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Abstract. Dynamic plasmonics with the real-time active control capability of plasmonic resonances attracts
much interest in the communities of physics, chemistry, and material science. Among versatile reconfigurable
strategies for dynamic plasmonics, electrochemically driven strategies have garnered most of the attention.
We summarize three primary strategies to enable electrochemically dynamic plasmonics, including structural
transformation, carrier-density modulation, and electrochemically active surrounding-media manipulation. The
reconfigurable microstructures, optical properties, and underlying physical mechanisms are discussed in
detail. We also summarize the most promising applications of dynamic plasmonics, including smart windows,
structural color displays, and chemical sensors. We suggest more research efforts toward the widespread
applications of dynamic plasmonics.
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1 Introduction
Plasmonics, with the unique capability of flexible steering on
electromagnetic waves down to the nanoscale,1–4 is beneficial
for potential applications, such as bio-sensors, integrated optical
information devices,5–10 and solar energy conversion.11–15 In the
past decades, various nanostructures have been successfully dem-
onstrated to precisely control the optical field or spectroscopy.16–20

However, most conventional plasmonic designs are passive de-
vices with static microstructures and fixed optical properties,
which can hardly meet all of the real-time demands. Dynamic
plasmonics, sometimes called reconfigurable plasmonics or pro-
grammable plasmonics, is regarded as one of the most promising
branches of plasmonics apart from the passive ones, in which
plasmonic structures and their optical responses can be actively
tuned by external fields. In the past decades, dynamic plasmonics
has garnered considerable interest in the disciplinary fields of
physics, chemistry, and material science. Dynamic plasmonics
has in turn triggered versatile fabrication approaches and held
great promise for applications in smart devices and chemical de-
tection.

Thus far, there are several classic reviews that are devoted
to the field of dynamic plasmonics.21,22 Several strategies have
been proposed for dynamic plasmonics, including electrical con-
trols by carrier doping (graphene)23–25 or refractive index manipu-
lation [liquid crystal (LC)]26 with the applied voltage, chemical
reactions by varying the pH value and biological species,27–30

electrochemical redox reactions by manipulating structures or
carrier-densities of plasmonic materials themselves or surround-
ing materials,31–37 thermal stimuli by phase-change materials
(such as vanadium dioxide) and thermo responsive polymer ma-
terials [such as poly(methyl methacrylate)],38–43 mechanical
strains by varying microstructures (such as period or distance
between periodic plasmonic structures) through the flexible pol-
ymers substrate (such as polydimethylsiloxane),44–47 optical ex-
citations with photochromic molecules and quantum dots,48–51

and magnetically driven approaches with magneto-plasmonic
systems combining noble metals and ferromagnetic components
(for example, Au–Fe3O4 nanostructures).52–55

Among the above-mentioned versatile dynamic-control
strategies, electrochemically driven dynamic plasmonics, which
serves as an intermediate approach between pure electric con-
trols and chemical reactions, not only features flexible on-chip
integration but also benefits from versatile chemical transfor-
mations, inspiring more extensive research interest and a broad
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range of potential applications. With the extensive development
of nanoscience/nanotechnology in electrochemistry, electro-
chemical methods provide an effective pathway to enable dy-
namic plasmonics almost covering the entire optical window,
ranging from the visible to near-infrared (NIR) wavelength.
The redox reactions with inherent introduction of energy storage
possess the self-powered capability of the dynamic plasmonics
for potential applications in smart devices.

Despite intriguing advancements in the past decade, the field
of electrochemically driven dynamic plasmonics has been en-
countering a number of challenges as well. At the intersection
of electric and chemical strategies, electrochemical dynamic
plasmonics has the common disadvantages of both strategies
as below. On the one hand, the electric control (especially,
the electric field distributions) inside an electrochemical system
is inevitably affected by the electrolytes and chemical reactions.
On the other hand, the chemical reactions may be controlled
by the electrodes under the applied electric field. All of the
interactions will probably affect the efficiency, complexity, and
durability of electrochemical dynamic plasmonic systems.
Hence, the advantages and gaps in the knowledge of electro-
chemically driven dynamic plasmonics highlight the importance
and urgency for a timely review summary of this important and
relatively new direction of photonics.

