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Introduction

Plasmonic nanostructures have drawn extensive interest over
the past few decades owing to their ability to manipulate
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Electrochromic response and control of plasmonic
metal nanoparticles
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Plasmonic electrochromism, the dependence of the colour of plasmonic materials on the applied electri-
cal potential, has been under the spotlight recently as a key element for the development of opto-
electronic devices and spectroscopic tools. In this review, we focus on the electrochromic behaviour and
underlying mechanistic principles of plasmonic metal nanoparticles, whose localised surface plasmon
resonance occurs in the visible part of the electromagnetic spectrum, and present a comprehensive
review on the recent progress in understanding and controlling plasmonic electrochromism. The mecha-
nisms underlying the electrochromism of plasmonic metal nanoparticles could be divided into four cat-
egories, based on the origin of the LSPR shift: (1) capacitive charging model accompanying variation in
the Fermi level, (2) faradaic reactions, (3) non-faradaic reactions, and (4) electrochemically active func-
tional molecule-mediated mechanism. We also review recent attempts to synchronise the simulation with
the experimental results and the strategies to overcome the intrinsically diminutive LSPR change of the
plasmonic metal nanoparticles. A better understanding and controllability of plasmonic electrochromism
provides new insights into and means of the connection between photoelectrochemistry and plasmonics
as well as future directions for producing advanced optoelectronic materials and devices.

exceptionally strong light-matter interactions on a sub-diffrac-
tion scale. In nanostructures, such interactions are mainly
responsible for the localised surface plasmon resonance
(LSPR), that is, the collective oscillation of the conduction elec-
trons along the incident electromagnetic waves within the
physical boundaries of the nanostructures. Since LSPR has
numerous potential applications, including sensing,' thera-
peutics,> nonlinear optics,® and catalysis,*” it is highly desir-
able to precisely control LSPR and related properties.

+These authors contributed equally to this work.
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Accordingly, various ways to regulate the LSPR have been
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extensively reported both theoretically and experimentally, for
example, by changing the size and geometry of the nano-
structure as well as the dielectric function of the constituent
material and surrounding medium. Another strategy to tune
LSPR by applying an electric potential across the nanostructure
through electrical or chemical means, referred to as plasmonic
electrochromism, has received attention due to its reversible
and prompt response. Such susceptible colouring behaviours
of plasmonic nanoparticles showed great potential for facilitat-
ing various applications, especially in display applications
such as electrically tuned colour filters, low-power display or
smart windows encompassing a broad spectral range.’
However, most studies on the electrochromic behaviour of
plasmonic materials have been limited to semiconducting
nanocrystals whose LSPRs are positioned beyond the visible
range.””® Therefore, the use of plasmonic metals is inevitable
to study electrochromic responses in the visible range, which
is necessary for developing functional optoelectronic devices,
such as adaptive displays and energy-efficient smart
windows.*°

In 1991, the electrochemical LSPR shift of Ag nanoparticles
was first reported, stating that the electronic properties of Ag
nanoparticles should be considered to fully understand the
plasmon absorption band along with chemical reactions and
changes in the refractive index of the surroundings.""
Subsequently, one of the authors of this paper, Paul Mulvaney,
developed this field of plasmonic electrochromism as engraft-
ing spectroelectrochemistry to investigate the electrochromic
behaviour of Ag nanoparticles. The optical response, however,
was diminutive to be practically utilised.'”> Hereafter, several
pioneers began to study the exact principle causing the electro-
chromic LSPR shift in tandem along with investigating various
ways to improve the minute change (Fig. 1). The electrochro-
mic behaviour of plasmonic nanoparticles is classically
explainable by the Drude model and Mie theory, with the
concept that the individual nanoparticles are viewed as nano-
scale capacitors. Under the applied electric potential, the
additional conduction electrons are charged or discharged on
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Fig. 1 Mechanisms of electrochromic responses in plasmonic metal
nanoparticles. Functional molecules on the nanoparticle surface can
induce colour change. The representative molecule is PANI (top left).
Electrochemical events occurring near the nanoparticle surfaces change
the capacitance of the systems as well as dielectric functions of the con-
stituent metal and surrounding medium. Adsorption and formation of
metal halides or oxides are involved in this electrochromic process (top
right). Capacitive charging, according to the applied bias, changes the
free electron density on the nanoparticle surface and thus, the LSPR is
altered. At high cathodic voltages, the shape of DOS is of significance to
the LSPR modulation (bottom left). The nanoparticle can be dissolved
above a particular anodic voltage and the corresponding morphology
change can cause electrochromic effects (bottom right).

the nanoparticle surface, which acts as a capacitor, in response
to changes in the Fermi level."”” Then, the dielectric function
and plasma resonance frequency of the constituent metal are
changed as per the Drude model.">'*"” However, it is not
sufficient to describe the plasmonic electrochromic phenom-
ena, which draws researchers to propose more exquisite models
and perform simulations that take real situations into account.
However, it is not practically possible to perfectly synchronise
the simulation results with the experimental data, and naturally
in this process, some discrepancy exists."®>" In this review
paper, we compare and discuss the classically designed models
with more recently developed models, including quantum
mechanical insights into capacitance related to the density of
states (DOS), and introduce a number of conceptual designs for
high-performance optoelectronic displays and sensors.
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As another aspect of research in this field, strategies to
enlarge the small LSPR shift have been developed. A number of
research groups have employed electrochemically active func-
tional molecules, such as, polyaniline (PANI),>*® methylene
blue (MB),>” and graphene,”® onto the plasmonic metal nano-
particle surface to control the electrochromic responses through
the functionalities of the additional electrochemically active
layers rather than the plasmonic material itself.>*® In addition,
methods inducing chemical reactions of plasmonic nano-
particles, such as metal oxide*"*® and metal halide formation,*®
and dissolution®’* have been developed. We also review the
operational principles, performances of these methods, and key
applications with electrochromic principles and materials.

