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Spectroelectrochemical, Separation and Surface
Functionalisation Studies of Plasmonic Nanoparticles

Mohsen Elabbadi

Plasmonic nanoparticles are of significant research interest due to their enhanced light-matter
interactions, demonstrating great potential for a range of applications from sustainable
sun-driven photochemistry to therapeutics and sensitive biological sensors. These properties
arise from localised surface plasmon resonances (LSPR), which are resonant oscillations of
the free electron cloud in metal nanoparticles of sizes less than the wavelength of incoming
light. Understanding nanoparticle synthesis and structure is key towards controlling their
optical properties and implementing the promise of their applications. In particular, the
LSPR peak frequency and linewidth is highly dependent on nanoparticle composition, size,
and shape.

Hybrid or bimetallic nanostructures offer the potential to couple the properties of two
or more different metals, expanding their functionalities. Electrochemical deposition was
coupled with a newly developed hyperspectral technique adapted for spectroelectrochemical
measurements in and ex situ, enabling improved synthetic control on an electrode at the push
of a button. Cu was electrodeposited on Au with fixed currents as an initial proof of concept
system, achieving controllable morphology and optical properties. During deposition, LSPR
shifts were measured, allowing the optimisation of the system with respect to deposition
current, charge transfer, metal ion concentration and nanoparticle surface chemistry. Time-
resolved in situ measurements of single particle spectra were obtained, giving an insight
into the kinetics of the deposition process, as well as oxidation after synthesis in air and
aqueous solution. The principles acquired from this study were applied to the electrochemical
synthesis of bimetallic Pd and Pt on Au nanoparticles, achieving core shell nanoparticles
with good control over size and homogeneity. Controlling the charge transfer at the working
electrode led to controllable shell thicknesses with narrow size distributions and a tuneable
plasmonic response. Additionally, the photocatalytic performance of the Pd on Au NPs was
investigated. In all of these studies, the changes in plasmonic behaviour upon deposition
were confirmed by numerical and analytical simulations of the bimetallic systems.
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Mg shows much promise as a low-cost, sustainable, and biocompatible alternative to the
more expensive and noble plasmonic metals. The synthesis of bimetallic nanoparticles based
on a Mg core was approached by galvanic replacement, where more the noble metal ions of
Au, Pd and Pt are reduced on the surface of Mg. Optical and spectroscopic approaches were
used to establish the reaction kinetics on the single particle level, revealing rapid reaction
preceded by a waiting period. This waiting time is dependent on reagent concentration
and the presence of water, while the kinetics of oxidation in water were also studied. Mg
NPs, typically synthesised with multimodal or polydisperse size distributions and thus ex-
hibiting an undesirable inhomogeneous plasmonic response, were separated by size and
shape using density gradient ultracentrifugation. Here, a new density gradient system was
implemented in organic medium for these water-reactive nanoparticles, and the effects of
speed, time, density gradient and initial nanoparticles were explored. Finally, the chem-
istry of Mg surfaces was studied computationally with density functional theory, looking
at the adsorption of different capping agents with implications for colloidal stabilisation,
nanoparticle shape control and future functionalisation. Overall, the approaches studied in
this thesis demonstrate the successful control of the properties of plasmonic nanoparticles
and support future research directions towards realising the rich potential of their applications.
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Introduction and Background

1.1 Introduction to Plasmonic Metal Nanoparticles

Colour has long fascinated the human eye and the interactions between metal nanoparticles

(NPs) and light have long been part of this fascination. The earliest evidence of the use of

metal NPs dates back to Frattesina di Rovigo in Italy between 1200 - 1000 BC, where the

only evidence of Bronze Age glass working in Europe was found. Colour in these glasses is

thought to have arisen from the inclusion of metallic Cu, Co and Mo particles, which resulted

in thin red surfaces on bulk blue glasses.[5]

One of the most prominent early artefacts to demonstrate the optical effects of metallic

NPs is the Lycurgus Cup, created around 300 AD and depicting the mythical King Lycurgus

of the Thracians (around 800 BC). Currently exhibited at the British Museum, this is one

of the very few examples of a dichroic material from the time, which displays different

colours depending on whether or not light is shone through it. The cup appears an opaque

olive-green colour when viewed normally (in re�ection), transforming to a translucent bright

red-purple when a light source is placed inside (transmission), as seen in Figure 1.1a. This is

due to the different absorbing and scattering properties of the embedded Au, Ag, Cu (and

alloys thereof) NPs within the glass. Interestingly, this cup contains a high Au:Ag ratio (3:7)

in the alloy NPs relative to the Au:Ag ratio (1:7) in the glass as a whole, likely the reason

why it stands out in its dichroic behaviour compared to other artefacts from the time (which

typically contained lower NP Au:Ag ratios).[6] Indeed, the Roman glassmaker was probably

unaware of the importance of Au in generating the vivid red colour, and replicating Au ruby

is not thought to have outlasted the 4th century.

Medieval glass artisans produced vivid and brilliant stained glass windows for centuries,

decorating noteworthy landmarks such as the Notre-Dame cathedral or King's College Chapel

in central Cambridge. Although they were unaware of the scienti�c principles underlying

their work, medieval artisans were in fact early nanotechnologists, mixing together different

metal compounds (such as gold chloride or silver nitrate) in the glass melt to produce metal

and oxide NPs. As well as NP size, the variation of colour was obtained through the use of a

wide range of metallic additives, such as Ag, Au, Cu, Fe, Cr, Mn or Ni.