Therefore, in this review, we focus on the recent advance-
ments and future work on electrochemistry driven dynamic plas-
monics. We summarize and discuss the main solutions to enable
dynamic control of plasmonics [Figs. 1(a)–1(c)], including
structural transformation, carrier-density modulation, and elec-
trochemically active surrounding-media manipulation. These
three approaches can dynamically control the resonant wave-
length and intensity of optical spectra, which can potentially de-
velop new optical applications. Subsequently, we review three
main applications of dynamic plasmonics [Figs. 1(d)–1(f)]: smart
windows, structural color displays, and chemical sensors. In

addition, we also discuss the outlook and future work for the field
of dynamic plasmonics.

2 Approaches to Realize Dynamic
Plasmonics

The optical responses of a dynamic plasmonic system can be
actively tuned via external fields. In the past few years, a large
number of advancements that fully utilize versatile external
fields have been developed to dynamically manipulate the plas-
monic materials and/or microstructures, which finally results in
the dynamic manipulation of the optical responses. Before going
into detailed dynamic tuning approaches, we first discuss the
fundamental basis of the tuning mechanisms for dynamic plas-
monics, which are primarily based on solid materials such as
metals and highly doped semiconductors. For materials with
high density of free carriers, the interplay between long range
Coulombic interaction and inertia of free carriers results in the
unique elementary excitation quanta called (bulk) plasmon, the
frequency of which is determined by the conductive carrier
density n,

ωp ¼
�
ne2

mε0

�
1∕2

: (1)

When it comes to the collective oscillation of free carriers near
the material interfaces, it turns out to be the surface plasmon
with the resonant frequency expressed as

ωsp ¼ ωp∕ð1þ εsÞ1∕2: (2)

Basically, as the incident light is shed on the plasmonic
material, a nanometer scale penetration depth makes it only cou-
ple with the surface elementary excitation, generating surface

Fig. 1 Overview of electrochemistry enabled dynamic plasmonics: (a)–(c) approaches to realize
dynamic plasmonics and (d)–(f) applications of dynamic plasmonics. (a) Reproduced with permis-
sion from Ref. 32, Copyright 2016, American Chemical Society. (b), (d) Reproduced with per-
mission from Ref. 56, Copyright 2015, American Chemical Society. (c), (e) Reproduced with
permission from Ref. 57, Copyright 2019, American Association for the Advancement of Science.
(f) Reproduced with permission from Ref. 58, Copyright 2018, National Academy of Sciences.
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plasmon polaritons (SPPs) along the continuous dielectric/
plasmonic material interface once momentum conservation is
satisfied. The wavevector and wavelength of SPPs can be
written as1

kspp ¼ k0½εmεs∕ðεm þ εsÞ�1∕2; (3)

λspp ¼ λ0∕½εmεs∕ðεm þ εsÞ�1∕2; (4)

while the coupling that happens between the light and finite-
sized curved plasmonic nanoparticles can lead to the generation
of localized surface plasmon (LSP) resonances. Taking a spheri-
cal nanoparticle, for example, the wavelength of the LSP can be
determined by the Mie scattering cross section,1

σsca ¼
8π

3
k40a

6
ðε0m − εsÞ2 þ ε″2m
ðε0m þ 2εsÞ2 þ ε″2m

(5)

or

λLSP ¼ λpð2εs þ 1Þ1∕2; (6)

where λp is the plasma wavelength of the plasmonic material;
k0 and λ0 are the wavevector and wavelength of light in free
space; εm ¼ εm0þiε″m and εs are the dielectric functions of the
plasmonic material and the surrounding media, respectively; a
is the diameter of the nanoparticle.