Operational principles of
electrochromic behaviours of
plasmonic nanoparticles

Devices to investigate the electrochromic actuation of metal
nanoparticles are basically two or three electrode electro-
chemical cells, mainly composed of two transparent conduct-
ing oxide (TCO) thin films, usually indium tin oxide (ITO), on
glass substrates facing each other, an electrolyte filled between
them, and sometimes with a Pt quasi-reference electrode
(Fig. 2a).">7'7?1?%33 One of the TCO films is used as the
working electrode and the other as the counter electrode.
Further, the metal nanoparticles are loaded on the working
electrode. Transparent electrodes are necessary to monitor the
optical response of the nanoparticles by using in situ dark-
field spectroscopy at both the single particle level and ensem-
ble level while applying an external bias. The electrolytes
should be selected appropriately depending on the investi-
gation purpose. Electrochemically active electrolytes, including
chloride and bromide ions in water, are used if electrolytes are
involved in the electrochromic mechanism. On the other
hand, it is better to choose electrochemically inert molecules,
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Fig. 2 General set-up of plasmonic electrochromic devices and typical
trends in their spectral change. (a) Scattering spectra of individual nano-
particles, as observed using a dark-field microscope connected to a
spectrometer (left). The plasmonic electrochromic devices are electro-
chemical cells with 2 or 3 electrodes and electrolytes. Two faced ITO
glasses and a Pt wire are playing the role of the working, counter, and
quasi-reference electrodes, respectively. Reprinted with permission.®
Copyright 2009 American Chemistry Society. (b) Electrochromic behav-
iour of a gold nanorod. Its LSPR blue shifts under cathodic bias. (c)
Percentage change in the scattering cross-section at the wavelength of
the longitudinal LSPR mode. The scattering intensity gradually increases
as negative voltages are applied. Reprinted with permission s, Copyright
2016 American Chemistry Society.

for example, NaF in water’' and TBAPF, in acetonitrile, to
guarantee uniform and consistent charging throughout a wide
range of voltage window, especially to avoid unexpected fara-
daic reactions.

Change in intrinsic free carrier density by capacitive (dis)
charging

The electrochromic behaviours of plasmonic metal nano-
particles are typically based on the assumption that the nano-
structure can be considered as a capacitor. This is mainly
because charges cannot cross the metal nanoparticle-solution
interface, even though the electric potential across it is
changed, apart from the case where the faradaic reaction
occurs. Instead, the charges in the metal are accumulated just
below the interface, while the counterions in the solution are
piled up on the opposite side of the interface to compensate
the applied potential, which highly resembles the behaviour of
a capacitor.® Therefore, as a capacitor, the nanoparticles with
electrolytes can be capacitively charged or discharged in
response to the applied voltages.

The electrochromic behaviour of the metal nanoparticles is
based on the density of free electrons on the metal nano-
particle surface, which changes depending on the capacitive
charging or discharging. The simplest model for understand-
ing this system is the Drude model in which the free electron

Nanoscale, 2021,13, 9541-9552 | 9543
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density is directly related to the plasma frequency and dielec-
tric function according to the equation:

e(@) = e — wp’ /@ + Tyw) (1)

Here, y is the damping constant, plasma frequency is w;, =
(Ne?/me,)'?, e, is the dielectric constant of the bulk metal at a
very high frequency, N is the free electron density, e is the
elementary charge, and m is the effective mass of the free elec-
trons. LSPR features, such as the resonance frequency, full
width at half maximum (FWHM), and intensity, are changed
in response to the altered dielectric function. For example, in a
quasi-static approach®® of spherical nanoparticles, the reso-
nance frequency is easily quantified at which the polarisability,
asph, of the nanoparticles of radius a reaches a maximum
using the following equation:

3 5(“’) — €med
£(w) + 2€mea

Asph, = 4na (2)
where &4 is the dielectric function of the surrounding
medium. From eqn (2), the resonance frequency is obtained
when the denominator of the polarisability, |e(w) + 2emea|, 1S
minimum. This condition can be simplified to Re[e(w)] =
—2€med, also known as the Frohlich criterion because Im[e(w)]
varies slowly near the resonance frequency. Combined with
the free-electron Drude model with negligible damping, this
condition is met at the frequency wp,/+/2€mea+€w, which shows
that the resonance frequency is proportional to N'/2141%:35:36
Consequently, this relation indicates that capacitive charging
induces a blueshift of the LSPR peak by increasing the free
electron density, while discharging results in a redshift. Due to
the intrinsically large free electron density of metals, the shifts
are so small that they seem to vary linearly.

The classical capacitive charging model for electrochro-
mism is matched qualitatively with experimental observations.
The anodic potential typically causes a redshift in the LSPR
peak, whereas under the cathodic potential, the peak shows a
blueshift. Fig. 2b shows the single-particle scattering spectra
of a gold (Au) nanorod that follow the general trend.'> The
scattering intensity increases as the FWHM decreases in the
cathodic potential range and vice versa (Fig. 2c). These trends
are universally interpreted using the capacitive charging (or
discharging) model discussed above.