Colloidal gold solutions were known to alchemists in the 17th century, but it was Michael

Faraday who was the �rst to present a scienti�c paper on the preparation and properties of

what he called "sols".[7] A typical preparation involved the reduction of an aqueous gold

1



Introduction and Background

Fig. 1.1 Early examples of plasmonic metal nanoparticles. a) The Lycurgus Cup, glowing
a translucent red colour when light is shone through it. b) Faraday's Au colloids in liquid
suspension and on a microscope slide, with which he gave his lecture on Au sols in 1858.[1]
Figure adapted from refs.[2–4]

chloride solution with phosphorus to yield �ne and well dispersed Au NPs; these were also

produced by washing thin �lms of Au. Today we can see Faraday's original gold sols at

The Royal Institution and at the Whipple Museum of the History of Science in Cambridge

(Figure 1.1b). Faraday noted the different re�ection and transmission properties of the Au

NPs and attempted to explain the causes behind the vivid colouration of the gold mixtures,

noting that "known phenomena seemed to indicate that a mere variation in the size of [gold]

particles gave rise to a variety of resultant colours."

Gustav Mie in 1908 then developed a set of analytical solutions to Maxwell's then

recently formulated equations, describing the interaction of spherical particles with light.[8]

Mie's theory allowed the prediction of how NP colour depends on composition and size,

and this approach is still widely used today. The theoretical underpinning of our modern

understanding of metal NP - light interactions stems from the work of Pines and Bohm, who

�rst coined the term "Plasmon" to describe the quantum oscillations of the free electron

cloud with respect to the �xed positive ions in a metal.[9, 10] Soon after, Richie predicted

the existence of what he termed "surface plasmons", which describe the interaction between

these plasma oscillations with the surfaces of metal sheets.[11] Over the past six decades, the

�eld of "plasmonics" has since exploded, with new knowledge about how to manipulate light

at the nanoscale widely opening up new applications in biosensing, catalysis, nanomedicine,

and just like 3000 years prior, decorative items and jewellery.

2
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Fig. 1.2 Localised surface plasmon resonances exist when the metal NP is smaller than the
incident wavelength, leading to in-phase electron oscillations. The collective oscillations lead
to a large absorption and scattering cross section, as well as an ampli�ed local electromagnetic
�eld. Figure adapted with permission from ref.[14]. Copyright 2006 Annual Reviews.

1.2 Localised Surface Plasmon Resonances

Plasmons are collective coherent oscillations of delocalised electrons that occur upon the

incidence of electromagnetic radiation. Plasmons present at the interface between such

material that sustains plasmons (plasmonic material) and a dielectric medium are known

as surface plasmons, and these can exist in two forms; as surface plasmon polaritons (SPP)

and localised surface plasmon resonances (LSPR). SPP propagate as guided surface waves

along the planar metal-dielectric or metal-air interface, while LSPRs are the consequence

of the con�nement of plasmons within a NP of size equal to or less than the wavelength

of incoming light. Incident electromagnetic radiation disturbs conduction electrons from

their equilibrium position and a Coulombic attraction force acts to pull the electron cloud

back to the equilibrium position (Figure 1.2). As such, the system behaves as a harmonic

oscillator with a resonant frequency when light is coupled in-phase to the natural frequency

of the plasmon oscillation. At these conditions, the LSPR results in maximum absorption

and scattering of incident light that can be orders of magnitude larger than strongly absorbing

dyes,[12] as well as an enhancement of the local electric �eld.[13]

Although somewhat tunable by the nanostructure size, geometry and local medium, the

LSPR frequency is principally determined by the free electron density modulated by its

high frequency dielectric constant. The Drude model can be used to examine the inherent
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material properties affecting the plasmonic behaviour. This is a purely classical model of

electronic transport in conductors describing the collisions between freely moving electrons

and a lattice of heavy, stationary ionic cores. The model provides a very good approximation

of the conductivity of noble metals.

For a material with frequency-dependent complex dielectric function

e(w) = e1(w)+ ie2(w) (1.1)

wheree1 ande2 are the real and imaginary components of the dielectric constant re-

spectively, the analytical, frequency-dependent form fore(w) from the Drude model of the

electronic structure of metals can be stated as

e(w) = 1�
w2

p

w(w + ig)
(1.2)

wherewp is the bulk plasma frequency andg is the phenomenological damping constant

of the bulk material. For a perfectly free electron gas and in the limit ofg � w, the widthG

of the plasmon band is given by the damping constantg (which is associated withe2), and

the dielectric function is purely real and changes from negative to positive atwp

e(w) = e1(w) = 1�
w2

p

w2 (1.3)

If these surface oscillations are con�ned to an NP's surface, they can be discretised into

standing-wave like modes (ie, LSPRs) with resonant frequencies well belowwp. Modelling

the particle as a sphere with radiusa and introducing the polarisabilitya as de�ned by

p = e0ema E0, we obtain

a = 4pa3e0
e(w) � em

e(w)+ 2em
(1.4)

whereem is the surrounding medium's dielectric function;em = n2
m (nm is the medium's

refractive index). The polarisability experiences a resonant enhancement under the condition

whereje(w)+ 2emj is minimised, i.e.e1(w) = � 2em (for small or slowly-varyinge2).[15]

This is termed the Fröhlich condition and its associated mode is called thedipole surface

plasmonof the metal NP.

As well as their frequency, LSPRs can also characterised by the plasmon linewidthG

(full width at a half of maximum: FWHM) which is inversely proportional to the plasmon

dephasing timeT by G= 2}
T . This is associated with non-radiative and radiative decay of the

plasmon, and that broadening which is intrinsic to a particular NP is termed homogeneous
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broadening. Heterogeneities in particle size and shape within an ensemble mixture of NPs

will result in the inhomogeneous broadening of the extinction line shape.

Meanwhile, the plasma frequencywp from above is given by

w2
p =

Ne2

e0meff
(1.5)

whereN is the free electron density andmeff is the electron effective mass (or optical

mass) which includes the coupling of the free electrons to the ion core.e is the fundamental

electronic charge ande0 is the vacuum permittivity. The plasma frequency is therefore

proportional to the square root of the free electron density.