It is of no surprise that the spectral response of both SPP and
LSP is highly dependent on the geometry shape and size of
plasmonic microstructures, the free carrier density of the plas-
monic materials, and the dielectric function of the surrounding
media, which form the primary tuning parameters and potential
mechanisms for dynamic plasmonic systems. Therefore, we dis-
cuss three primary tuning approaches for dynamic plasmonics
through electrochemical reactions: structural transformation,
carrier-density modulation, and electrochemically active sur-
rounding-media manipulation. We review the detailed theoreti-
cal designs and optical properties of each method in the
following section one by one. It is worth noting that there
are a couple of degrees of freedom for manipulating an arbitrary
plasmonic system, such as amplitude, phase, wavelength,
polarization, etc. In this review, we mainly focus on the ampli-
tude- and wavelength-dependent spectroscopic manipulation for
the sake of the structure complexity and effectiveness of electro-
chemical processes.

2.1 Structural Transformation

Plasmonic structures can be actively transformed by electro-
chemical metal deposition/stripping and particle assembly/
disassembly electrochemical processes. More specifically, the
shape, size, and interdistance of metal particles or the thickness
of metal films can be flexibly tuned during the electrochemical
processes. Here, we summarize the main progress of electro-
chemical metal deposition/stripping and particle assembly/
disassembly processes for dynamic plasmonics, respectively.

Metal deposition/stripping is the first typical representative for
the structural transformation. The metal can be electrically depos-
ited and then removed through electrochemical reduction and
oxidation reactions, respectively, leading to reconfigurable struc-
tures and thus reversible optical responses. The electrochemical

metal deposition and stripping can thus flexibly engineer the
spatially resolved spectroscopy. Here, we summarize electro-
chemical deposition/stripping enabled spectral modulation on
the optical intensity and wavelength of plasmonic resonances
as well as optical phase transitions that are primarily originating
from the structural transformation.

Manipulation of spectral intensity of plasmonic responses
by structural transformation of metallic structures is the most
straightforward case and extensively demonstrated by electro-
chemical processes. Disordered metal deposition in aqueous
electrolyte systems has attracted tremendous attention because
of its safety, environmental friendliness, and transparency.
Barile et al.34 report the Cu-Pb or Cu-Ag deposition systems
to successfully demonstrate the reversible transparency change.
The high extinction coefficients of metals make it possible for
the structure to enable highly opaque states with the ultrathin
thickness of only tens of nanometers, beneficial for ultracom-
pact dynamic devices. Taking the Cu-Pb system for example,
Cu and Pb metal deposition happens at −0.55 V versus Ag/
AgCl, with transmission efficiency reducing to 18% after 15 s
because of light absorption with non-smooth metal films. Metal
dissolution happens at þ0.65 V to oxidize Cu and Pb to Cu2þ
and Pb2þ, during which process the initial transmittance value
can be recovered by 92% within an extra 15 s.

Apart from wavelength-independent spectral intensity
manipulation in disordered plasmonic systems, structural trans-
formation via electrochemical processes has also successfully
been employed for wavelength-dependent spectral manipulation
in well-defined electrodeposited metallic structures. Wang et al.32

investigated the electrodeposition of periodic bimetallic Au/Ag
nanodot arrays, which leads to ultrasensitive spectral response
in the form of a fast plasmonic resonance shift as a function
of structure parameters in the full-visible range. Through an
electrodeposition process, Ag shells can deposit and dissolve
on Au nanodomes to reversibly form Au/Ag core–shell struc-
tures, as the schematic shown in Fig. 2(a). The Au/Ag core–shell
structures are designed because both the geometric factor and
material (Ag shell) can lead to the blueshift for a wide tuning
range. By varying the Ag thickness from 0 to 30 nmwith different
deposition times, simulation results of two-dimensional reflection
spectra indicate that the resonant wavelength of the LSP can be
continuously shifted from 670 to 450 nm [Fig. 2(b)]. Measured
reflection spectra of the structures also show the remarkable blue-
shift (peak wavelength tuned from 650 to 430 nm), which agrees
well with the simulation results [Fig. 2(c)].32