The anisotropic nanostructures have different expressions
of polarizability as compared to eqn (2), and the peak shifting
rate appears to vary. However, they still produce monotonic
and slow variations in the LSPR.'*'®3® For instance, the
Chang group experimentally showed the morphology effects in
the electrochromic behaviour of gold nanorods according to
their size and aspect ratio. The capacitively changed resonance
frequency moved faster when the nanoparticles were smaller
in size and had a larger aspect ratio.”" In addition, the Abajo
group reported theoretical results that single-monolayer gold
disks have potential for the dramatic modulation of the LSPR
shift using the Drude model with doping charges.'® The
authors claimed that the rapid LSPR change is due to the

9544 | Nanoscale, 2021,13, 9541-9552

View Article Online

Nanoscale

small thickness of the disk that makes all the doping charges
accumulate in the outermost atomic layer, while the doping
charges in the spherical Au nanoparticles are homogeneously
distributed over the entire volume. Beyond this monotonic
change, however, the trend of the LSPR shift could drastically
change with a high cathodic bias, and this anomaly will be dis-
cussed in detail in the next section.

In addition to the shift in the resonance frequency, the
FWHM exhibits various tendencies depending on the experi-
mental conditions, while the Drude model predicts it to
decrease as the charge density increases. Consequently, simple
classical models are insufficient to explain this inconsistent
change in the FWHM, which makes people devise a more elab-
orate model to properly emulate the reality. It is exceptionally
important to consider the surface chemistry of the system
because the FWHM is determined by the damping constant of
the system. Furthermore, surface chemistry is directly associ-
ated with surface damping or chemical interface damping.®”
The general chemistry near the nanoparticle surface in electro-
chromic devices is explained below.

Excess charges are pushed in or out of the conductor
through capacitive charging or discharging, and they have to
be distributed on the surface and continuously screened
beneath the surface within the ionic diameter or Fermi screen-
ing length. This charge-depleted layer has a different dielectric
function  compared to that inside the  metal
nanoparticle.'>'®'® Simultaneously, under the applied electric
potential, electrolytes in the solution form an electric double
layer on the nanoparticle surface, which consists of a Stern
layer and a diffusion layer. The counterions forming the Stern
layer not only affect the dielectric constant of the surrounding
medium but also the quantity of surface damping while inter-
acting with the metal surface in the vicinity.'®'®*%3
Therefore, the electrolyte species and their concentrations are
major factors determining the damping constant and, sequen-
tially, the FWHM change. Furthermore, the Stern layer of the
ions can be transformed into lossy layers or absorbing layers
that possess larger damping and dielectric constants, for
example, a metal halide or metal oxide layer, which will be dis-
cussed more deeply in the third section.

To describe the FWHM shift of the electrochromic actua-
tion, one of the electromagnetic simulation strategies to
include this complicated surface chemistry is based on the
construction of a core-shell nanostructure. The modified shell
has an altered dielectric function due to capacitive charging or
discharging while the dielectric function of the core remains
unchanged.'®*' The modified shell structure includes effects
of the Stern layer formation, electron depletion layer, and
counterion absorbing layer. For instance, the Atwater group
introduced such modified shells to match the experimental
extinction spectra with the full-wave finite-difference time-
domain (FDTD) simulation (Fig. 3a). The dielectric function of
the modified shell was calculated using the Lorentz-Drude
model with a Brendel and Bormann (BB) oscillator model. The
optical response of the metal nanoparticles was successfully
fitted and interpreted by several independent parameters,

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Advanced theoretical models with the modified shell structures.
(a) Introduction of modified dielectric shell on the nanoparticle surface
for full-wave FDTD simulation and parameter fitting. (b) Simulation para-
meters for the best match with the experimental data. Charge density
(top left), thickness (top right), total damping constants of the modified
shell (bottom Left), and refractive index of the surrounding medium
(bottom right). Reprinted with permission.’® Copyright 2015 American
Chemistry Society. (c) Electron density distribution drops abruptly at the
boundary (top). Spectral side bands broadening the width produced by
several shells of nonuniform electron density (bottom). (d) Change in
absorption spectra and their spectral width calculated by classical
TDLDA (time-dependent local density approximation) which cannot
predict damping of the plasmon (left) and by the semi-classical
approach (right). Reprinted with permission.?! Copyright 2017 American
Chemistry Society.

including charge density, refractive index of the surrounding
medium, damping parameters, and thickness of the modified
shell.’® Fig. 3b presents the changes in the parameters and
shows that the surface damping constants and charge density
changes have more influence on the spectral features than the
other parameters. Moreover, the Borisov’*?*®* and Chang®'
groups used more advanced models that reflect quantum
mechanical effects causing non-uniform electron distribution
close to the surface. The metal surface with inhomogeneous
electron distribution, generated by electron spill-out and
Friedel oscillations, is regarded as several thin shells having
diversified dielectric functions (Fig. 3c). The individual thin
shells create side bands and thus, eventually broaden the
absorption spectra. They assert that a steeper electron-drop
across the boundary of negatively charged nanoparticles leads
to fewer side bands and narrower FWHM (Fig. 3d).

