of thousands
of K, at which all the traditional plasmonic materials melt.
However, they suffer from limited chemical stability in air and
humid or aqueous environments at high temperatures and
have larger losses not ideal for local field enhancement
applications.[19,20,138,172] In search of better refractory plasmonic
materials, Huang et al. fabricated Au� Zr and Au� Hf thin films
by DC magnetron sputtering.[173,174] Also in these cases, crystal-
line orientation resulted critical for thermal stability and
appreciable plasmonic quality factors, and oxidization emerged
as a critical issue for high-temperature applications in an
ambient environment without protective coatings.

4.2. Hot-Carriers Generation in Plasmonic Nanoalloys

Hot-carriers are charged particles (electrons) or quasiparticles
(holes) in excited states. They are of great interest because can
have sufficient kinetic energy to pass the potential barrier at
the interface between two materials. Hence, hot-carriers are
crucial for plasmon-enhanced catalysis (PEC) of redox reactions,
also defined as “photoredox” reactions, and represent one main
field in which plasmonic nanoalloys are largely exploited and
investigated.

In plasmonic materials, hot carriers result from the non-
radiative decay of plasmon modes.[2] The non-radiative LSP
decay is the sum of different anelastic scattering contributions
such as electron-electron, electron-phonon, electron-defects
and electron scattering at the surface (Landau damping[175]), the
latter being also significantly influenced by chemically bound
molecules.[2,121,176–178] All these phenomena contribute to the

overall plasmon decay mechanism, which ultimately causes the
transformation of the LSP energy into the excitation of
electron-hole pairs.

The hot-carriers generation rate scales with the absorption
cross-section of the NP meaning that this is the first obvious
parameter for evaluating the hot-carriers generation ability in
nanoalloys and NPs (Figure 18).[179,180] The absorption cross
section linearly depends on the imaginary part ɛ2 of the OC.[179]

However, the absorption cross-section also depends on the
electric field intensity inside the NP, which scales with the
plasmonic quality factor and is strongly dependent on NP shape
and size, in addition to the composition which determines the
OC.[2,155] For a generic NP at the photon frequency ω, the
absorption cross-section σAbs(ω) can be expressed as
[Eq. (6)]:[2,155]

(6)

where E0 is the electric field of the incident light, measured in
the medium surrounding the NP of volume VNP, ɛ0 is the
vacuum dielectric permittivity and ENP is the electric field of the
electromagnetic radiation inside the NP. On the one hand,
σAbs(ω) is proportional to the lossy part of the optical constant
ɛ2. On the other hand, σAbs(ω) is proportional to the square of
the electric field ENP inside the NP, which is maximized when
the QLSP is maximum.

The plasmon-enhanced catalysis mechanism always implies
that charge transfer (CT) occurs from the metal to the coupled
material (semiconductor or molecular adsorbate). Hence, the
transfer ability of hot carriers primarily depends on their energy,
which must be higher than the energy barrier with the coupled
material or molecule. In the case of nanoalloys coupled with
semiconductors, the metal/semiconductor energy difference is
called the Schottky barrier and generally is of the order of 1 eV
or less.[179,181] In the case of molecules adsorbed on the metal
surface, this barrier can be much higher, up to >3 eV.[179,182] The
energy barrier also depends on the work function of the
nanoalloy, with lower values meaning a lower tendency of the
metal to keep the electrons.

Clearly, the hot carriers should be generated close to the
interface between the nanoalloy and the acceptor or should be
able to reach the interface. This implies that the transfer ability
of hot carriers is critically connected to their relaxation time and
mean free path, which should be the largest possible. In noble
metals and their alloys, both parameters are determined by the
electron-electron and electron-phonon scattering rate, which
are usually lower in low energy states in the proximity of the
Fermi level, where they reach typical maximum values of,
respectively, tens of fs and tens of nm.

Electroneutrality must be respected throughout the process
to avoid charging the nanoalloy and the growth of the potential
barrier with the acceptor. Therefore, sacrificial electron donors
or acceptors must be present in the PEC system to close the
redox circle.[183]
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The distribution of hot carriers in the band structure is
another key parameter for plasmon-enhanced catalysis and hot-
carriers transfer ability.

A crucial aspect for hot-carriers application is whether the
plasmon decays in interband or intraband electron-hole
pairs.[180,184] Transitions from states in the conduction band
(intraband excitations) can produce high-energy hot electrons
and holes, while IB transitions (e.g. from the d band to
unoccupied states in the conduction band) can produce high-
energy holes (i. e. well below the Fermi level) but the electrons
have low-energy because occupy states close to the Fermi
level.[185] Conversely, intraband transitions are more likely to
produce low energy hot holes but high energy hot electrons in
the conduction band.

Thus, modelling the electronic structure of bulk alloys is a
crucial step to obtain information about the features of the hot
carriers (Figure 18), which mainly concern their generation rate
and transfer ability (energy, interface energy barrier, coupling
with the environment to maintain electroneutrality and so on).

For instance, in Au the IB transitions after plasmon decay
form hot holes in transfer-disadvantageous d bands, which are
more localized than transfer-favourable sp bands, where the hot
electrons form. This is not the case in pure Al and in the AuAl2
and AuAl intermetallic compounds, where hot-electrons are
almost uniformly generated in the d and sp bands, according to

Jian et al.[179] Starting from the calculation of the electronic
structure, the work aimed to analyse the possible direct or
indirect electronic transitions between the various bands. The
electron binding ability of alloys vs pure metals was inferred
from the calculated work functions of the (111) surface,
resulting in 5.13 eV (Au), 4.12 eV (Al), 4.45 eV (AuAl2), and
4.65 eV (AuAl). This is a remarkable indication that alloying of
the two metals decreases the electron binding ability. Besides,
the band structure and DOS showed a shift of the d-bands to
lower energy in AuAl2 (� 5 eV) compared to AuAl (� 3.7 eV),
meaning that only AuAl is compatible with d-sp IB transitions in
the range 0–4 eV as in pure Al. However, both alloys resulted
compatible with sp-sp IB transitions at an energy below 2 eV. To
predict the hot carriers generation rate, ɛ2 was calculated at the
first order of the perturbation theory considering direct
transitions, and at the second-order perturbation for the three-
body phonon-assisted transitions. The Au� Al intermetallics
have appreciable good values of first-order ɛ2 contribution, also
higher than pure Al and Au at specific wavelengths (Figure 19).
The second-order ɛ2 contribution due to the phonon-assisted
transitions resulted higher than Au at energy lower than 1.3 eV
and are appreciable at 2.5 eV for AuAl2. Furthermore, the maps
of hot carriers energy distribution versus plasmon excitation
energy indicated that Au� Al intermetallics can generate high
energy hot holes and hot electrons.