The most commonly encountered plasmonic metals Au, Ag, and Cu haveN in the

range 1022-1023 cm-3, with corresponding LSPRs in the visible range, however, plasmon

resonances are not fundamentally limited to metals and can occur in conducting metal oxides

or nitrides (such as colloidal indium tin oxide, ZnO and TiN) as well as in semiconductors

with suf�cient free carrier density. In theory, plasma frequency can be tuned in a wide

range by the modi�cation of free charge carrier density through changing composition or

doping density.[16, 17] Strong near-infrared (NIR) LSPRs in quantum dots (QDs) of the

semiconductor Cu(I) sulphide were �rst reported,[18] and tunability through modifying

composition and doping of various semiconductor and metal oxide nanocrystals has since

been demonstrated.[16]

The width and the strength of a resonance is described by a quality, orQ (or QLSP) factor,

with higherQ meaning a strong plasmon resonance with low loss. For a LSPR, the maximum

Q1 is typically given by the following equation, as suggested by Arnold and Blaber for

nanospheres and nanoshells in the limit of low loss

Q1 = �
e1

e2
(1.6)

Q1 is therefore maximised when� e1 is maximised ande2 is minimised.[24] According

to this metric, a good plasmonic material has a dielectric function with a small imaginary part

and a large span of negative real parts, which facilitates many and strong resonances.[22]

Alternatively, a different �gure of merit has been proposed, with this being the quality factor

Q2 of an LSP mode which is de�ned as the ratio of the resonant frequency to the bandwidth

of the resonance, or a measure of the energy lost per cycle of oscillation[25, 23]

Q2 =

�
�
�
�
�
w de1

dw

2e2

�
�
�
�
�

(1.7)
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Fig. 1.3 Indicators of plasmonic behaviour for various plasmonic metals. (a) Real and (b)
imaginary part of the dielectric function of various plasmonic metals with the corresponding
merit indices (c)Q1 and (d)Q2. (e) The log of the LSPR quality factorQ1 for Mg and
the more common plasmonic metals Al, Cu, Ag, and Au aligned with (e) solar spectral
irradiance overlaid with the approximate colour of the visible range of the electromagnetic
spectrum. Real and imaginary parts of the dielectric function from published values.[19–21]
Figure adapted with permission from refs.[22, 23] Copyright 2020, 2021 American Chemical
Society.
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Fig. 1.4 Periodic table of the elements coloured by maximum QLSP. Frequencies are in eV.
Figure taken with permission from ref.[24]. Copyright 2006 IOP Publishing.

Figure 1.3 shows the real and imaginary part of the dielectric function for several plas-

monic metals and their quality factorsQ1 andQ2, which both follow similar trends across the

UV to NIR wavelength range. In Figure 1.3e-f,Q1 is plotted overlaying the solar spectrum,

highlighting the useful range of wavelengths for many applications.

1.3 Plasmonic Materials

Au and Ag have established themselves at the forefront of plasmonics research and technology

due to their quality as plasmonic materials (arising from relatively highwp) as well as

resistance to oxidation. However, they are of comparatively low abundance in the Earth's

crust,[26] and there is the motivation to �nd and employ cheaper, more sustainable materials

for plasmonic application. Cu has a lower quality factor than Au and Ag but sustains

resonances in the visible range, with a dielectric function similar to that of Au (Figure

1.3). However, despite its low cost and relative abundance, it does suffer from surface

oxidation upon exposure to ambient conditions, making it challenging for use in plasmonic

applications.[27, 28]

The plasmonic performance of the elements is represented in Figure 1.4, showing the

frequency and value of the maximumQLSP (Q1) on the periodic table. This provides a useful

overview, but looking the wavelength dependent trends of theQ factors is a more precise

way to compare plasmonic behaviour (the table does not displayQLSP in the visible range

7
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for Al or Mg, for example). A key criterion for a high quality plasmonic material is that the

number of electrons involved in interband transitions (IT) must be low and materials with

partially occupied d or f states perform poorly across the visible range due to ITs; as a result,

many transition metals are unsuitable as plasmonic candidates.

By contrast, due to a combination of high plasma frequency to damping ratios and a low

probability of ITs, free-electron like metals dominate the periodic table in terms of plasmonic

performance. From Figures 1.3 and 1.4, the Group I alkali metals Na and K, as well as Mg

and Al, demonstrate excellent plasmonic properties, especially at shorter wavelengths (<300

nm). Here, these free-free electron like metals actually outperform Ag and Au, which both

suffer from d-orbital ITs. Across the visible spectrum, Na and K are second only to Ag in

bothQ1 andQ2, however, their chemical instability in aqueous media (and under ambient

conditions) renders them unsuitable in their native elemental form. Alloying the noble metals

with alkali metals is a new strategy under investigation, with calculations showing KAu and

NaAg outperforming pure Au and equalling theQLSP of Ag.[29] Indeed, Group I plasmonics

has the promise to continue growing as a research area.

Al, the Earth's most abundant metal, has been successfully synthesised in a controllable

fashion and supports a plasmon resonance in the near-UV and visible range.[30] Al NPs form

a stable oxide layer which leads to a red shift in the LSPR peak and a drop in the refractive

index sensitivity.[31] In Al, the IT is a spectrally localised band located around 800 nm; by

comparison the ITs in Au and Ag at at 500 nm and 310 nm respectively and act as a lower

threshold limit for plasmon excitation.[32] By contrast, Al is capable of sustaining surface

plasmon resonances at wavelengths higher or shorter than the IT band, but QLSP is lower in

its vicinity rendering it unsuitable for application in the IR - red spectral range.