Despite the theoretical understanding of electrochromic
responses, the limited LSPR shift upon applying a bias is still
an unsolved issue in this field. To achieve a dramatic change
in the plasmon resonance spectrum, several research groups
have suggested numerous methods, such as pushing electronic

This journal is © The Royal Society of Chemistry 2021
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structures of the plasmonic metal to the non-classical limit,
facilitating electrochemical reactions, and using functional
molecules, which will be reviewed in the following sections.

Beyond the electrochromic view, particularly in the perspec-
tive of plasmoelectronics, the reverse effect of the electrical
colour manipulation could be expected: the light-coupled
charge density in plasmonic nanoparticles might drive the
charge flow for optimum charge density at the resonance and
induce a current.*>*® Thus, a better understanding of optical
responses related to the charge density and the electric poten-
tial of plasmonic systems is needed.

Non-linear responses from quantum capacitance

The capacitive charging or discharging models are fundamen-
tally based on the classical assumption that the capacitance is
constant, regardless of the electric potential applied across the
interface, and is determined only by the geometry of the
capacitor. This basic assumption may not be valid in low-
dimensional materials, such as graphene*' and carbon nano-
tubes (CNTs).*>** These materials have a nonuniform DOS
that has several sharp rises called van-Hove singularity and a
lingering slow decrease of the DOS (Fig. 4a). Owing to the non-
constant DOS, the rate of electron charging or discharging is
continuously changing as the Fermi level increases or
decreases according to the applied bias. We can expect
another term to affect the charge of a capacitor under the
chemical potential change. This variance of capacitance is
defined as quantum capacitance and is ascribed to another
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Fig. 4 DOS mediated anomalous electrochromic behaviour of plasmo-
nic nanoparticles. (a) Theoretical DOS of single-walled carbon nano-
tubes having several van-Hove singularities with following a slow
decrease of DOS (black) and the corresponding quantum capacitance
(red) at room temperature. (b) The concept of the electrical double layer
at the nanotube-electrolyte interface and the quantum capacitance. The
total capacitance of the system is explained by the capacitors connected
in series. Reprinted with permission.*3 Copyright 2019 Nature Research.
(c) DOS of Au and Au—Fe alloys calculated by DFT and LSPR maxima of
the corresponding DOS. Reprinted with permission.*® Copyright 2019
American Chemistry Society.
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capacitor that is connected in series to the geometric capacitor
(Fig. 4b).

Normal metal electrodes are, hitherto, considered to have a
uniquely defined capacitance depending on electrolytes
because the DOS of a metal electrode is almost fixed in a
voltage window of electrochemical systems and also in general
electrochromic devices.** In other words, by moving away from
the classical viewpoint of electrochemistry, the capacitance of
the normal metal electrodes can be inconsistent under dra-
matic potential variations and happens to have a nature of
quantum capacitance similar to that of graphene and CNT.

Therefore, it is reasonable to investigate the electrochromic
behaviours of the capacitive nanoparticles composed of plas-
monic metals such as Au** or silver (Ag)*® by taking their elec-
tronic structures into consideration, and several groups
studied the relationship between electronic structures and
charge-dependent plasmonic properties.”*® A quantum
mechanical model considering d-band screening anticipated
the deviation from the classical monotonic LSPR shift in the
single-monolayer Au disk.'® The authors did not refer to how
the d-band screening results in an abrupt change in the rate of
the LSPR shift; however, they emphasised the importance of
quantum mechanical aspects of the metal nanoparticles for
their optical responses. The Amendola group reported that the
LSPR of alloy nanoparticles can be modulated by controlling
the composition of the alloy and consequently manipulating
the DOS, especially near the Fermi level (Fig. 4c)."® They used
Au-Fe nanoalloys as a model system and matched experi-
mental observations with the DFT calculation results based on
Au-Fe intermetallic lattices. These studies have shown the
possibility that the intrinsically diminutive responses of metal
nanoparticles can be surmounted by controlling the DOS of
the surface materials and ensure the stability of the system in
such a high-voltage range. In electrochromic devices, contain-
ing metal nanoparticles, this subtle DOS change might be
tracked by their scattering spectra because the DOS may
change the charging rate of the free electrons.

Electrochemical reactions of plasmonic nanoparticles

Although the free carrier density tuning mechanism provides
fundamental insights into the electrochromic phenomenon, it
is challenging to explain the unexpected resonance shift and
its damping using this mechanism. As an electrochromic
device can be considered as an electrochemical cell, investi-
gating electrochemical processes, which are non-faradaic and
faradaic processes, is helpful for a better understanding of the
unpredicted LSPR modulations. Electrolytes and other chemi-
cal species in electrochromic devices have different chemical
affinities to metal surfaces and show different kinetics under
an electrochemical potential.>*'3*%748 In many electrochro-
mic studies of plasmonic metal nanoparticles, these chemical
and electrochemical effects are attributed to unexpected non-
linear shifts at their respective onset potentials. To address
this issue, we divide the chemical and electrochemical tuning
mechanism into two categories: (1) non-faradaic and (2)
faradaic.
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Non-faradaic processes on metal nanoparticles, such as
adsorption and desorption of chemicals, play an important
role in capacitive charging or discharging at the metal-solution
interface because from the view point of electrochemistry, the
amount of capacitive charging or discharging electrons resid-
ing at the metal surface is determined by the electrical double
layer.>* In the electrostatic model, called the Gouy-Chapman-
Stern (GCS) model, the electrical double layer is affected by the
electrode geometry, physical properties of ions, and distance
between the metal surface and Stern layer, where the Stern
layer is the closest adsorbed counter ion layer to the metal
surface.’® However, theoretical explanations for the electro-
chromic properties using the GCS model have not been
explored yet, even though this model could precisely explain
the particle-shape and ion-size effects on the electric double
layer capacitance, which depicts the capability of capacitive
charging or discharging.