Figure 18. Overview of the main motivations for the realization of nanoalloys for plasmon-enhanced catalysis. (A) Plasmon decay preferentially with intraband
transitions. (B) The energy of hot carriers increases. (C) The metal work function decreases. (D) The Mott–Schottky barrier decreases. (D) The interface energy
barrier with molecular adsorbates decreases. (F) The metal d-band is shifted to facilitate the interaction with molecular adsorbates. (G) Hot-carriers localization,
mean free path and lifetime are improved. (H) Hot-carriers generation rate increases.
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Another interesting system suitable for hot-carriers gener-
ation is the Cu� Ag alloy. Although this alloy has a high positive
mixing enthalpy and a high tendency to segregation,[186] Jian
et al. studied from a theoretical and computational point of
view the effect of alloying Ag and Cu on the non-radiative LSP
decay processes.[187] Starting from electronic structure and DOS
calculations, they simulated the absorption spectra of Cu� Ag in
alloys with 12.5, 25, and 50 atomic % of Cu. The absorption
coefficient due to interband transitions resulted higher for the
Cu0.5Ag0.5 alloy compared to pure Ag and Cu in the 1.5–3.2 eV
range, which includes most of the solar spectrum. Conse-
quently, the contribution of intraband transitions is reduced in
the alloy. The increase of IB transitions is due to the hybrid-
ization of the Cu and Ag d-bands that shift their energy closer
to the Fermi level.

Chavez et al. affirmed that the structure of the plasmonic
particles will also influence the subsequent energy flow by
determining the location of the generated hot-carriers (i. e. at
NP surface or in its core).[180] They used core-shell NPs with Au
or Ag cores coated with Pt shell to show that absorption and
hot-carriers generation is mostly located in the Pt shell (lower
plasmonic quality factor because of higher lossy component of
the OC) for Ag cores (high QLSP). Conversely, with Au core and Pt
shell (smaller difference of QLSP), hot-carriers generation is not
limited to the shell. Therefore, an important factor is a ratio
between the imaginary part of the OCs of shell and core metals,
although the local field enhancement has been also indicated
as a relevant parameter in agreement with eq. 6.

According to Valenti et al., alloying is a way to optimize the
coupling between plasmonic and semiconductor crystals (SC)
for the injection of hot electrons (HEI) into the SC.[185] In HEI, the
hot electrons are transferred from the conduction band of the
metal to the conduction band of the SC.

Only the electrons with energy higher than the Schottky
barrier, can be transferred to the SC. This is the main cut-off for

HEI, although another relevant criterion to be satisfied is
electroneutrality. Electroneutrality requires a hot hole-extraction
counterpart acting simultaneously to hot-electron transfer to
the SC.

Regarding the hot-carriers energy, silver is known to
produce highly energetic hot electrons via intraband excita-
tions, unlike gold in which less energetic hot electrons are
generated due to the IB transitions available at lower energy.
On the other hand, the criterion of hot-carriers generation
requires a high absorption cross-section in the visible range,
but spherical Ag NPs absorb in the blue as most of the SC for
HEI applications. Alloying Au and Ag can tune the LSP position
and increase the generation rate of high energy hot electrons,
allowing a higher HEI efficiency in Au50Ag50 alloy supported on
TiO2 than in pure Au NPs. However, the alloy still performed
lower than pure Ag NPs. This is due to intraband and IB
transitions in the alloy with intermediate energy between the
Au and Ag ranges, generating few hot electrons with enough
energy to overcome the Schottky barrier.

These results agree with those of Haider et al., which
studied a richer Au� Ag alloy (Ag0.6Au0.4) performing more
efficiently for HEI than the monometallic systems in the
photoelectrochemical oxygen evolution reaction (OER).[181] They
asserted that the improved photocatalytic activity of the alloy
results from the increased absorption cross-section in the visible
range. However, also the d bands structure and metal work
function change, increasing the height of the Schottky barrier
with the Au content of the alloy. Nonetheless, the generation of
hot holes on the NPs surfaces allowed better carriers dynamics
and improved the OER photocatalytic capabilities for the
Au� Ag NPs supported on TiO2.

Sahoo et al. also exploited alloying for tuning the Schottky
barrier and hot carriers generation ability.[188] With Au� Ag alloy
NPs coupled with Zn� Cr layered double hydroxide/graphene
oxide (LHD/GO) nanocomposite, they improved the charge

Figure 19. The plot of the imaginary components of the OC in Au, Al, AuAl2, and AuAl. (a) Contribution due to first-order perturbation accounting for direct
inter-band and intraband electronic transitions. (b) The contribution due to second-order perturbation theory due to phonon-assisted indirect electronic
transitions. Reprinted from Ref. [179], Copyright (2021), with permission from Elsevier.
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separation and boosted the photoredox reactions of oxidation
of benzyl alcohol and the reduction of nitrobenzene.

Sahoo et al. also studied the effect of Au� Pd NPs supported
on LHD/GO for the Suzuki coupling reaction.[189] In this case, the
alloy contributed to the catalytic process with the Pd sites,
while Au is used to increase the absorption cross-section for
visible light. The hot electrons generated by plasmon absorp-
tion increased the chemisorption capabilities of Pd sites at the
NPs surface. For charge neutrality, when the electron-rich Pd
transfer one electron for the coupling reaction, the nanoalloy
also receives one electron from the LHD through the GO
substrate. This improved the photocatalytic efficiency compared
to the mechanical mixture of pure Au and Pd NPs.

The Ag� Pt nanoalloy has been also studied when coupled
with TiO2 for the generation of singlet oxygen under UV-visible
light.[190] Singlet oxygen had the function of promoting the
selective oxidation of benzylamine into its imine. The higher
charge mobility and hot electron density compared to pure Ag
or Pt NPs was identified as the reason for the better photo-
catalytic effect with the alloy. The Ag� Pt nanoalloy also acts as
an electron receiver from the TiO2 with a better charge transfer
than the monometallic counterparts because of the higher
work function compared to Pt NPs and the lower back-injection
of hot carriers of Ag NPs, which have higher plasmon
absorption than the alloy. The experiments also evidenced the
formation of hybrid levels under the conduction band of the
semiconductor in the alloy-TiO2 system, which increase the
electron transfer efficiency. The electrons donated to the alloy
are subsequently used to produce the singlet oxygen that is
needed for the selective oxidation of benzylamine.

Martirez and Carter explored with DFT calculations the
thermodynamic limits to the use of Au� M alloy (M=Fe, Co, Ni or
Mo) for the N2 dissociation reactions.[5,191] Although relatively
less studied in the field of plasmon-enhanced catalysis, N2

dissociation and subsequent hydrogenation are crucial steps for
the Haber–Bosch process for NH3 synthesis, which has a massive
footprint in agriculture and is one of the crucial chemical
processes required for a sustainable future.[192] DFT calculations
were carried out using the VASP package with PBE-GGA XC
functional and a PAW method, considering the substitution of
Au atoms on the (111) surface with the transition metals. First,
the segregation of the substituents was modelled, evidencing
that Mo and Co have the lower tendency to alloy compared to
Fe and Ni. Furthermore, the formation of oxides on the surface
needs to be considered. Oxidation can stabilize the structure
but also reduce the interaction with the nitrogen. Besides, the
hydrogenation of the transition metal should also reduce the
surface oxide. Calculations of the oxidation free energy showed
that Mo is more easily oxidized than the other metals.
Concerning N2 adsorption, it is predicted that one N atom
vertically points to one M atom and that the N� M interaction is
more favoured than the Au� N bond. Due to the entropic
contribution to N2 adsorption, an increase in temperature leads
to a less efficient catalytic effect. Dissociation energies on the
doped Au surface are lower than pure gold, with the smallest
values expected in Au� Fe and Au� Mo. The results were
supported by further density functional embedding theory