Another sustainable metal is Mg (the 5th most abundant element in the Earth's crust),

which was �rst calculated to be a promising plasmonic material,[33] experimental results

since supporting this.[34–36] Unlike Au, Ag and Cu, which have a lower wavelength

threshold to plasmonic resonances, or Al which possesses ITs in the near-IR, Mg has no IT

in the UV-vis-NIR range (200 - 800 nm) and thus can sustain LSPRs in this range.[36] These

plasmon resonances are tunable through the modi�cation of size as well as shape, with Mg

NPs crystallising into a diverse array of shapes, leading to a rich array of resonances.[34, 37]

Mg outperforms Al and In across the visible range (Figure 1.3). Similarly to Al, Mg NPs

synthesised under a protected atmosphere form a self-limiting few-nm MgO layer that

safeguards their stability over long periods of time. The thickness of this oxide layer in

colloidal suspension remains stable after several months, likely due to minimal diffusion

of oxygen and minimal spalling of the oxide. Elemental Mg has exciting potential as a

8
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Fig. 1.5 The effect on the position of LSPR peak of four factors: particle a) shape,[38] b)
size,[39] c) composition,[40] and d) local environment.[41] Figure adapted with permission
from the references listed above. Copyright 1999, 2003, 2010 American Chemical Society.

plasmonic material not only due to its broad spectrum plasmonic behaviour, but also due its

biocompatibility and lack of toxicity in the human body.

Beyond single elements alone, the alloying of different metals across the periodic table

is a promising technique for controlling desired properties such asQLSP, LSPR frequency

limit, oxidation stability or even functional properties such as catalytic ability or electronic

conductivity.

1.4 Factors affecting Localised Surface Plasmon Reso-

nances

Factors affecting the frequency and peak width of the LSPR include particle shape,[42]

size,[42] composition and local environment.[39] These can be explained by Mie theory.

This is an analytical solution to Maxwell's equations describing the scattering and absorption
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of light by spherical particles in a medium of dissimilar refractive index.[43] Gans theory

generalises the Mie result to spheroidal particles of any aspect ratio in the small particle

approximation and predicts how shape affects the experimentally reported pro�le of LSPR

bands.[44] Beyond spheres and spheroids, numerical methods must be employed; these

include the discrete-dipole approximation (DDA), the �nite difference time domain (FDTD)

and �nite element method (FEM). Mie theory and these numerical techniques are further

described in Chapter 2.

From Mie theory, expressions for the absorption, scattering and extinction cross sections

can be obtained; these are related to each other by

sext = ssca+ sabs (1.8)

The NP extinction cross section is given by

s ext =
9Ve3=2

m w
c

e2(w)
(e1(w)+ 2em)2 + e2(w)2 (1.9)

And the NP scattering cross section is given by

s sca=
3V2e2

mw4

2pc4
(e1(w) � em)2 + e2(w)2

(e1(w)+ 2em)2 + e2(w)2 (1.10)

whereV is the particle volume.[45] As in equation 1.4, the plasmonic response is

maximised when the denominator is minimised, a condition that is met whene1 = � 2em.

The position of the LSPR peak therefore depends on the surrounding dielectric environment

as well as the material's dielectric function. According to the dielectric values from Rakić,

Au nanospheres in aqueous suspension show a dipolar LSPR peak at 518 nm, agreeing well

with experimental observation.[46]

Au and Ag have very similar electron densities and effective masses, resulting in very

similar plasma frequencies.[47] The observed linear shift in LSPR peak wavelength with

composition (Figure 1.5c)) cannot be explained by the Drude model alone; these noble metals

Au and Ag cannot be treated as simple free electron metals. The plasmonic absorption can

be considered to be a hybrid resonance in these metals resulting from cooperative behaviour

of both the d-band and conduction electrons.[48]

Shape also has an important effect on LSP resonances, in�uencing both the LSPR

modes (as shown in Figure 1.5a) and the electric �eld enhancement around a NP, which is

enhanced for sharper features. More anisotropic shapes with higher aspect ratios are capable

of sustaining higher order LSPR modes containing multiple nodes at higher energies, as

demonstrated by simulation and experiment on Mg nanorods.[37] While Gans theory can

10
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analytically demonstrate the effect of shape on the LSPR, its frequency / linewidth and the

�eld enhancement are usually predicted by numerical simulations such as DDA and electron

beam driven DDA.

The position of the LSPR peak is found to depend on size; however, according to equation

1.10, there is no size dependence except for a varying intensity due to the volume dependence

on the particle radius. Mie theory for small particles can be modi�ed by assuming the

dielectric function of the metal NPs is size dependent (e = � e(w;r)), giving rise to a size-

dependent scattering cross section (intrinsic size effects).[39] The red shift and plasmon

broadening with increasing size in NPs in the size range between 50 and 350 nm is most

likely dominated by retardation effects. The LSPR frequency changes with the dimension of a

particle because the electron oscillation must accommodate the difference in electromagnetic

phase between one end of the particle and the other (known as radiative depolarisation

effects).[49] One primary de�ning feature of the LSPR is the plasmon length, which is

de�ned as the length over which the plasmon oscillation takes place. The slope of LSPR

frequency plotted as a function of plasmon length is independent of shape for a given material.

NP size also determines the relative contributions to overall extinction from scattering

and absorption. According to Mie theory, for spherical NPs of radiusRthat are much smaller

than the wavelength of light(2pR � l ), the magnitude of the scattering cross section is

proportional toR6, while the absorption cross section is proportional toR3.[50] The ratio of

scattering ef�ciency to total extinction is termed single-scattering albedo, and is dependant

on the size of the NPs. This is shown in Figure 1.6, where the Mie theory calculations of

extinction, absorption and scattering cross sections for a 50 nm and 150 nm spherical Au

NP are plotted. LSPR extinction for smaller particles is relatively dominated by absorption,

while as particle size increases, scattering takes over. For Au nanospheres, this transition

occurs at around 86 nm in particle diameter (absorption at a wavelength of 548 nm, scattering

at 568 nm and extinction at 558 nm).