The chemical affinity between molecules of the Stern layer
and metal surfaces also has a profound influence on the
number of capacitive charging or discharging electrons and
electrochromic behaviour of nanoparticles. The electrochromic
responses combined with conventional cyclic voltammetry
support this mechanism, that is, the potential-dependent spec-
tral changes of plasmonic nanoparticles are associated with
electrolyte adsorption and desorption.*® For example, peaks
for the differential scattering intensity of Au nanoparticle
dimers in surface electrolyte solutions correspond to the onset
potentials of non-faradaic processes in conventional cyclic vol-
tammetry. Particularly in anodic potential, the LSPR shift is
highly affected by the strength of the metal-anion interaction
at the individual onset potential of the anion adsorption. The
strength effect of the metal-anion interaction is clearly
observed in a study on the chemical affinity effect of the halide
anion. Greater changes in the LSPR energy and damping at a
less positive potential are observed in the scattering spectrum
for Au nanorods in a NaBr electrolyte solution as compared to
NaF and NacCl electrolytes (Fig. 5).>' Due to a strong adsorption

-0.40 V to +0.30 V

>0
£
8-5— 1 mM NaF
w — 1 mM NaCl
<. ,|— 1 mM NaBr
-10
~10
>
[)]
ES
S o
-0.40 0 0.30 -

Potential (V)

Fig. 5 Halide anion effect on adsorption from -0.4 V to +0.3 V.
Change in resonance energy (up) and line width (down) as a function of
potential for a single Au nanorod in 1 mM NaF (blue), 1 mM NaCl (green),
and 1 mM NaBr (red). Reprinted with permission.®* Copyright 2016
American Chemical Society.
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of the bromide anion onto the Au surface, the adsorption of
the bromide anion occurs at a less positive potential. This
adsorption unexpectedly increases the capacitive discharging
electrons and decreases the LSPR radiative dephasing time,
referred to as the chemical interface damping.?”**>°

Another mechanism for the electrochemical modulation of
LSPR is the faradaic processes, such as reduction or oxidation
reactions that are governed by Faraday’s law of electrolysis. In
this section, we limit the term of faradaic processes to the
reduction or oxidation reactions of the metal nanoparticle,
rather than the typical electrocatalytic reactions in which elec-
trodes, the nanoparticles in plasmonic electrochromic devices,
are not involved. The redox reactions of metal nanoparticles in
electrochromic devices are not only important considerations
for reversibility of LSPR modulation, including spectral shifts,
its intensity variation, and damping, but also provide a new
opportunity for optical applications by improving the minute
LSPR changes with respect to only capacitive charging.

Depending on the chemical reactivity of the electrolyte with
plasmonic metals, when the applied potential exceeds a par-
ticular value, adsorbates can mediate chemisorption and
metal dissolution.?**'73*%7:4% The dissolution of metal nano-
particles induces irreversible changes in intensity, line width,
and resonance energy by transforming the morphology of the
metal nanoparticles.®" Thus, it is crucial to investigate the role
of electrolyte chemical reactivity with metal nanoparticles in
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electrochromic modulation. The importance of the choice of
electrolytes has been recognised in a comparison between the
electrochromic behaviours of plasmonic nanoparticles with
halide anions and oxoanions. Fig. 6a shows an example of the
difference in the chemical reactivity of a chloride anion and
nitrate anion with the metal surface, which influences the
reversibility of LSPR tuning.*” As chloride anions were used as
the electrolyte, they were adsorbed on the metal surface, and
an Au-chloride complex was formed on the surface of the Au
nanorods at the onset potential. The Au-chloride complex is of
two types as follows*’

Au + 2C17(aq) — [AuClz]f(ad) +e (3)

Au + 4Cli(aq) — [AuCL;T(ad) + 3e” (4)

The complex gradually dissolved, and in the process, it
induced irreversible changes in the optical properties of the
Au nanorods (Fig. 6b)."” Conversely, nitrate anions having less
reactivity than chloride anions allowed reversible modulations
of the intensity, linewidth, and resonance energy, under the
same conditions as those for the chloride ions.