It is worth noting that most of the structural transformation-
based electrochemical dynamic plasmonic systems are limited
to noble metal structures thus far. There are commonly three con-
siderations for noble metals systems: (1) most stable, (2) most
well-known plasmonic materials with clear optical properties,
and (3) mature fabrication processes. However, there are intrinsic
drawbacks existing in noble metal-based electrochemically
driven dynamic plasmonic systems, such as high cost, inherent
optical loss, heavy and/or large ion sizes, etc., making their com-
mercial applications illusive. Recently, alkali metals have drawn
considerable interests in the field of dynamic plasmonics because
of their unique priorities: (1) excellent optical properties are
comparable to or even better than noble metals (especially, lower
optical loss).60,61 (2) Lighter alkaline metals may show faster
mobility and thus faster optical response. (3) New fabrication
processes are possible due to unique properties of alkaline metals.
For example, the relatively low melting point of sodium metal
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induces the hot spin-coating fabrication process for sodium plas-
monic structures.62 (4) Alkali metals are the most important ma-
terials for energy storage systems (alkaline metal batteries).63–66 Li
metal is regarded as the holy grail of anode materials for high-
energy-density lithium metal batteries because of its highest
energy density (3860 mAh g−1) and lowest electrochemical po-
tential (−3.04 V versus the standard hydrogen electrode). Thus,
benefiting from the combination of two unique features of alkali
metal (important information and energy storage carriers), alkali
metal-based dynamic plasmonics is an important step toward
energy-saving/self-powered smart devices.

Very recently, wavelength- and intensity-resolved plasmonic
spectral manipulation has been successfully demonstrated in

lithium metal batteries with different applied currents by Jin
et al.58 [Fig. 2(d)]. Wavelength-dependent dynamic plasmonics
is achieved by structural transformation through selective or-
dered lithium particle nucleation and growth in the reasonable
current range. With the growth of lithium particles (diameter of
lithium particles increases from 200 to 350 nm, with the increase
of deposition time), size-dependent pronounced asymmetric re-
flective dips shift from ∼800 to 1200 nm [Figs. 2(e) and 2(f)].
This can be ascribed to the hybridizations of the LSP (related to
the isolated lithium particles) and Wood’s anomaly (WA, related
to the periodic geometry), with amplified LSP observed around
WA1,0 at ∼1230 nm and WA1,1 at ∼710 nm. Furthermore, the
reflectance dip shift is reversible during the lithium stripping

Fig. 2 Structural transformation for dynamic plasmonics. (a) Schematic of Au/Ag nanodome
arrays. (b) Simulation of two-dimensional reflection spectra as a function of Ag shell thickness.
(c) Measured reflection spectra of the device after different electrodeposition times.
(d) Schematic of the morphology evolution during lithium deposition at different applied currents:
lithium particle growth and disorder lithium dendrite formation. (e) Simulation reflectance of two
lithium morphologies: shifts of reflectance dip and suppressed reflectance intensity. (f) The
scanning electron microscope (SEM) image of lithium particles. (g) The SEM image of lithium
dendrites. (h) Schematic of selective lithium deposition transferring metal–insulator–metal to the
semi-infinite metallic grating. (i) The corresponding calculated reflection spectra switching be-
tween MPR and SPP. (a)–(c) Reproduced with permission from Ref. 32, Copyright 2016,
American Chemical Society. (d)–(g) Reproduced with permission from Ref. 58, Copyright 2018,
National Academy of Sciences. (h), (i) Reproduced with permission from Ref. 59, Copyright 2020,
Wiley-VCH GmbH.
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process in the full cycle of lithium metal batteries. Wavelength-
independent intensity manipulation was realized at a large cur-
rent with the undesirable disordered lithium dendrites formation
[Figs. 2(e) and 2(g)]. Plasmonic light trapping by light scattering
and coupling properties of lithium dendrites exhibits a flat
spectroscopic profile with only reflection intensity suppression.