Finally, the measured plasmonic response depends not only on individual NPs, but on the

homogeneity in their sizes and their aggregation behaviour. A colloidal sample of NPs with

a very narrow size distribution will exhibit a narrow and spectrally well-located resonance,

while the converse is true; NPs polydisperse in shape and size lead to broad plasmon bands.

NP aggregation means that the properties of the aggregates (which may vary greatly in

size) are measured instead, and it also leads to the more rapid sedimentation of NPs out of

suspension. Controlling NP homogeneity and colloidal stability in a real sample is essential

for ensuring control over the optical properties.
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Fig. 1.6 Calculated extinction, absorption and scattering cross sections for 50 nm and 150
nm diameter Au nanospheres. Extinction in smaller spheres is dominated by the absorption
contribution, while scattering dominates the extinction response in the larger nanosphere.
Albedo is the ratio of scattering to extinction; the 150 nm nanosphere has a greater albedo
than the 50 nm sphere. Data was calculated using ref.[51]

1.5 Hybrid and Alloy Plasmonic Nanoparticles

Hybrid or multifunctional NPs constructed from more than one component phase; bimetallic,

even trimetallic structures are increasingly attractive due to their multiple functionalities.

The plasmonic properties of one element can be enhanced through the alloying with another

element; for example, the Au/Ag pair takes on the enhanced optical properties of Ag along

with the chemical inertness of Au. Alloying may be disadvantageous if there is a lack of

compositional heterogeneity or the presence of residual impurities, which may diminish

functional properties or enhance NP oxidation and degradation. Many different types or

morphologies of hybrid nanoparticles have been reported; a few of the simpler architectures

are shown in Figure 1.7a-e. Polyelemental NP libraries consisting of combinations of up

to �ve metallic elements (Au, Ag, Co, Cu and Ni) have been reported through nanoreactor-

mediated synthesis.[52] The possible combinations of geometry, composition and size of

hybrid NPs are almost endless.

1.5.1 Optical Properties

The position and pro�le of the LSPR spectrum is dependent on a number of factors including

NP composition, as demonstrated in Figure 1.5. Alloying has a signi�cant impact on the
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LSPR, with the LSPR peak position commonly varying linearly with the stoichiometry of the

nanocrystal, with respect to its constituent plasmonic metals. The resulting dielectric function

is not a simple linear interpolation between the dielectric functions of the two elements,

however and the dielectric constants are best extracted from experimental ellipsometric data.

Alloying with any of the UV resonant metals results in the dampening or quenching of the

plasmon. Alloying the reactive group I metals with Au or Ag may be a means to achieve

stable high quality resonances with low losses, dramatically widening the useful plasmonic

toolbox.

In contrast to alloys and intermetallic NPs, bimetallic heterostructures have a different

and more complex optical behaviour. In a core-shell structure, the LSPR of the shell generally

dominates the optical response of the NP as long as it is metallic and has an imaginary part,e2,

similar to that of the core.[46] The plasmon resonance of the core NP is typically attenuated

or masked by that of the growing shell, the shell resonance dominating after passing through

a regime in which two plasmon resonances are present. Platinum group metals (PGM) on

Au core-shell nanocrystals generally show no LSPR in the visible region when the shell is

suf�ciently thick. Coating a PGM nanocrystal with a shell metal that is active in the visible

region (e.g. Ag, Au or Cu) results in a LSPR response very similar to a structure comprised

of the shell metal alone. The optical properties of core-shell or island-decorated structures

are most commonly predicted by numerical simulations.

1.5.2 Synthesis

1.5.2.1 Seed-Mediated Growth

This technique is at the forefront of synthetic routes towards the production of bimetallic

nanocrystals. It involves forming the �rst component of the hybrid by a conventional

mechanism such as nucleation and growth by chemical reduction. The reaction environment

is modi�ed to introduce a second component that can precipitate onto the �rst. Nucleation and

growth often proceeds as heterogeneous nucleation is generally favoured over homogeneous

nucleation, due to the availability of an existing surface on which to nucleate, lowering

the free energy barrier. The energy barrier for metal growth can be overcome through

the irradiation of light;[53] in some cases this is promoted by surface plasmon mediated

photoreduction, such as for the synthesis of Pt on spherical Au NP hybrids.[54, 55] Plasmon-

mediated reactions have been shown to be some of the most controllable synthetic methods

in synthesising Ag or Ag on Au nanostructures.[56]
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Fig. 1.7 Examples of hybrid nanoparticles and their synthesis. a) metal@metal core-shell,
b) metal@metal@metal core-shell, c) cross section through alloyed metal NP showing
disordered nature of atomic occupancies, d) cross section through NP composed of an inter-
metallic compound showing ordered atomic occupancy, e) nanorods with a sparse overgrowth
of a second metal, f) schematic overview of bimetallic NP synthesis by electrodeposition,
g) schematic overview of bimetallic NP synthesis by galvanic replacement. Figure partly
adapted with permission from ref.[46] Copyright 2011 American Chemical Society.
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1.5.2.2 Coreduction

Coreduction is a synthetic method for the generation of alloyed and intermetallic nanocrystals,

involving the simultaneous reduction and precipitation of two metal ion containing precursors

to their zerovalent atoms, which subsequently nucleate and grow together to form bimetallic

NPs. A mixed composite particle is formed if the two metals heterogeneously nucleate on

one another. Coupling the co-reduction of two metal precursors with the seed-mediated

growth method alters the kinetics of seeded growth and in turn the morphology of Au/Pd

nanocrystals, such as through forming architecturally controlled bimetallic nanostructures

such as octopods.[57]