In addition to the differences between the halide anion and
oxoanion, a reactivity effect was observed among the three
halide electrolytes, F~, CI7, and Br~. LSPR band modulation in
resonance energy and its damping indicated the reactivity with
Au as: F~ < CI” < Br.”" The irreversible change in intensity
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Fig. 6 (a) Schematic view of the dissolution of metal nanoparticle in KNO3 and KCl electrolyte solution. (b) Time-dependent scattering spectra and
(inset) time-dependent dark field images of a single gold nanorod under +1.0 V potential in KCl electrolyte solution. Reprinted with permission.*”
Copyright 2014 American Chemical Society. (c) Comparison of reversibility of changes in scattering intensity was investigated in 1 mM NaF (blue),
1 mM NaCl (green), and 1 mM NaBr (red) electrolyte solution under applied potential (black). (d) Concentration effect of the electrolyte was observed
by investigating changes and reversibility in resonance energy (up) and intensity (down) in 1 mM NacCl (blue), 5 mM NacCl (green), and 25 mM NaCl
(red) under applied potential (black). Reprinted with permission.** Copyright 2016 American Chemical Society. (e) Illustration of the switching capaci-
tive coupling mode and conductive coupling mode for an Ag bridged Au dimer and surface charge density plots of the representative capacitive and
conductive plasmon mode. (f) Electrochemical conversion from the core-dominated mode (LB mode) to shell-dominated mode (CTP mode and SB
mode) occurred at —0.22 V due to the increase of the conductive pathway. Reprinted with permission.>® Copyright 2015 American Association for
the Advancement of Science.
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from —0.4 to +0.35 V also followed the trend of halide anion
reactivity with Au (Fig. 6c).>" Interestingly, increasing the chlor-
ide electrolyte concentration also yielded irreversible changes
due to chloride-mediated electrochemical dissolution of Au
nanoparticles (Fig. 6d).>" These studies indicate that halide
ion electrolytes, which are commonly used in electrochromic
devices and electrochemical cells, would not be feasible for
improving electrochromic modulations, depending on the
halide concentration. Although a recent study reported that
the electrochemical dissolution in aqueous chloride ion solu-
tion at high voltage was inhibited by adding oxoanions as
additives,*” improving the stability of nanoparticle morphology
for reversible and dramatic electrochromic modulations is still
challenging in halide electrolyte solutions.*®

On the other hand, reversible optical modulations under an
electrochemical potential can be generated even through fara-
daic processes. Such a redox reaction is the formation of a
dielectric layer on the metal surface; for instance, Ag-AgCl
redox chemistry on Ag-coated Au nanospheres and Ag-bridged
Au dimers, studied by Landes and co-workers (Fig. 6e).° This
study highlighted that the Ag-AgCl redox chemistry on the
dimer system provided reversible switching between the initial
plasmon modes and new plasmon modes. An increase in the
conductive pathway with increasing Ag content converted the
longitudinal bonding dipolar plasmon mode (LB mode), as
the initial core-dominated mode, into the longitudinal
screened bonding dipolar plasmon mode (SB mode) and
charge transfer plasmon mode (CTP mode), as the shell-domi-
nated mode, by the conductive coupling mode (Fig. 6f).*° This
novel plasmon mode switching system opens up the field of
plasmonic electrochromism having the ability of fully revers-
ible, controllable, and relatively remarkable colour tuning,
which is highly desirable to overcome the fatal disadvantage of
plasmonic nanoparticles for optoelectronic applications.
Moreover, metal deposition and dissolution on plasmonic
nanoparticles can induce reversible colour changes.”"

Electrochemically active dielectric environments

The other operational principle is based on the optical pro-
perties of the electrochemically active shell surrounding the
plasmonic metal nanoparticle.*>>*2672%5233 when stimulated
by an electric field, the electrochemically active materials
exhibit charge doping or changes in the redox states, which
results in the electrochromic behaviour of the system. It is well
known that the refractive index of the surrounding medium
modulates the position of the plasmon resonance energy
peak.>® Thus, coating an electrochemically active material on
the metal nanoparticles is an indispensable tool in
electrochromism.

LSPR band modulation by voltage-induced charge doping
of the electrochemically active shell was demonstrated in a top
electrolyte gating device with an ionic liquid. For example, gra-
phene, as an electrochemically active shell, was placed on top
of the Au nanorods, and a top electrolyte gate controlled the
doped charges and Fermi energy (Fig. 7a).>® As shown in
Fig. 7b, an unusual shift in the LSPR band position and
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Fig. 7 (a) Schematic illustration of a device configuration with graphene
placed on top of the Au nanorod. Doping charge was controlled by a
top electrolyte gate with ionic liquid. (b) Experimental scattering spectra
of a graphene-Au hybrid nanorod as a function of the gate voltage.
Reprinted with permission.?® Copyright 2012 American Chemical
Society.

decreased damping was observed in this system.”® These
results were demonstrated by the voltage-dependent complex
dielectric constant and interband transition of graphene by
plasmon resonance energy of the Au nanorods. Furthermore,
the voltage-dependent complex dielectric constant of graphene
has been studied®>™’ and can influence the plasmon reso-
nance energy. In addition to changes in the dielectric con-
stant, switching off of the interband transition is also attribu-
ted to the LSPR band shift and its damping. As hole doping
decreases the Fermi energy, the initial states for optical tran-
sition by plasmon resonance energy are empty and interband
optical transitions can be blocked. This study indicates that
the voltage-induced charge doping of electrochemically active
materials would govern the plasmon resonance band in elec-
trochromic devices.

Another approach is to switch the redox states of the elec-
trochemically active shell.**>*?®*”3 [n a recent study, Au
nanoparticles encapsulated by an electrochemically active
polymer shell, polyaniline (PANI), placed on the Au film,
resulted in spectral shifts greater than 100 nm in the visible
range. This system, called electrochromic nanoparticle-on-
mirror (eNPoM), gives rise to strong optical field coupling in a
gap, known as a hot spot, and generates hot carriers near the
hot spot (Fig. 8a).° Polarisability of the polymers and their
refractive indices are altered while hot carriers switch the
redox states (PANI° < PANI'" « PANI™) of the responsive
polymer shell. Depending on the redox states, the variation of
optical characteristics®® in the gap can generate reversible, dra-
matic, and fast colour switching of ~100 nm in response to
less than 1 V applied potential (Fig. 8b).”® Although the
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Fig. 8 (a) Schematic representation of eNPoM geometry, which
changes the redox states of PANI in hot spot under electrochemical
potential. (b) Time-dependent normalized DF scattering spectra of a
single spot in eNPoM showed dramatic and reversible tuning by the
redox states of PANI. Reprinted with permission.2® Copyright 2019
American Association for the Advancement of Science.

eNPoM system showed remarkable electrochromic capability
for display prospects, this system still has a relatively large
chemical damping. Therefore, a new model system with a
narrow line-width for colour purity needs to be developed for
practical applications.