Furthermore, Jin et al.59 combined alkali metals and noble
metals to enable the electrochemically driven optical “phase”
transition. Dynamic plasmonic switching between magnetic
plasmon resonance (MPR) and SPP excitations is achieved
through structural transformation by selective lithium deposition
on a metal–dielectric–metal (MIM) structure [Fig. 2(h)].59

Through lithium deposition in a lithium metal battery, the peri-
odic Ag-SiO2-Ag MIM grating structure transfers to a continu-
ous donut geometry, leading to the optical switch from localized
MPR excitations (MPR, 1.8 μm) to delocalized electric excita-
tions (SPP, 0.8 μm) in Fig. 2(i). This switch is reversible by the
lithium stripping process in a full electrochemical cycle.

The second typical representative for structural transformation-
based dynamic plasmonics is the nanoparticle assembly/
disassembly at the interphase of two immiscible electrolyte
solutions inside an electrochemical cell. Specifically, with the
negative voltage applied to the aqueous solution relative to
the organic solution, the nanoparticle will assemble at the inter-
phase and increase particle density, leading to redshifted high
reflectivity. Upon reversing the potential to positive for aqueous
solution, the nanoparticle will disperse in aqueous solution and
lead to blueshifted reflectance and finally increase transmittance.
The voltage control can guide the reversibility between a highly
reflective “mirror” to a transmissive “window.”67 Furthermore,
the nanoparticle assembly/disassembly enabled dynamic plas-
monics can be extended to new designs/structures, including
metal nanocuboids,68 Fabry–Perot interferometers, 3D super-
structures,69,70 and different substrates (the interphase of liquid
and dielectric/metal film substrates).71,72 For theoretical under-
standing, refer to Refs. 73 and 74, in which several factors were
taken into consideration, including nanoparticle dimensions, in-
terparticle separation, metal film thickness, the gap between the
film and nanoparticles, and incident light characteristics. For
more details and recent progress of the nanoparticle assembly/
disassembly enabled dynamic plasmonics, refer to specific re-
view papers, such as Refs. 75–78.

2.2 Carrier-Density Modulation

Aiming at directly tuning the plasma frequency of plasmonic
materials, carrier-density modulation is the second effective
way toward dynamic manipulation of plasmonic responses.
In the experiment of an arbitrary electrochemical process, car-
rier-density modulation can be achieved by the capacitive charg-
ing process through the electrochemical injection or extraction
of electrons into or out of plasmonic materials. In this section,
we summarize two representative types of bulk plasmonic ma-
terials that can work in the optical regime: metal and transition
metal oxide nanocrystal materials.36,56,79 The difference between
these two materials is the intrinsic free carrier density, which is
up to 1023 and 1021 cm−3 for metal and highly doped transition
metal oxide nanocrystals, respectively.79

The Drude model can be employed to quantify the shift of
plasmonic resonance with the change of carrier density via
electrochemical potential control, with the LSPR frequency de-
creasing as the carrier density decreases.1 Ag colloids first

realized the LSPR shift through electron injection and extraction
in 1991 by Henglein et al.80 With −0.4 V versus Ag/AgCl neg-
ative potential applied to colloidal Ag [Fig. 3(a)], 1600�
300 electrons are transferred simultaneously to the metal par-
ticle. This leads to the resonance wavelength shift from 400 nm
at a redox potential of þ0.15 V versus Ag/AgCl to about
392 nm at−0.6 V versus Ag/AgCl [Fig. 3(b)].81 The wavelength
of the plasmon peak and the number of electrons transferred of
the colloidal silver surface as a function of potential are dem-
onstrated in Fig. 3(c). In addition, the modulation of the carrier
density depends on the morphology of nanostructures. For ex-
ample, metal nanostructures with smaller volume show larger
modulation ability for carrier density change, and spectral shifts
are more sensitive for anisotropic nanoparticles, such as
nanorods.83 The 11-nm blueshift in scattering spectra of a single
gold nanorod can be reversibly achieved.84 Moreover, there are
other effects that happen along with the changes of carrier den-
sity, such as the changes of surface damping and the modified
dielectric function of particle shells.85 However, because of the
high intrinsic carrier concentration of Ag colloids (1023 cm−3),
the wavelength shift of metal-based plasmonics is rather
limited.