(DFET) studies focused on the alloy electronic excited states
and their effect on the reaction kinetics, as well as with the aim
of avoiding the limits of DFT in describing charge-transfer
reactions.[5,182] The DFET effort evidenced that the Au plasmonic
component may harvest the light and acquire the energy
required on the Mo active site to generate excited states which
lower the energy barriers for nitrogen dissociation.[5,182] The
conclusion was that Au� Mo and Au� Fe alloys are the best
candidates for the plasmon-enhanced catalysis of N2 dissocia-
tion and hydrogenation of the Haber–Bosch process. However,
the oxidation of Mo and the fact that the Au� Fe nanoalloys
were already produced[32,193] indicate this last one as the best
candidate. A crucial point of these calculations was that, when
the LSP is in the visible or NIR (<3 eV), hot carrier injection in
N2 is unlikely in metals with a large work function as the Au
alloys. Thus, another mechanism based on Förster resonance
energy transfer (FRET mechanism) was hypothesized, also
defined as plasmon-induced resonance energy transfer (PI-RET).
FRET is considered more probable for the excitation of the
lowest unoccupied molecular orbitals too high in energy for the
generation of transient negative ions (TNI) by HEI.[5,182]

4.3. Magneto-Optical Properties of Plasmonic Nanoalloys

Frequently, alloying noble metals with transition metals has
been sought for introducing magnetic properties in the
plasmonic NPs. This enabled a series of studies in which the
plasmonic nanoalloys can be manipulated with external mag-
netic fields for irreversible or reversible assembly, which is
important for applications like catalysis or magneto-optics. In a
few cases, new mutual magnetic-plasmonic effects have been
observed, illuminating an area still poorly investigated in
nanoalloys.

Plasmonic metals (e.g., Au, Ag, Cu, Al) alloyed with
magnetic ones (e.g., Fe, Co, Ni) typically suffer the presence of
d-band levels close to the Fermi level, leading to the effects
described for Au� Fe on the QLSP. Indeed, Ag alloys may appear
as exceptions in the sense that the transition metals may
segregate homogeneously in the silver fcc lattice, leading to
the sum of the properties of the two metals, roughly weighted
by their molar fractions.[37,158]

The Au� Fe system was thoroughly studied from the
magnetic point of view both in homogeneous SSs and CS
nanostructures.[29,34] Room-temperature magnetization experi-
ments on SS NPs with Au89Fe11 composition evidenced a
paramagnetic behaviour typical of a diamagnetic system (gold)
doped with paramagnetic impurities (iron). At 3 K, a magnetic
correlation among Fe atoms appeared as a hysteresis curve and
this, together with the other magnetic characterizations,
indicated the overall behaviour of a spin glass at low temper-
ature, which evolved into a paramagnetic system at room
temperature (Figure 20A). This agrees with the percolation limit
for the ferromagnetic behaviour in bulk Au� Fe alloys, which is
above 15.5 at% of Fe. Nonetheless, high magnetic polarization
of Au atoms was inferred from the magnetic moment per Fe
atom, which resulted larger than in bulk Fe.[29]
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Bogani et al. observed that the magnetic properties in
Au� Fe nanoalloys can influence the plasmonic response,
resulting in a new magneto-plasmonic phenomenon.[194] In
these experiments, the Au� Fe nanoalloys were embedded in a
silica matrix by ion implantation. The nanocomposite exhibited
a reversible variation of the magnetic moment by laser
irradiation in resonance with the LSP. This opened interesting
perspectives for the use of plasmonic nanoalloys instead of
heterostructures and multilayers for the realization of photo-
switchable nanomagnets that can be controlled and monitored
by light.

Boldman et al. explored the Ag� Fe system by synthesizing
thin films with different Ag at% (12, 35, 50, 75, and 82) and by
measuring the magnetization before and after annealing.[164] In
all cases, the magnetization increased with iron content with a
non-linear trend (Figure 20B). Together with the measure of
magnetization versus temperature, this confirmed an incom-
plete ferromagnetic ordering. For the iron-rich samples (Fe
>50 at%), the magnetization curves indicated an exchange
bias behaviour possible only by the interaction between
ferromagnetic and antiferromagnetic phases, which form in the
Ag� Fe films. In annealed samples, there is a clear increase of
coercivity at all temperatures, which indicates the segregation
of the two metals and the pinning of magnetic atoms at defects
and interfaces.

The magnetic properties of Ag� Fe nanotruffles with 15 at%
Fe were also reported.[158] The nanotruffles were obtained by
LAL of a bimetallic Ag/Fe target with a molar ratio of 66/34, in
which the two elements were homogeneously mixed but not

alloyed. The magnetic nanotruffles were separated from the
non-magnetic NPs in the colloidal solution with the help of an
external magnetic field. Superconducting quantum interference
device (SQUID) magnetometry analysis was conducted to
measure the hysteresis loops at 2.5 and 300 K, also with zero
field cooled (ZFC) – field cooled (FC) analysis, suggesting the
presence of single-domain magnetic NPs with magnetic mo-
ments blocked at 2.5 K but in the superparamagnetic state at
room temperature.

Fe� Ag NPs were obtained also by LFL of pure Ag and Fe
powders at various molar ratios (20/80, 50–50 and 80/20) in
aqueous solutions of polyvinyl alcohol. These NPs were
analysed by vibrating sample magnetometer (VSM), which
indicated a superparamagnetic behaviour and optimum mag-
netic properties for equal Fe� Ag content.[43]

Guadagnini et al. extended the LAL approach to the syn-
thesis of Ag� Co and Au� Co alloy NPs and studied their
plasmonic and magnetic properties.[31,37] The resulting Ag83Co17

NPs were analysed with a VSM at room temperature to show a
superparamagnetic hysteresis loop as in the Ag� Fe
nanotruffles.[37] The saturation magnetization per Co mass
resulted in half of the pure Co, due to the presence of some
Co(II) oxide that is paramagnetic at RT. The Au86Co14 NPs
analysed with VSM at 300 K also showed a superparamagnetic
behaviour and the hysteresis loop were fitted with the Langevin
model. In all these samples, the physical separation of NPs from
the colloidal solution using an external magnet confirmed the
superparamagnetic properties and the coexistence with the
plasmonic properties. This marked a difference with the para-

Figure 20. (A) NPs: hysteresis loops (top, A) and zero-field cooled (ZFC) and field-cooled (FC) magnetization dependence on temperature (bottom, B) showing
paramagnetic response at room temperature with a hysteresis loop at 3 K and ZFC-FC behaviour typical of spin glass arrangement. Reprinted with permission
from Ref. [29], Copyright (2013) The Royal Society of Chemistry 2013. (B) Magnetic properties of Ag� Fe thin films: (a) Saturation magnetization versus Ag
composition. (b) M� T curves from the annealed samples. (c–d) Hysteresis loops for the 78 at% Fe sample (c) as deposited and (d) after annealing at various
temperatures. Reprinted from Ref. [164], Copyright (2021), with permission from Elsevier.
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magnetic Au89Fe11 NPs described above, suggesting that
magnetic percolation of Co atoms in the Au alloys NPs was
possible. Similarly, a sharp superparamagnetic response in
Au� Fe alloys was observed in CS Fe@Au� Fe NPs obtained in
one-step by LAL of thin films in organic solvents.[34,38] These CS
NPs readily formed stripes by application of an external
magnetic field, and responded to the external field by
migrating and accumulating in predetermined points, such as
glass slides or silicon substrates.