Applications

Based on the capability of colour tuning, which depends on the
induced voltages, the representative application is the develop-
ment of optoelectronic devices including smart windows and
adaptive displays. Owing to their fast and reversible responses
and easy controllability, it is a highly promising approach for
electrically actuating the versicolour plasmonic systems. It is
used for collecting other information by detecting the colour
change. For example, single-particle electrochemistry occurring
near the nanoelectrodes, which might be inaccessible to investi-
gation by other techniques, could be tracked by detecting the
colour modulation of a single particle. In the following subsec-
tions, we will show the potential of the plasmonic electrochro-
mic field and suggest future perspectives in this field.

Plasmonic nanopixels and displays

The representative applications of conventional semi-conduc-
tor electrochromic devices are energy-efficient smart windows.
In particular, plasmonic metal oxide nanocrystals, whose reso-
nance frequencies lie in the near-infrared region, have been
widely studied owing to their fast switching speed and long-
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term reproducibility for repetitive cycles. The LSPR of metal
oxides is generally regulated by introducing defects and
dopants or by controlling their morphologies and materials. It
is also possible to actively modify LSPR through external elec-
trical, chemical, and photo-stimuli, which leads to smart
window applications.””® For example, the Milliron group
designed an electrochromic device with ITO nanocrystals and
Li'-containing electrolytes and showed fast colouration and
bleaching processes, which are the pivotal abilities of energy-
efficient smart windows.®® Although smart windows contain-
ing semiconducting nanocrystals can have simple on-off
systems, a more advanced display technique should possess
the ability of a diversified colouring process. Therefore, electro-
chromic devices should include materials with the LSPR in the
visible range to express adequate RGB colour, which leads
researchers to explore the field of plasmonic electrochromism.
Among the numerous ways to tune the LSPR introduced so
far, faradaic reaction-based devices have lesser long-term dura-
bility and slower switching speed. In addition, the electrochro-
mic responses of the plasmonic nanoparticles by capacitive
charging or discharging still show subtle changes. Furthermore,
the stability of electrolytes cannot be guaranteed yet over a large
range of potentials to securely enter the electric potential
regime of DOS-mediated dramatic changes. On the other hand,
functional molecule-induced electrochromic devices are receiv-
ing attention as the most successful means to realise advanced
display devices. The Baumberg group has proposed the fabrica-
tion of eNPoM nanopixels with nanoparticles encapsulated in
the PANI shell (Fig. 9a).>° They manufactured centimetre-scale
plasmonic functional metasurfaces of eNPoM through the
meniscus-guided nanoparticle assembly method, and these
metasurfaces were functional for more than 3 months (Fig. 9b).
Furthermore, pixels of the metasurfaces are the individual
eNPoMs and their ultra-small pixel size in large colour dynamics
(Fig. 9c) is anticipated to reduce the display device thickness.

Single-particle electrochemical surface plasmon resonance
spectroscopy

Another tool based on the electrochromic response of plasmo-
nic nanoparticles is associated with electrochemistry around
the nanoparticle surface. As discussed in the previous sec-
tions, chemical events occurring around the nanoparticle
surface induce changes in the capacitance, dielectric function
of the surrounding, compositions of the metal and even mor-
phologies of the nanoparticles. Electrolyte adsorption, metal
oxide and metal-halide complex formation, or self-oxidation
of the particle are involved in these processes. As a result, the
corresponding LSPR peaks are immediately shifted, FWHM
broadens or sharpens, and intensity is enhanced or reduced.
Therefore, these instant changes inherently represent micro-
scopic phenomena, and one can investigate the electro-
chemical reactions, whether faradaic or not, by simply tracking
the features of the LSPR peaks of the nanoparticles. This is
because the common ensemble-level methods, such as cyclic
voltammetry or electrochemical impedance spectroscopy
cannot detect changes in the microscopic system.
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Fig. 9 Applications of plasmonic electrochromic devices. (a) Schematic illustration of eNPoM metasurfaces. (b) Durability of the eNPoM metasur-
face under normal light, before and after 3 months. (c) Colour gamut (CIE 1931 chromaticity) of the fabricated nanopixels. Reprinted with per-
mission.2® Copyright 2019 American Association for the Advancement of Science. (d) Scheme of the spectroelectrochemical cell (top). Single-par-
ticle scattering spectrum of a gold nanoparticle monomer (middle) and dimer (bottom) on the gold film. (e) Conventional cyclic voltammetry and
single-particle plasmon voltammetry in 0.1 M electrolyte solution. Na,SO, (top), NaC,H3O, (middle), and NaClO, (bottom) are used. Reprinted with

permission.*® Copyright 2016 American Chemistry Society.