Compared with metal nanocrystals, larger optical modulations
can be achieved in transition metal oxide nanocrystal materials.
Transparent conducting oxides, including tin-doped indium ox-
ide (ITO) and aluminum-doped zinc oxide (AZO) [Figs. 3(d) and
3(e)], exhibit suitable carrier concentrations (∼1021 cm−3) with
plasma frequencies in the NIR region. Thus, the optical shift of
doped transition metal oxide nanocrystals can be higher than
metals. In addition, the optical modulation in the NIR region can
control the solar energy transmittance and can be used in appli-
cations for smart windows (discussed in detail in Sec. 3.1). With
the applied voltage changing from 2 to 4 V for ITO, the solar
transmittance increases from 78% to 91%, and NIR solar trans-
mittance increases from 56% to 81% [Fig. 3(g)]. The optical con-
trast is higher in the case of AZO. With the voltage changing
from 1.5 to 4 V for AZO, the solar transmittance increases from
62% to 82%, and NIR solar transmittance increases from 38%
to 77% in 0.1 M (1 M = 1 mol/L) LiClO4 in propylene carbonate
electrolyte [Fig. 3(f)].82

Furthermore, dual-modulations or optical phase transitions
were realized in a single material—niobium-doped anatase
TiO2 nanocrystals in the visible and NIR range separately, pro-
posed by Dahlman.56 TiO2 is a commonly studied electrode
material for lithium ion batteries. The energy storage mecha-
nism is the reversible lithium ion insertion/extraction and related
phase changes. In addition, niobium-doped anatase TiO2 nano-
crystals [Fig. 3(h)] possess LSPR in the NIR range. The optical
property at three different voltages states is systematically stud-
ied [Fig. 3(i)]. At 3.5 V (versus Li∕Liþ), TiO2 is at the oxidation
state with transparent visible and NIR spectra as the “bright”
state. With the applied external voltage, the voltage of the
TiO2 electrode reduces to 1.8 V, approaching the constant volt-
age plateau. Electrochemical injection of electrons can dynami-
cally change the carrier intensity and spectral position of LSPR
absorption at the NIR range. The capacitive charge induces in-
frared extinction and leads to the “cool” state. At the fully re-
duced state with the voltage at 1.5 V, the lithium insertion leads
to phase change from the anatase titanium oxide to the distorted
orthorhombic Li0.5TiO2 phase. With lithium insertion, localiza-
tion of injected electrons exists on Ti cations, creating a polar-
onic lattice distortion, which is similar to electrochromic
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mechanisms in conventional transition metal oxides, such as
WO3. Ti3þ polaronic color centers result in visible extinction
as the “dark” state. Lastly, capacitive oxidation can dismiss
the NIR extinction and forms the “warm” state.

2.3 Electrochemically Active Surrounding-Media
Manipulation

In addition to manipulating the optical response of a plasmonic
system directly by steering the nanostructures or intrinsic

properties of the plasmonic material itself, a third pathway to
achieve dynamic plasmonics is to actively control the optical
property of the surrounding materials of the target plasmonic
structures. The effective refractive index of the compound plas-
monic structures can be flexibly tuned by external electric fields.
One of the most representative cases is the electrochromic ma-
terials, including inorganic tungsten oxide (WO3) and organic
polymers.26,33,86–89 Two effective strategies for dynamic control
of the refractive index of electrochromic materials are ion inser-
tion and redox reactions of polymers.