Luong et al. also studied the magnetic properties of Ag� Co
thin films and nanotriangle arrays, confirming the linear
increase of the saturation magnetization with Co content.[195]

Instead, Garfinkel et al. focused on the magnetic behaviour of
Ag0.5Ni0.5 thin film as deposited with different thicknesses and of
NPs generated with PLID.[52] The hysteresis loops obtained by
VSM at 300 K for the as-deposited thin films revealed a
superparamagnetic behaviour evolving in a ferromagnetic
response at 1.9 K. The transition from a blocked ferromagnetic
to an unblocked superparamagnetic material resulted size
dependent. For instance, the blocking temperature was lower
than 50 K for 8 nm particles, between 150 and 200 K for 20 nm
NPs, and higher than 300 K for 45 nm NPs.

Appealing magneto-plasmonic properties were reported in
a system of Au� Cu alloys integrated into a core-shell
Co0.25Ni0.25@Au0.25Cu0.25 hybrid nanopillar with ferromagnetic
alloy core (CoNi) and plasmonic shell (Au� Cu), all embedded in
a BaTiO3 matrix.[196] The array of core-shell alloy nanopillars
exhibited multi-functionality as high magnetic anisotropy,
magneto-optical coupling response, tailorable plasmonic reso-
nance wavelength, tuneable hyperbolic properties, strong

optical anisotropy, and a response indicative of a strong
magneto-plasmonic coupling enabled by the core-shell inter-
face.

5. Applications

The applications of plasmonic nanoalloys are typically related to
the improved, innovative or unique properties that are achieved
through the alloying. Of the large variety of uses reported in
the literature for plasmonic nanoalloys, the most recent ones
are principally oriented to plasmon assisted catalysis and
various photoredox reactions, photothermal effects for chemical
and biomedical purposes, optical sensing and as SERS sub-
strates (Figure 21). However, this is not a comprehensive list of
the many studies which, to date, involved plasmonic nano-
alloys, sometimes also including photodetection, photovoltaics,
chemical transformations, linear spectroscopy and circular
dichroism. The possibility of tailoring the LSP, offered by
alloying, is crucial also for applications in anticounterfeiting and
electrochromic color switching.[197]

5.1. Photocatalysis and Plasmon Enhanced Catalysis

As anticipated in the previous paragraph about hot-carriers
generation, plasmonic nanoalloys have been extensively ap-
plied in experiments of photocatalysis based on electron or
hole transfer (Figure 22). The studies about plasmon-enhanced
catalysis can be divided into pure photocatalysis, hybrid photo-

Figure 21. Overview of the most frequent applications of plasmonic nanoalloys in recent literature: optical sensing based on LSP spectral position or
evolution; photothermal effects for nanomedicine applications, towards hyperthermia effects or nanocavitation phenomena; plasmon-enhanced catalysis and
SERS for analytical or biolabeling purposes.
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electrocatalysis and photothermal activation of chemical proc-
esses (thermal catalysis).[15] The catalytic activity can rely on
direct hot-electron or hot-hole transfer to a molecular com-
pound or indirectly to a mediator for the chemical reaction
such as a semiconductor nanocrystal, in a configuration defined
as an antenna (metal NP) – reactor (SC NP). Of crucial
importance is the modification of the surface chemistry possible
in alloys by the introduction of d-group catalytic metals, whose
d-band levels couple well with the key adsorbates of the
chemical reactions to be photocatalysed, according to the d-
band model of chemisorption.[15]

Several relevant examples of PEC are based on the Ag� Pt
alloy, which was exploited for selective oxidation of benzyl-
amine in the imine.[190] Besides, Au@Ag@Pt CS and Au@Ag� Pt
nanorattles (i. e. Au nanosphere in a hollow Ag� Pt shell) were

used for the photocatalytic hydrogenation of
phenylacetylene.[198] In this particular case, the nanorattles led
to a higher photocatalytic effect, with the conversion of
phenylacetylene being increased from 48% in dark to 98%
under light irradiation. The difference between CS and nano-
rattles is in the hybridization of shell and core plasmons that, in
the nanorattles, is associated with higher local field
enhancement and absorption in the red and NIR. This allowed
an improved availability of hot electrons in the Pt atoms
responsible of the hydrogenation of phenylacetylene.

Au� Ag nanoalloys are also interesting for reduction reac-
tions. The reduction of 4-nitrophenol (4-NTP) to 4-aminophenol
(4-AP) is frequently used as a model reaction to test the
catalytic behaviour of NPs because the reaction can be
monitored by UV-Vis spectroscopy due to the appearance of

Figure 22. Overview of chemical processes reported in the recent literature about plasmon-enhanced catalysis with nanoalloys.
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the absorption band related to the 4-AP and the lowering of
the absorption of the 4-NTP band. Dwivedi et al. tested Au� Ag
alloys with different Au/Ag ratios for the photoreduction of 4-
NTP[199] observing that, only for the specific Ag/Au ratio 0.2/1,
the alloy performed better than Au and Ag (the latter was
always the worst). The reaction implies the binding of the 4-
nitrophenolate ion via the two oxygen atoms of the nitro group
to the metal surface. Hence, the authors suggested that the
results may be due to a better match of the Ag/Au 0.2/1 alloy
d-band with the energy of the adsorbate.

Due to the global rise of carbon dioxide emission, the
catalysis of CO2 reduction is currently under intense investiga-
tion, also resorting to plasmon enhancement of the chemical
process. Stanley et al. exploited Au� Ni nanoalloys supported on
Si to speed up this reaction.[200] They proved the plasmonic
contribution to the catalytic performances with experiments in
dark and under illumination, observing improved performances
in the latter case. However, the study pointed out also the
simultaneously lowering of the selectivity for conversion of CO2

into CH4 in favour of CO when using the alloy. This was
attributed to the LSP effects and the promotion of the reverse
water-gas shift reaction by the Au atoms.

Another example of an interesting reaction is the photo-
electrochemical OER in alkaline media that lead to the O2 and
water production from HO� ions. Here, the Ag0.6Au0.4 nanoalloys
have been suggested as an efficient photocatalyst with superior
performances than pure Au and Ag NPs.[181]

Pd nanoalloys are among the most used for PEC because of
the activity of Pd for Suzuki coupling reactions. Han et al.[201]

and Sahoo et al.[189] both showed the advantages of Au� Pd
nanoalloys for this type of reaction. Han et al. demonstrated
that the catalytic pathway in Suzuki coupling of iodobenzene
and phenylboronic acid includes the contribution from the LSP
of Au� Pd NPs supported on TiO2.