1.5.2.3 Galvanic Replacement

Galvanic Replacement (GR) involves the oxidation of one metal by the ions of another

metal when they are in contact in solution. A moderately active metal such as Ag, Pd or

Cu (`sacri�cial template') is �rst produced, followed by the introduction of a solution of a

more noble metal, such as Au or Pt. This is reduced onto the outer surface of the template,

followed by the oxidation of the template into solution (as shown in Figure 1.7g).[58]

The thermodynamic driving force for this reaction arises from the difference in reduction

potentials of the two metals involved. When the process reaches completion, the product

could be a single phase, hollow NP, but stopping it before completion could produce a

hybrid core-shell or alloy NP. A diverse range of shapes such as spheres, hemispheres,

cubes, rods, wires, and bimetallic heterostructures have been successfully synthesised by this

method.[59, 60] Ag nanocrystals have most commonly served as the sacri�cial template due

to their relatively lower reduction potentials compared to Pd2+, Au3+ and Pt2+, but a variety of

other template materials have been used, including other metals such as Cu, Ni, Co, and Pb;

semiconducting materials such as Se and Te; and oxide materials such as Cu2O, Co3O4, and

Mn3O4.[60] Galvanic replacement has been combined with coreduction or underpotential

deposition for additional shape and composition control, forming hybrid, bimetallic or even

hollow interior trimetallic (Ag-Au-Pd) nanostructures.[61, 62]

1.5.2.4 Electrodeposition

Electrochemical synthetic techniques such as electrodeposition have been the topic of more

recent research into the synthesis of metallic and bimetallic NPs. Its key advantage is the

ability to directly in�uence the formation rate of metal NPs through controlling the current

or potential at an electrode, providing many tunable parameters such as deposition potential,

time, temperature and solution composition. There remains signi�cantly less literature
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regarding morphology and growth kinetics on nanosurfaces compared to wet chemical

synthetic routes. Nevertheless, electrochemical techniques provide the ability to integrate

electrochemical cells with optical techniques, allowing studying the plasmonic response to

modifying experimental parameters.

1.5.2.5 Other Synthetic Routes

Other synthetic routes toward the synthesis of bimetallic particles exist, such as thermal

decomposition, a process with similar nucleation and growth of metal atoms as coreduc-

tion. It has been traditionally favoured when working with metal precursors that cannot be

easily reduced chemically, such as Fe,[63] Co,[64] and Ni.[65] Decomposition can also be

simultaneously combined with reduction [66], as well as performed on a bimetallic precursor.

Templated growth, physical vapour deposition, electron beam lithography and laser ablation

have also been reported.[46]

1.6 Applications of Plasmonic Nanoparticles

Plasmonic NPs are increasingly �nding a multitude of applications in many technical appli-

cations, such as catalysis, sensing, spectroscopy, magnetic and biological applications. Of

those, catalysis, photothermal applications, and sensing are among the most studied uses,

and their principles are brie�y outlined in this section. The plasmonic performance for is

very much determined by the wavelength range required for that application. For example,

nanomaterials used in solar-driven catalysis need to have high quality resonances in the

range corresponding to the solar spectrum (Figure 1.3), while biomedical applications utilise

biological transparency windows in the near-infrared. Applications driven by monochro-

matic laser light require NPs with LSPRs peaking around that laser wavelength, and LSPR

bandwidth must also be minimised to reduce losses. In general, homogeneous plasmonic

behaviour is desirable in order to avoid heterogeneity in, e.g., catalytic performance or

temperature gradients. Bimetallic, alloy, core-shell or decorated NPs may combine a variety

of properties, including optical, magnetic, electronic or catalytic, opening the door to exciting

new applications and possibilities.

1.6.1 Photocatalysis

Plasmonic metal NPs are of great interest for applications in photochemical catalysis. At

resonant frequencies, the strong electromagnetic radiation - matter interactions elevate the

electric �elds at the surface of the NPs, leading to a greater number of energetic charge
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carriers (electron-hole pairs).[67] These can induce photochemical transformations through

localised heating of the nanostructure or by their attachment to the adsorbed reactants on

the surface of the nanostructure. The photocatalytic degradation of the volatile organic

compound HCHO on Au NPs was the �rst reported case of plasmon - accelerated catalysis

by LSPR excitation, the reaction rate exhibiting a strong dependence on the wavelength of

light.[42] Since then, a wide range of plasmon-mediated catalytic reactions have been studied,

including ethylene epoxidation, CO; NH3 oxidation, H2 dissociation, glucose oxidation and

the direct photocatalysis of water splitting.[68–71]

One promising pathway for the application of plasmonics for photocatalysis involves

the decoration of plasmonic NPs with a different metal catalyst. It has been shown that

the coupling of a plasmonic `nanoantenna' with catalytic NPs facilitates the light-induced

generation of hot carriers within the catalyst NPs, forming a light responsive and catalytically

active complex.[72] This is a formidable strategy for combining the properties of the strong

optical responses of plasmonic materials (with limited surface chemistry) and the catalytic

activity of materials such as Pt, Pd, Ru (with poor optical absorption) to form a highly tunable

novel catalyst. This reduces the requirement for expensive Pt group metals, and hybrids of

cheaper metals also perform promisingly; for example the Au-Cu intermetallic was shown

to outperform both pure Au and Cu in the catalysis of CO, benzyl alcohol, and propene

oxidation; and CO2 reduction.[60]

An enhanced rate and yield of the Suzuki coupling reaction using plasmonic Pd on Au rod

nanostructures was reported,[73] with the plasmonic photocatalysis increasing when the laser

illumination was at the LSPR wavelength, as well as for increased laser power. Meanwhile,

the photocatalytic performance of bimetallic NPs depends on their architecture;[74] for

example, Herran et al. demonstrated that core-satellite systems show a higher enhancement of

reaction rate upon illumination compared to core–shell ones.[75] The engineering of reactive

hot spots through local electric �eld enhancement holds exciting potential for plasmonic NP

electrocatalysis but requires understanding the location of electrochemical reactions on a NP

or NP aggregate; this has been explored through super-resolution imaging.[76]