Fig. 3 Carrier-density modulation for dynamic plasmonics. (a) The SEM image of the colloidal
silver particles. Inset is the transmission electron microscopy (TEM) image. (b) Absorption spectra
of the silver solution at the open circuit potential of (a)þ0.15 V, (b) −0.6 V, and (c)þ0.15 V versus
Ag/AgCl. (c) The position of the plasmon peak and number of electrons transferred of the colloidal
silver surface as a function of potential. TEM images of (d) AZO and (e) ITO nanocrystals. The
transmittance of (f) AZO and (g) ITO nanocrystals before (orange, dashed) and after 20,000 cycles
(purple, solid) with voltage modulation. (h) The TEM image of 5% Nb-doped TiO2 nanocrystals.
(i) In situ spectroelectrochemistry of 5% Nb-doped TiO2 films with four distinct optical states, with
different transmittance of visible (yellow arrow) and infrared (red arrow) light. (a)–(c) Reproducedwith
permission from Ref. 81, Copyright 1997, American Chemical Society. (d)–(g) Reproduced with per-
mission from Ref. 82, Copyright 2013, Wiley-VCH Verlag GmbH & Co. (h), (i) Reproduced with
permission from Ref. 56, Copyright 2015, American Chemical Society.
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Ion injection into the surrounding media can be a powerful
way to electrically tune the plasmonic resonances. Hþ, Liþ,
Naþ, and multivalent-ions (including Zn2þ, Mg2þ, and Al3þ)
insertion into WO3 (the most widely studied conventional in-
organic electrochromic material) can tune the refractive index
and extinction coefficient of WO3 from 2.1 to 1.8 and 0 to
0.5, respectively. A combination of WO3 and plasmonic nano-
structures can tune the plasmonic resonance wavelength. Metal–
insulator–nanohole cavities with WO3 as the insulator layer
show the resonance wavelength modulation from 601 to 505 nm
(64-nm peak wavelength shift achieved in the experiment) dur-
ing lithium insertion [Figs. 4(a)–4(d)].37

Optical phase change of surrounding media is the second
route to dynamically tune its refractive index and thus plasmonic
responses of the overall metallic structures. For example, the
electrochromic polymer shows a reversible manipulation of
the refractive index through electrochemical reduction or oxida-
tion by applying a small voltage. Peng et al.57 reported that the
0- to 20-nm polyaniline (PANI)-coated Au nanoparticle on a met-
allic Au mirror can demonstrate tunable scattering [Fig. 4(e)].
The inset SEM image shows an 80-nm Au nanoparticle coated
with 20-nm PANI shell on an Au substrate. In the voltage range
of −0.2 to 0.6 V versus Ag/AgCl, >100-nm resonance wave-
length shift is demonstrated in Figs. 4(f) and 4(g) (the parameter
for display application is summarized in Sec. 3.2).57 However,
realizing full color control by a single structure is still difficult.
Xu et al.86 reported plasmonic electrochromic switchable con-
figurations based on arrays of metallic nanoslits and electro-
chromic polymer. The 25-nm PANI polymer film coated on

the Au-nanoslit array shows the high optical modulation ampli-
tude with 80% switch contrast and fast switching time of 9 ms.
Applying different periods of metallic nanoslit arrays (from 390
to 240 nm) with PolyProDOT-Me2 polymer, full color from red
to blue at the on state is demonstrated. The off state is totally
black, proving the tunability.86

2.4 Hybrid Manipulation

Inspired by the three main manipulation approaches discussed
above, hybrid manipulation has been employed for dynamic
plasmonics as well. For example, by combining the structural
transformation with surrounding-media manipulation, recently,
metal reduction/chlorination redox reactions have been pro-
posed by Byers et al.90 in Au/Ag core–shell systems for gradual
optical spectral manipulation. Ag-AgCl conversion can not only
transfer structures by reduction reactions but also change the
refractive index of surrounding materials by chlorination reac-
tions for dynamic plasmonics. For individual Au/Ag core–shell
nanoparticles, the electrochemical reduction reaction (AgCl to
Ag) results in the particle size increment and the refractive index
of surrounding media changing from AgCl [nAgCl ðsÞ ¼ 2.02] to
the electrolyte (nelectrolyte ¼ 1.34), leading to the increased scat-
tering intensity and shifted plasmonic resonances. For coupled
Au/Ag core–shell dimers, Ag-AgCl redox reactions can effec-
tively change the gap width of the dimers and convert shell-
dominated resonance (Ag shell) to core-dominated resonance
(AgCl shell). By further increasing the Ag shell thickness
through electrochemical reduction reactions, the direct contact