[201] The yield under illumina-
tion was 98% versus 17% in the dark at RT and 88% in the dark
at 80 °C. Electron rich Pd atoms become available at NP surface
after LSP excitation, becoming optimal sites for iodobenzene
adsorption and the subsequent oxidative addition. The charge
of the hot holes is re-equilibrated by the electrons generated
on the titania substrate. The same mechanism is reported from
Sahoo et al. with Au� Pd alloy coupled with the GO/LDH
substrate which speeds up the reaction by equilibrating the
hot-holes via a more efficient absorber as LDH.[189]

Recently, Zhang et al. developed an Au� Pd Mott–Schottky
catalyst for plasmon enhanced hydrogen evolution from formic
acid.[202] Here Au2Pd, AuPd, and AuPd2 alloy NPs were
distributed on carbon nitride nanospheres (CNS). Carbon nitride
is a semiconductor, hence the CNS/Au� Pd NPs is a semi-
conductor/metal or Mott–Schottky junction. Because of electron
equilibration at the Mott–Schottky junction, an electric field is
present at the semiconductor/metal interface which efficiently
injects (Schottky effect) into the metal the electrons generated
in the CNS by photon absorption, as substantiated with DFT
calculations. Besides, from photocatalytic tests emerged that
Au� Pd alloys surprisingly speeded up the reaction more than
pure Pd, which is the catalytic active center. This means that
LSP contribution was not negligible. CNS photoluminescence

analysis was carried out to verify that Au� Pd/CNS led to the
best charge separation, corresponding to the lowest emission
because of the effective electron transfer from the nitride to the
alloy. On the other hand, the transient photocurrent response
evidenced the superior generation of photoinduced carriers in
the Au� Pd/CNS compared to Pd/CNS, Au/CNS and CNS
samples. The proposed PEC mechanism is slightly different than
in the previous examples about Au� Pd NPs because the HEI
from the CNS should be considered.

The production of hot holes helped Huang et al. to activate
the methanol oxidation by using PdxAg1-x with different Pd
content (x=0.62, 0.52, 0.41, 0.33).[203] The alloys, with a nano-
tube morphology, were supported on a network of carbon
nanotubes (CNTs). Pd is an active electrocatalyst for methanol
oxidation but only the Pd� Ag alloy exhibited electrocatalytic
performance improvement under light illumination. The hy-
pothesized mechanism relies on hot electrons injection in the
carbon nanotubes network, to reach electron-acceptor adsor-
bates under the externally applied electromotive force, while
hot-holes are “transferred” to methanol molecules coordinated
to Pd atoms at NPs surface, producing a photooxidation in
direct relationship with light intensity. As in all plasmon-
enhanced phenomena,[6] both thermal effects and hot-carriers
generation can participate in the catalytic process. In this case,
the reaction was temperature insensitive, excluding thermal
effects from the mechanism.

In all plasmon-enhanced catalysis experiments, the discrim-
ination between charge transfer by hot-carriers generation and
thermal catalysis is an open point. A general rule is that the
transfer of hot carriers is associated with a linear dependence of
the reaction rate on the light intensity, whereas thermal effects
have an Arrhenius-type dependence.[5,183,204] However, it is more
frequent that heat and light work synergistically, such that the
efficiency of the purely charge-transfer PEC increases with the
temperature for most reactions.[205] The Halas and the Carter
groups have investigated experimentally and with state of the
art modelling efforts the two contributions in a series of
relevant PEC processes. The decomposition of NH3 and N2

generation by Ru-doped Cu NPs has been reported to follow
first-order kinetics in ammonia concentration under light
illumination, which turns to zeroth order in the dark despite
thermal catalysis.[5,205] The limiting steps of the reaction,
according to the DFT calculations for a Ru-doped Cu(111)
surface, are the N� H bond scission and the associative
desorption of N2. The latter is sensitive to thermal catalysis,
while the N� H bond scission is favoured by LSP excitation.[5,205]

In another study, syngas (a mixture of CO and H2)
generation by methane dry reforming with CO2 was obtained
on the same Ru-doped Cu NPs.[206] Similarly to the Haber–Bosch
process, syngas formation is energy consuming because
performed at high temperature, representing an ideal case
study for the development of PEC alternative routes. The Ru� Cu
NPs demonstrated long-term stability and high selectivity
(>99%) as photocatalysts. Based on modelling results, the
substantial reduction of the kinetic barrier for CH4 activation
was ascribed to the excited-state activation of adsorbates upon
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hot carriers generation after LSP excitation and to the Ru
electronic.

Finally, the plasmon-enhanced activation of C(sp3)� F bonds
towards hydrodefluorination has been demonstrated with
Al� Pd nanostructures.[207] The C� F bond energy is relatively
large and requires extreme conditions, but the plasmonic alloy
NPs were able to promote the process under illumination
thanks to the adsorption of hydrogen on the surface Pd atoms
and the light-harvesting ability of Al.

5.2. Nanomedicine Applications Based on Photothermal
Effects

Photothermal effects in plasmonic nanoalloys attracted the
interest for biomedical applications such as photothermal
therapy or light-induced bubble generation (Figure 21). In
photothermal therapy, cancer cell death is induced by temper-
ature increase above the threshold for apoptosis (spontaneous
cell death), while in bubble generation high intensity laser
pulses are exploited for the generation of localized mechanical
damage which will also bring to cell death or permeation of
anticancer drugs. Details on this topic can be found in various
reviews in literature.[208–210] For what concerns recent examples
about nanoalloys, Cu� Au� Pt trimetallic NPs were synthesized
by Ye et al. for biosensing and cancer theranostics.[66] The
efficiency of light-to-heat conversion was tested with a 780 nm
laser source resulting in improved heating compared to the
bimetallic and monometallic NPs. The theranostic activity was
tested by conjugation of the NPs to an aptamer targeting a
specific type of cancer cells, resulting in >90% of cancer cell
death during photothermal therapy experiments.

Au� Cu tetrapods were synthesized by a seed-mediated
growth and used for photothermal therapy in the second
near-infrared (NIR-II) region (1000–1350 nm), which is difficult
to reach with plasmonic nanomaterials.[71] In addition to the
significant therapeutic effects upon photothermal treatment,
the Au� Cu alloy showed the ability to dissolve in smaller NPs
which are better removed from the organism. Indeed,
biodegradability is a recently emerging and extremely appeal-
ing feature that is not found in most single element NPs but
can be enabled by alloying. This was demonstrated recently
for various nanosystems such as Au� Fe, Ag� Fe, Ga� In and
Fe� B NPs, setting a milestone for the new generation of
nanomedicines.[98,161,211,212]

The use of multimetallic NPs as antimicrobial agents was
also deepened from Basavegowda and Baek in a recent review,
pointing out the possibility of photothermal effects for this
purpose.[213]

The problem of nanoscale bubble formation, also defined
nanocavitation, was afforded by Meunier et al.[214] They high-
lighted the nonlinear dependence of nanocavitation on the
wavelength and absorption cross-section of the LSP, namely to
the careful choice of NP composition and morphology. There-
fore, it is foreseen a great room for improvement of the field by
resorting to plasmonic nanoalloys for localized generation of

mechanical damage in malignant tissues or for antimicrobial
applications.