1.6.2 Photothermal Applications

Harnessing the thermal effects associated with plasmonic NPs is another rapidly growing

area of application. The LSPR oscillation can non-radiatively decay by converting energy

to heat, thus leading to an increase in temperature around the NP. Plasmonic photothermal

therapy (PPTT) is one such application which uses hyperthermia, de�ned as heating tissue to

a temperature in the range 41–47°C for tens of minutes to target the destruction of cancerous

cells.[77, 78] Tumours can be selectively destroyed in this temperature range due to their
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reduced heat tolerance compared to normal tissue, and this can be achieved by injecting NPs

at the site of the tumour. The irradiation with laser light will cause localised heating if the

LSPR is tuned to the biological transparency window and laser wavelengths. While most

studies have used Au NPs as the photothermal agent, concerns over nanomaterials toxicity

and longetivity in the body have motivated a move towards more biocompatible materials.

Mg, which is biodegradable and abundant as Mg2+ ions in the human body, offers a lot

of potential for PPTT. Experimental studies have reported localised temperature gradients

of 4-5°C in Mg NPs,[79, 80] while recent simulations show that Mg is more ef�cient at

converting light into heat compared to Au at near-infrared wavelengths.[81, 82]

Another set of applications is the use of the generated heat in drug delivery systems for

targeted molecular release. A drug initially bound to a NP or encased within a nanocage

covered in smart polymer is injected or directed to the required therapeutic site. When

exposed to laser illumination, the dissipated heat generated from the NPs will trigger the

release of the drug by altering the binding or structure of the polymer. While many drug

delivery cages are unlocked by ultraviolet light, a key advantage of using plasmonic NPs is

the use of less damaging (to cells) and more penetrating near-infrared wavelengths.[83–85]

Moving away from therapeutic applications, thermoplasmonic effects can be harnessed

for solar energy harvesting applications, such as in photovoltaic devices.[86, 87] In a novel

study, a plasmonic Al NP array was used to drive the ef�cient desalination of seawater by

focusing the absorbed energy at the surface of the water.[88]

1.6.3 Sensing

Plasmonic materials display a high sensitivity toward changes in their local dielectric envi-

ronment, leading them to ideal application as sensors.[89] The simplest sensing application

is through the detection of changes in the bulk refractive index of their environment; this

alters the spectral position and pro�le of the plasmonic resonance. For single NPs, changes

in the LSPR peak are typically determined from spectral scattering measurements or colour

changes. A commonly found sensing application for Au NPs is in one-step Human Chorionic

Gonadotrophin (HCG) urine pregnancy tests.

At optical frequencies, the dependence of the LSPR peak wavelength on the medium

refractive index is approximately linear; this linear response and sensitivity to the local

environment lends plasmonic NPs great potential as sensors for a range of applications.[50]

The refractive index sensitivityS(in nanometres of peak shift per refractive index unit

nm/RIU) is given by
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S=
dl p

dn
(1.11)

The LSPR sensing precision that can be achieved depends on the sensitivity and the peak

linewidth. Taking a peak FWHMDl , a �gure of merit (FOM) for the sensing capabilities of

a NP can be de�ned:

FOM =
S

Dl
(1.12)

This is widely used to characterise a NP's sensing capabilities, and is enhanced with

reduced LSPR linewidth.[50] As well as the ability to detect changes in bulk refractive index,

LSPR sensors are capable of localised sensing. Field enhancements due to LSPRs decay

rapidly with distance from the surface of the NPs; shifts in LSPR spectra can be used to

probe nanoscale regions around the particles. Molecular interactions near the NP surface

result in measurable changes in the local refractive index.

1.6.3.1 Plasmon Enhanced Spectroscopy

Plasmonic NPs are also attracting much attention for sensing applications due to their

enhanced localised electric �elds. This makes them ideal for �eld-enhanced spectroscopic

techniques such as surface enhanced Raman spectroscopy (SERS),[90] metal enhanced

�uorescence (MEF),[91] and surface enhanced infrared absorption (SEIRA).[92]

SERS involves the adsorption of the analyte molecule of interest onto a NP or roughened

metal surface, resulting in enhancements in the order of 106 over normal Raman scattering[93]

and therefore allowing the detection of extremely low concentrations of analyte (down to

single molecules). Excitingly, the use of SERS shows the capability for the multiplexed

detection of various biomolecules; i.e. simultaneous detection of multiple species without

separation from the biological matrix (and can potentially be performed in situ).[94] In MEF,

the localised electric �eld around a metal NP can enhance absorption and emission of a

�uorescent molecule (�uorophore) around it, leading to bene�cial effects such increased

quantum yield, improved photostability and a reduced lifetime of the �uorophore.[95, 96].

The enhancement effects in both SERS and MEF strongly depend on local �eld intensity and

the presence of local �eld hotspots.[97] NP shapes with sharper features such as spikes or

surface asperities demonstrate greater SERS enhancement, which is essential for improved

sensitivity.[98]
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1.7 Plasmonic Microscopy and Spectroscopy

Transformations during and after the synthesis of plasmonic NPs can be followed using

single NP microscopy and spectroscopy. In these approaches, changes in scattering intensity,

wavelength and colour are tracked in order to reveal information about the underlying

reactions, and can be later correlated with changes in morphology as revealed by electron

microscopy. This allows, for example, the synthesis of bimetallic NPs by electrodeposition

or galvanic replacement to be studied and optimised rapidly and in real time.