As a representative example, the Landes group first
employed single-particle plasmon voltammetry (spPV) to
measure the spectral response, according to anion adsorption
and desorption.*® They used Au nanoparticle dimers on a thin
Au film that showed more sensitive response to the non-fara-
daic reactions than monomers (Fig. 9d). By tracking the two-
point differential of the peak scattering intensity for the
applied potentials as a criterion, the onset potentials of several
anion adsorption and desorption were successfully identified.
Even conventional cyclic voltammetry hardly distinguished the
non-faradaic current buried under other large peaks (Fig. 9e).
In the same year, the Long group imaged the electrocatalytic
oxidation of hydrogen peroxide that takes place on an Au
nanorod surface.®® This study visualised the dark-field images
and scattering spectra of a number of nanoparticles together
and demonstrated that the performance of the catalytic activity
of the nanoparticles can be evaluated by the heterogeneity of
the individual spectrum.

Conclusions and remarks

In this review, we presented four electrochromic mechanisms
for plasmonic nanoparticles—capacitive charging model
accompanying variation in the Fermi level, faradaic reactions,
non-faradaic reactions, and electrochemically active functional
molecule-mediated mechanism. First of all, when an electric
potential is applied across the nanoparticle, the electrons are
capacitively charged or discharged on the nanoparticle sur-
faces, while the counterions are accumulated on the opposite
side of the nanoparticle-electrolyte interface, forming an elec-
tric double layer. This capacitive behaviour leads to a change

9550 | Nanoscale, 2021, 13, 9541-9552

in the plasma frequency of the plasmonic metal and hence,
the resonance frequency of the nanoparticles. In spite of a con-
sensus on the mechanism of plasmonic electrochromism
based on the Drude model, which explains that the change in
the free carrier concentration causes a shift in the LSPR fre-
quency, more advanced theoretical models considering
quantum  mechanical effects have been proposed.
Furthermore, this capacitive charging model becomes invalid
when the metallic nanoparticles do not belong to the classical
regime any longer, i.e. at high negative voltages. The DOS devi-
ates from flatness as the Fermi level reaches a 6sp band
plateau, and this transition would cause anomalous blueshift
rates in the LSPR. Such consideration of the band structure of
the plasmonic metals not only gives insight for the engage-
ment with the capacitive materials but also provides a break-
through for measurable plasmonic electrochromic responses
without any chemical modifications. Also, a device to quanti-
tatively measure the quantum capacitance of metal nano-
particles should be devised to appropriately select surface
materials and control their band structures.

On top of that, electrochemical reactions, both faradaic and
non-faradaic reactions, also induce the LSPR shift. When elec-
trolytes or ions in the solution are adsorbed or desorbed upon
applying bias, the dielectric functions of both the surrounding
and outermost layers of the surface are changed. In particular
at highly positive potentials, the constituent metal could be
dissolved into the solution in the form of ions, and the electro-
chemical dissolution causes irreversible changes in their mor-
phology and LSPR. By tracking the electrochromic behaviour
of the plasmonic nanoparticles, we can figure out the micro-
scopic electrochemical events occurring very near the surface
of the nanometre-sized electrodes.
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Finally, electrochemically active functional molecules, such
as PANI and graphene, can change the colour of the nano-
systems. The colour of PANI is directly changed by an external
bias, and this functionality has garnered considerable atten-
tion because of its potential applications in adaptive displays
or advanced smart windows. The graphene encapsulated nano-
particles, on the other hand, change the dielectric constants of
the surrounding medium and LSPR of the nanoparticles,
which is similar to the electrochemical reaction-mediated
LSPR changes. These four mechanisms are not completely
independent in a system. It is obvious that two or more oper-
ational mechanisms should be considered simultaneously for
an appropriate description of complicated systems. However,
clarifying the quantitative contribution of each mechanism in
the colour modulation is a challenging task. Therefore, more
quantitative studies are needed for understanding synergetic
effects of two or more operational mechanisms of electrochro-
mic behaviours with analysis of the quantitative contribution
of each mechanism in the colour modulation.

The field of plasmonic electrochromism is in the period of
transition toward interdisciplinary convergence, especially
among fundamental plasmonics, electrochemistry, and elec-
tronics. By combining with plasmonics, electrochromic beha-
viours originating from coupling between individual plasmon
modes or array-based optical responses need to be explored
more systematically and deeply. In addition, it is better to note
that the kinetics of electrolytes or chemicals in the electrochro-
mic devices can be important, which depicts the influence of
the diffusion layer because kinetics is expressed in terms of the
speeds of the capacitive charging or discharging. These sorts of
studies can be performed by investigating the effects of scan
rates or with the assistance of electrochemical instruments like
electrochemical impedance spectrometer, and further extended
to all-solid-state devices. Also, investigations on light-induced
surface potential change with spatially resolved electrochemistry
and single-particle spectroscopy could allow for understanding
hot-carrier-related charge transfer or chemical reactions on the
surface, and this understanding can give us insights for devel-
oping better sensors, batteries, supercapacitors, and catalysts.
From the viewpoint of plasmonics and plasmoelectronics, by
further exploiting the electrically stimulated instantaneous
tuning of plasmon resonance frequency, newly emerging appli-
cations including smart windows, ultrahigh-resolution displays
by nanopixels, low-power always-on displays, ultrafast infor-
mation processors, or all-optical computing nanophotonic
devices can be realized to go beyond the Si-based electronics.
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