5.3. LSP-Based Sensing with Alloy NPs

Sensing is one of the main applications sought for plasmonic
nanoalloys because alloying offers the possibility of tuning the
LSP but also the surface chemistry of the metal NPs, introducing
the selectivity for specific chemical compounds or chemical
processes. The literature about this topic is wide and includes
several reviews. For instance, Loiseau et al.[215] focused their
attention on the Ag NPs and Ag-alloys for biosensing
application, while Srinoi et al. described the use of Au, Cu, Ag
and other alloy NPs for biosensing, bioimaging, drug delivery
application, and thermal treatment.[216]

A recent study by Darmadi et al. focus on the design of a
Pd� Au� Cu ternary alloy for fast plasmonic hydrogen sensing.[217]

Hydrogen is considered a possible energy carrier for a
sustainable future because its reaction with oxygen only
produces water. However, among the disadvantages of hydro-
gen there is its high flammability range and low ignition energy
threshold. Hence, there is a need for reliable and fast hydrogen
sensors. In this regard, the LSP sensors are considered helpful
because the optical detection has a low risk of spark generation
and can be fast, highly sensitive (up to the single NP level) and
selective. Selectivity exploits the absorption of hydrogen on
interstitial metal sites by the formation of metal-hydrides and
the consequent change of the LSP absorption. Palladium is by
far the most appropriate metal for this application due to its
ability to dissociate hydrogen gas and reversibly change its
phase from metal to metal-hydride. Despite this, problems
occur due to the hysteresis of the phase-transformation and to
the poisoning of hydrogen dissociation by adsorption of CO,
hydrocarbons and sulfuric compounds. The ternary alloy
synthesized by Darmadi et al. resulted able to overcome these
problems. They initially studied the Au� Pd and Cu� Pd alloy
NPs, from which it resulted that Au helps in increasing the
sensitivity for hydrogen detection while Cu helps against CO
poisoning and sensor hysteresis. Thus, the combination of Au
and Cu in the trimetallic NPs led to a sensor with a detection
limit in the ppm range, a CO poisoning resistance, and a sub-
second response.

Previous studies on Au� Pd NPs, made by the same group,
unveiled how the LSP shift and FWHM are related to the Pd/H
ratio.[218] The spectral shift, given by the dehydrogenation
process, was monitored simultaneously to the weight change
using a quartz crystal microbalance. The optical response per
hydrogen atom adsorbed on the surface resulted linearly
correlated with the fraction of hydrogenated Pd atoms for alloy
composition up to 25 at% of Au. Moreover, the amplitude of
the optical response is set by the spectral position of the
nanoalloy in the non-hydrogenated condition, meaning that it
can be increased by red shifting the LSP. This is achieved by
acting on NPs size or shape. Starting from these results, in a
more recent work, they chose the Pd70Au30 alloy to create a
plasmonic metal-polymer sensor.[219] The composition was
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chosen because of the ideal amount of gold to increase the
accuracy and avoid hysteresis. They coated the NPs with
polytetrafluoroethylene (PTFE) to red-shift the LSP by increasing
the refractive index around the NPs. The metal-polymer
structure resulted in more sensitivity for H2 detection compared
to the uncoated NPs. They verified that the same quantity of
hydrogen was absorbed on coated and uncoated NPs, hence
excluding the interaction between hydrogen and the PTFE as
the source of the better sensitivity. DFT calculations further
confirmed that the interaction between hydrogen and PTFE is
just a matter of dispersion forces. The detection limit was in the
ppm range and the time response was below the 1 second
threshold, both resulting in better performances than with pure
Pd. However, the PTFE coating was inefficient for the protection
against the poisoning of the alloy, hence a combination of PTFE
and poly(methyl methacrylate) resulted in higher selectivity for
H2 gases retaining the benefits of PTFE alone.

Plasmonic nanoalloys are also sought for improving the
sensitivity of biosensors. The application for biosensing
depends on the LSP performance but also on the possibility to
functionalize the NPs to confer selectivity. Ag NPs have the best
plasmon quality factor for these purposes, but they fail in terms
of chemical stability and corrosion resistance, especially in a
physiological environment. Conversely, Au NPs are known for
biocompatibility, high physicochemical stability, and corrosion
resistance. Hence, alloying of Au with Ag is a widely inves-
tigated strategy in the field of LSP sensing. For instance, Qiu
et al. recently tested Au� Ag alloy nanoislands for biosensing of
human immunoglobulin G (IgG).[220] They produced the NPs by
thermal dewetting of sputtered thin metal films on a BK7 glass
substrate and studied the response after covalent functionaliza-
tion with thiols or a coating with aminosilanes to block the
human antibody IgG. Among different alloy compositions, the
Au0.6Ag0.4 was the ideal one due to the best LSP response in the
visible range. The alloy NPs allowed the detection of human IgG
until the lower limit of 0.9 pM, with the aminosilane-coated NPs
resulting in the most stable in a physiological environment.

Mattei et al. exploited nanosphere lithography coupled with
reactive ion etching and magnetron sputtering co-deposition to
obtain an ordered array of Au� Ag semi-nanoshells and tested
them as LSP biosensors.[221] The sensing performance was
verified with the biotin-streptavidin receptor-ligand approach
or with a homogeneous change in the refractive index of the
buffer over the sensor (bulk sensitivity). When compared to a
benchmark as the Au� Ag nanoprisms array, both the local and
bulk sensitivities resulted higher, in agreement with finite-
element methods simulations for the two morphologies.

The combination of plasmonic alloys with hybrid perovskite
thin films in a multilayer surface plasmon resonance (SPR)
sensor was studied by Dhibi et al.[222] They calculated the effect
of Au(1-x)Agx and Au(1-x)Alx layers with various compositions and
thickness on the figure of merit (FOM) of the surface plasmon
resonance sensors. Although the OC of the alloys was
approximated with the average of pure metals, the general
trend showed the increase of sensitivity in all the sensors as the
Au content increased. However, this was associated with an
increase in the plasmon bandwidth, resulting in an overall

decrease in the FOM. The thickness of the various layers was
also found to affect the FOM. For instance, the presence of a
high number of graphene layers on the alloy film leads to the
decrease of the detection accuracy due to the plasmon damp-
ing for the non-negligible graphene absorption[223] but it
resulted that few layers of graphene may increase the sensitivity
due to the better adsorption of biomolecules on the surface.

5.4. Alloy NPs as SERS Substrates

SERS has been investigated deeply for the theoretical possibility
to detect up to a single molecule thanks to the amplification of
the local electric field and, in turn, the effective Raman
scattering cross-section of the analytes adsorbed on the surface
of plasmonic NPs. Plasmonic nanoalloys have also been
frequently considered as SERS substrates for the possibility of
improving the local electric field enhancement in the proximity
of the NPs surface or for the introduction of new beneficial
properties. Because of the relationship between QLSP and SERS
capability, it is straightforward that Ag is the best noble metal
immediately before Au, with other metals (e.g. Al) being
excluded for their instability towards chemical transformations
such as surface oxidation. Hence, the alloying of Ag and Au are
systematically exploited to achieve large local field
enhancement and superior stability in various environments.

Au� Ag alloy porous NPs were synthesized by dealloying
through galvanic replacement reaction to improve the SERS
enhancement.[224] The porous hollow nanoshells have a rough
surface and porosity around 30–60%, desirable for adsorption
of Raman active molecules, with a LSP that can be shifted up to
the NIR. This resulted in 68-fold more intense Raman signals
than with 100 nm AuNP and was successfully used for
quantitative monitoring of the release of the anticancer drug
doxorubicin.