1.7.1 Spectroelectrochemistry

Shifts in the LSPR can be induced by adding and removing charge from plasmonic NPs;

experimentally this can be followed by measuring changes in their scattering spectra. The

earliest study into this by Novo et al. demonstrated an (approximately linear) rapid and

reversible shift of the plasmon wavelength by tens of nanometres by applying potentials in

the range 0 to -1.6 V.[99] These shifts were not accompanied by any changes in particle

morphology after electrochemical cycling (Figure 1.8). The changing of absorption and

scattering resonance energies is due to the alteration of electron density, with facets and apexes

on metal nanocrystal surfaces providing hot spots where the electric �eld is greatly enhanced.

The Drude model's predictions �t experimental trends for LSPR energy changes, but more

complex descriptions are required to account for discrepancies in scattering intensity and

linewidth, such as quantum mechanical models.[104, 105] Controlling the plasmon energy

by charge density tuning is suitable for subtle optical tuning applications of the order of a

few nanometres, but the formation of an oxide layer on Au damps the plasmon, causing less

intense and broader spectra.[104, 106, 107]

Novel approaches utilise potential or current - controlled metal ion redox chemistry on the

surface of plasmonic NPs, offering tunability of the LSPR over up to hundreds of nanometres

without the associated signi�cant decrease in scattering intensity. In addition, changes in the

optical properties persist beyond the removal of the applied potential.

Chirea et al. �rst reported the electrodeposition of Ag onto Au nanostars, with the elec-

trochemical process studied for single particles by correlated in situ dark �eld spectroscopy

and scanning electron microscopy.[100] The dipolar LSPR of Ag is at shorter wavelengths

than Au, and a blue shift of 51 nm in 60 s was observed, with no reoxidation observed when

the potential was returned back to 0 V (Figure 1.8b). Ag was predominantly deposited on

the tips as spheres or agglomerates as opposed to a continuous layer, and the deposition of
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Fig. 1.8 Spectroelectrochemistry of plasmonic nanoparticles. a) Charge density tuning of Au
nanorods showing the scattering spectra of a single NP in a 0.1 M KCl solution at applied
external potentials varying from 0 V to -1.2 V and back to 0 V; these changes are detectable in
a colour image. Inset shows the linear relationship ofl max with potential, while morphology
of NP remains unaffected after electrochemical cycling. b) LSPR peak position of a single
Au nanostar as a function of both time (red circles) and the applied potential (blue line),
measured during electrodeposition of metallic Ag. The scattering spectra of the same Au
nanostar are plotted at various applied potentials during deposition. c) Reversible switching
of NP shells between Ag and AgCl using redox electrochemistry and their optical response.
d) The effect on the LSPR of Hg2+ reduction on Au NPs; a blue shift is observed in colour
images. e) The electrodeposition of multiple Cu cubes on Ag NPs at a potential sweep
rate of 0.5 mV s� 1. Dark �eld images as a function of applied potential reveal pronounced
colour changes which can be converted to RGB values and then to maximum scattering peak
wavelength. Figure adapted with permission from refs.[99–103] Copyright 2009, 2014, 2016,
2020 American Chemical Society, and 2015 The American Association for the Advancement
of Science.
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Ag is dependent only on applied potential, time of reaction, and presence or absence of the

stabilising ligand at the nanocrystal surface.

The reversible redox of Ag-AgCl shells on Au NPs was performed in order to actively

tune the resonance energy (E), spectral line shape (G) and intensity (I) of these core shell

structures.[101] The light scattering properties of these NPs were reversibly tuned by repeat-

edly interconverting the shell between Ag and AgCl through cycling the applied potential

(Figure 1.8c). Similarly, dark-�eld microscopy coupled to hyperspectral imaging was used to

study the reversible formation of oxidised Ag species from individual Ag NPs in the presence

of chloride.[108]

Spectroelectrochemical investigation has also revealed that the underpotential deposition

(UPD) of Cu on Ag on the nanoscale occurs as a critical nucleation step, not usually occurring

in a bulk state.[103] Although UPD has not been previously reported in the Cu-on-Ag system

in the bulk state, dark �eld spectroscopy provided evidence for this phenomenon, the authors

attributing this to the local surface environment, such as rough edges and adsorbed species on

the surface. For lower scan rates of 0.5 and 1 mV s� 1, increases in scattering peak wavelength

and intensity were observed in the -0.23 to -0.33 V range, at potentials higher than the bulk

deposition potential at -0.34 V (Figure 1.8e). In a follow-up paper, diverse structures were

obtained by adjusting the coverage of surface regulating cysteine molecules.[109] Similarly,

Hu et al. observed the in situ electrodeposition of Ag on Au octahedra and cube surfaces

through the design of a new electrochemical dark �eld scattering technique which is highly

sensitive to small spectral variations caused by the deposition of submonolayer atoms.[110]

In all three studies, optical measurements were used to elucidate UPD that was not identi�ed

in CV curves.

Large LSPR shifts have been achieved by the direct electrodeposition of mercury ions

onto Au nanorods to form Au-Hg amalgams,[102] while scattering spectra were modi�ed

through manipulating the geometry and composition of the nanoalloys by amalgamation

(Figure 1.8d).[111] NP optical properties can be tuned by reversibly reducing and oxidising

a surface layer of conducting polymer.[112] On immobilised plasmonic nanoarrays, the

reversible redox chemistry offers a promising route for applications in �at panel displays

due to high spatial resolution and easy tuning.[113, 114] Taken together, all these studies

demonstrate that combining optical spectroscopy with electrochemistry is highly suitable for

studying and controlling the electrodeposition process of bimetallic NPs.

1.7.2 Galvanic Replacement

Unlike electrodeposition, the synthesis of bimetallic NPs by galvanic replacement does not

require the application of an external potential; the difference in reduction potential between
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