Park et al. produced Au� Ag NPs on a cellulose-based
substrate for biosensing by SERS. The paper substrates were
selected for compatibility with chromatography and lateral flow
assays.[225] The substrates were produced with NPs at different
Au/Ag fractions from 0/1 to 0.12/0.88, 0.52/0.48, 0.81/0.19, and
1/0. Selective detection of dyes in a liquid mixture was
successfully obtained with a chromatographic separation on
cellulose (Figure 23). The best conditions were reached with
paper substrates whose alloy composition led to a match with
the used laser wavelength for Raman excitation, thus exploiting
the advantages brought by alloying on the LSP of Au� Ag NPs.
Adenine is a fundamental DNA constituent and vitamin B9 (folic
acid) as a typical cancer biomarker was selected for the SERS
detection. Adenine peaks were well distinguishable with the
Au0.12Ag0.88 substrate and picomolar SERS detection of folic acid
was demonstrated down to 1 pM concentration, which is one of
the lowest values reached for this molecule on SERS.

Also, the plasmon-enhanced fluorescence was studied on
the same substrates. The MEF of fluorescein isothiocyanate
(FITC), Rhodamine 6G (R6G), and Congo red (CR) was measured
on this NPs-on-paper substrate and normal Whatman chroma-
tography paper, showing a twofold enhancement value. The
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response was larger in the substrate whose LSP position
matched with the excitation and emission wavelength of the
dye.

Recently, Kluender et al. displayed one of the first examples
of Au0.5Ag0.5 NP on a SiO2/Cr/Au/SiO2 mirror for SERS
application.[226] The thickness of the topmost SiO2 layer sets the
gap between the gold film and the Au� Ag NP and was of 5 or
10 nm. By placing the NP onto the mirror, the LSP was split into
two peaks: the original peak at 460 nm is slightly red-shifted
and a second more intense peak appears at 600 nm, or 575 nm
in case of a 10 nm SiO2 layer. FDTD calculations of the intensity
of the backscattered light and near-field spatial distributions
around the NP on the mirror indicate that the 5 nm gap has the
highest local field amplification. The experimental Raman
measurements of 1,4-benzene dithiol with 633 nm excitation
confirmed an estimated SERS enhancement factor of 107. The
choice of Au� Ag alloy NPs was motivated by the purpose of
better matching the 633 nm laser excitation compared to pure

Au or Ag NPs, pointing to the importance of composition for
optimal SERS performance.

Ag� Al NPs for SERS have been obtained from Sun et al. by
ablating an Ag/Al bilayer film.[227] By increasing the laser power,
they obtained six samples with Ag content from 54 to 92 at%.
Then, the intensity of the Raman signal at 633 nm from
Rhodamine B samples was correlated to the laser power used
to ablate the thin film. The spectra indicate that the higher the
power of the laser, the higher the Raman signal. Indeed, higher
laser power also led to higher Ag content, larger NPs and
superior roughness. However, the advantage of using Al� Ag
NPs was not clearly outlined compared to pure Ag NPs in this
case.

Instead, alloying brought advantages in the case of Fe or
Co-doped plasmonic Ag or Au NPs. Scaramuzza et al. in 2017
included the magnetic properties of Fe in Ag by LAL synthesis
of Fe� Ag NPs for SERS.[160] This allowed the control of the NPs
with an external magnetic field, enabling different possibilities.
The Fe� Ag NPs were used for the magnetic assembly of
plasmonic arrays exploitable as SERS substrates. The magnetic
assembly of NPs allowed a 28-fold increase in the SERS signal of
analytes compared to not-assembled NPs. The advantages in
SERS sensitivity brought by the magnetic accumulation of
plasmonic NPs on a substrate was confirmed later also with
Au� Fe core-shell NPs.[34] Besides, the magnetic assembly is
linearly scalable with the number of magnets, allowing the
realization of plasmonic dot arrays on small as well as large
areas.

The versatility of substrate preparation and the SERS
performances were investigated as a function of Fe� Ag NPs
surface coating, which is helpful to prevent the sedimentation
of NPs in complex environments (Figure 24).

Among the coatings with 2-mercaptoethanol (ME), sodium-
3-mercapto-1-propane sulfonate (MPS), glutathione (GSH), O-(2-
mercaptoethyl)-O’-methylhexa(ethylene glycol) (PEG350), and
poly(ethylene glycol) methyl ether thiol (PEG800), MPS and
PEG800 allowed the sharpest plasmonic dot. Malachite Green
(MG) was used at 10 pmol to evaluate the SERS efficiency and
MPS-coated NPs resulted in the best substrate leading to the
highest signal. Also, the concentration of Fe� Ag NPs was
studied to see how this affected the Raman signal, finding a
small dependence in the range 1–16 mg/mL with an optimum
at 4 mg/mL.

Guadagnini et al. also exploited the combination of plas-
monic and magnetic properties in Au� Co and Ag� Co NPs for
SERS detection of MG in magnetically assembled plasmonic dot
arrays.[31,37] For Au� Co nanoalloys, the Raman spectra were
recorded with different concentrations of MG (20, 2, and
0.2 pmol) and the pattern were detected for all the samples.
This was the first demonstration of SERS in Au� Co nanoalloys.
In the case of Co� Ag NPs, a SERS enhancement factor higher
than 106 was predicted with DDA calculations and the NPs
coated with glutathione and without coating provided the
highest Raman signal compared to those coated with MPS.

The advantages brought by magnetic properties of plas-
monic NPs for SERS have been demonstrated also in colloidal
solutions with PEG-coated and MPS-coated Fe� Ag NPs. Using

Figure 23. MEF with Au� Ag nanoalloys in the paper substrate. (A) Optical
extinction spectra showing a magnification of the LSP range for five Au� Ag
NPs on cellulose substrates. (B) LSP wavelength calculated with FDTD
simulations for the Au� Ag alloy NPs. (C) Fluorescence signal enhancement
from three dyes (FITC, R6G and CR) showed twofold MEF from the substrates
compared to the Whatman chromatography paper. The enhancement occurs
when the LSP of Au� Ag alloy NPs matches the emission band of each
specific dye. (D) Chromatographic MEF analysis. A three-dye mixture was
separated using paper chromatography, and then each component was
selectively detected. Reprinted with permission from Ref. [225]. Copyright
(2017), American Chemical Society.
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MG as an analyte and an external magnet for the reversible
accumulation of the NPs in a small volume of the liquid
solution, the SERS signal increment was demonstrated as well
as the substrate reusability after the analysis by dialysis to
remove the analyte.[158–160] This is a general demonstration of
the possibility of using the magnetic separation of SERS
analytes in complicated mixtures. Besides, the use of external
magnetic fields and PEG coatings with variable lengths
permitted the reversible tuning of electromagnetic hot-spots
between Fe� Ag NPs.[159]

The first demonstration that SERS was possible in alloys of
plasmonic NPs with magnetic elements was reported with
Au� Fe NPs synthesized by LAL.[30] Even in that case, the MG was
successfully detected thanks to a SERS enhancement factor
resulting only 20 times lower going from pure Au to an Au87Fe13
alloy. Due to the paramagnetism of Au� Fe alloys in such a
composition range, as discussed in the previous paragraphs, no
response to external magnetic fields was possible.

SERS can be also exploited for Raman labelling, when a
Raman active molecule (Raman reporter) is stably attached to
suitable plasmonic NPs, to generate stable, ultra-intense and
reporter-specific Raman signals. Ma et al. described an efficient
way to exploit the hybridization of plasmonic modes of Au core
and Au� Ag shell in Au/Au� Ag CS NPs while also avoiding
possible desorption of the Raman reporter.[228] The Raman active
molecule is embedded in the gap between Au and Au� Ag shell
during NPs synthesis to achieve a superior electric field
enhancement and avoid the desorption of molecules over time.
The gap size allows tuning the LSP position and optimal
excitation wavelength for Raman spectroscopy, but the experi-
ments evidenced that the thinner is the gap the higher is the
Raman signal. This was explained with calculations of electric

field distribution in the NPs. The number of layers was also
investigated, pointing to the CS with three gaps as those with
the highest Raman signal.

The combination of magnetic and plasmonic properties in
Au� Fe alloy NPs was also exploited for the realization of
multimodal contrast agents for Raman imaging, magnetic
resonance imaging (MRI) and x-ray computed tomography
(CT).[229] While MRI and CT are total-body pre-operative
techniques, Raman imaging is an intraoperative tool exploitable
in situ during surgeon intervention. Hence, the Au� Fe alloy NPs
demonstrated for the first time the advantages of plasmonic
nanoalloys for the simultaneous generation of contrast for the
three different techniques.

Compared to fluorescence imaging, SERS labelling has the
advantage of lower background interference and unique signal
identification associated with the vibrational fingerprint of the
Raman reporter. However, the analysis time is typically longer
than for fluorescence or optical microscopy, which is not
optimal for other types of investigations as histopathological
analysis. To this end, Au� Ag alloys with 10 and 50% of gold
were used by Valiquette et al. for dark-field multispectral
imaging of cytological stained samples.[230] The exploitation of
plasmonic alloys in standard cytopathological bioimaging
procedures showed the possibility to use these NPs in cancer
diagnostic with high sensitivity and specificity.

6. Conclusions

In this review, an overview of the most recent advances in the
field of nanoalloys for plasmonic-related applications was
provided. Alloying traditional plasmonic materials has attracted

Figure 24. Application of magnetic-plasmonic nanoalloys as SERS substrates. (A) Ag� Fe NPs: (A) UV-Vis spectra of the NPs coated with various ligands.
(B) Photo of the magnetically assembled NPs on a glass substrate (distance between spots is 4 mm). (C) The intensity of the Raman band of malachite green
(MG) at 1617 cm� 1 measured on Ag� Fe NPs with different surface coatings. (D) 2D Raman map of the major band of MG collected on NPs coated with MPS
and GSH. Reprinted with permission from Ref. [160]. Copyright (2017) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Au� Co NPs: (A) A 4×4 Array of
magnetic-plasmonic dots obtained on glass by drop-casting and evaporation at room temperature of an Au� Co NPs solution. During the evaporation of the
solution, a squared array of 16 permanent cylindrical magnets (2 mm in diameter ×8 mm length) was placed below the glass slide. (B) Raman spectra were
collected with 647 nm excitation by deposing 20, 2 or 0.2 pmol of MG on the magnetic-plasmonic dots (and reference with 20 pmol MG on the bare glass).
(C) 2-D map of the Raman intensity at 1615 cm� 1 collected on 6 dots after deposition of 20 pmol of MG. Laser excitation at 532 nm. Reprinted with permission
from Ref. [31]. Copyright 2021 Wiley-VCH GmbH.
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considerable interest because of the several advantages (Fig-
ure 25):
* the optimization of plasmonic properties (extinction, absorp-

tion, local field enhancement),
* the introduction of additional functionalities (magnetism,

catalytic efficiency, chemical selectivity),
* the improvement of intrinsic features (cost reduction, bio-

compatibility, chemical stability or surface coupling with
other materials),

* or just to benchmark current knowledge of synthetic and
modelling skills and promote their further refinement.
All this is expected to expand the range of applications and,

ultimately, the market of nanomaterials, which is already in
continuous growth since more than two decades.

The synthesis of most plasmonic nanoalloys is still a
challenge due to the low miscibility of plasmonic metals with
magnetic or catalytic ones, as well as to the different tendency
to oxidation. Several synthetic strategies to overcome these
difficulties have been mentioned, in particular those acting
under a controlled environment (high vacuum, gas atmosphere)
or running out of equilibrium by fast heating and fast cooling.

Moreover, at the nanoscale, the phase diagrams may
deviate from the bulk state. Therefore, it is still difficult to
foresee the thermodynamic stability of a new unexplored
nanoalloy and choose the right synthetic method to produce it.
A map of modelling approaches for plasmonic nanoalloys was
provided, showing the many computational techniques avail-
able and the possibility of their integration to address the
multifaceted problem of nanoalloys structure, properties and
stability under operating conditions.

The knowledge of the OC of plasmonic nanoalloys is crucial
because it allows the prediction of the optical properties of real
systems. It cannot be obtained by the average of single-element
materials, except for a few limited exceptions that are generally
not challenging from the synthetic point of view. Consequently,
the reliable modelling of the OC and its relationship with the

electronic structure of the metal has been deeply investigated
in the literature.

The optical, hot-carriers generation and magnetic features
of plasmonic nanoalloys have stimulated a wide list of
investigations and opened a series of possible applications,
mostly in the fields of plasmon-enhanced catalysis, nano-
medicine, optical sensing and detection of analytes by local
electric field enhancement (SERS, MEF).

The above panorama evidenced some open issues:
* An obvious list of synthetic challenges exists, given a large

number of possible alloys of interest, mostly related to the
control of composition shape, size homogeneity, surface
coating, purity, surrounding matrix, dispersion, processing of
products, sustainability of the method and its scalability in
case of large-scale exploitation. A special chapter is for
metastable phases and immiscible compounds, especially
those not yet synthesized, requiring an improved control on
out-of-equilibrium synthetic routes.

* Characterization of alloys is more complex than what is
generally believed in literature. The understanding of nano-
alloys structure at the atomic scale is missing because the
resolution of most techniques is unable to observe subnano-
metric segregation and disordered domains, which instead
are highly likely in several immiscible systems (Au� Fe, Ag� Fe,
Au� Co, Ag� Co etc.). Surface and core compositions may be
different and immiscible phases tend to have relevant
amorphous domains, often imperceptible with standard
characterization techniques. This lack of information poses a
serious problem for the real understanding of the property-
structure relationship and the reliability of modelling ap-
proaches.

* Concerning properties and applications, while nanoalloys are
relatively close to real-world applications in nanomedicine
(biodegradable alloys) and sensing (Au� Ag alloys), mutual
phenomena like magneto-optics, optical activity and non-
linear optics are still poorly investigated and understood.

Figure 25. Summary of key advantages and open challenges in the field of plasmonic nanoalloys.
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* A better comprehension of hot carriers generation and the
distinction of the various processes involved are currently at
the forefront of research endeavours in plasmonics and
nanoalloys. Indeed the typical efficiency of plasmon-en-
hanced catalytic processes is of few %, then much more
effort is required in the future to bring plasmonic nanoalloys
inside chemical processes of relevance for a sustainable
future.
Nonetheless, by addressing the above challenges in the

field of plasmonic nanoalloys, relevant improvements about
profound concepts of materials science, photonic technologies,
magneto-optics, healthcare and sustainability are expected.
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