Fig. 4 Electrochemically active surrounding-media manipulation for dynamic plasmonics.
(a)–(d) Schematic, experimentally obtained reflectance spectra and FDTD simulated reflectance
spectra of plasmochromic nanocavities based on a WO3 insulator layer with lithium insertion.
(e) Schematic of a PANI-coated Au nanoparticle on a metallic Au mirror and redox reaction of
PANI (PANI0, fully reduced; PANI1þ, half oxidized; PANI2þ, fully oxidized). (f) Scattering spectra
and inset SEM image of a single PANI-coated Au nanoparticle (c0, PANI0; c2þ, PANI2þ).
(g) Reversible switching of coupled plasmon resonance wavelength versus the applied voltage.
(a)–(d) Reproduced with permission from Ref. 37, Copyright 2020, American Chemical Society.
(e)–(g) Reproduced with permission from Ref. 57, Copyright 2019, American Association for the
Advancement of Science.
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of the dimer happens, accompanied by electron-tunneling-
induced charge transfer as well as plasmonic switches from
capacitive to conductive coupling, leading to the optical phase
change.90

The above-summarized approaches for dynamic plasmonics
are reversible, which are highly desired for most potential ap-
plications that are discussed in Sec. 3. However, it is worth not-
ing that the irreversible electrochemical reactions and related
structural transformation are unavoidable in electrochemistry.
This can also lead to dynamic plasmonics that may be useful
for fundamental investigations and/or specialized applications.
The typical representative is metal dissolution. With the applied
positive electrochemical potential, metal is dissolved with an
absorbed halide anion, which can change the structure (volume
and aspect ratio) of nanostructures, tuning the intensity, peak
wavelength, and full width at half-maximum of optical spectra.
The behavior can be observed in nanoparticles, nanorods, nano-
dimers, and Au lattices.91–94 The rate of electrodissolution can be
adjusted (accelerated by laser excitations with hot holes,95 inhib-
ited with low concentrations of oxoanions96). Under potential
deposition (UPD)97 technologies can also be applied for metal
dissolution of Au dimer structures.93 In addition, the surface
properties of metal structures during the UPD and stripping pro-
cess are not reversible. Ag UPD and stripping on polycrystalline
Au film lead to the rearranged Au film due to strong adatom–

substrate interactions, with obvious change of n (0.133, 0.565),
k (3.6, 9.39) of Au film before and after 27 times UPD and
stripping.98,99

3 Potential Applications of Dynamic
Plasmonics

By flexibly engineering the microstructures and constituting
materials of plasmonic systems, dynamic plasmonics can enable
the powerful manipulation of spectral or optical fields, which

would be promising for a variety of applications in optoelec-
tronic devices.100 Due to the unique properties of electrochemi-
cal strategies for dynamic plasmonics, such as the electronic
compatible controls, simultaneous manipulation of information
components, and energy storage, the potential applications of
electrochemical-based dynamic plasmonics may inspire some
distinctive devices. We summarize three potential applicable di-
rections of dynamic plasmonics: smart windows, structural
color displays, and chemical sensors.

3.1 Smart Windows

The smart window is an emerging technology to adjust the trans-
mittance of the ultraviolet (UV), visible, and infrared solar irra-
diance in buildings and sunroofs of vehicles, which can save an
average of 10% energy compared to traditional static windows,
mainly because of the reduced lighting, heating, and cooling
costs. The primary requirement of smart windows is the reversible
transparency change at the on and off states triggered by electro-,
thermo-, or photo-stimulations.101 One of the widely employed
materials for commercial smart windows is inorganic electrochro-
mic materials. Dynamic plasmonic systems feature the high op-
tical contrast, high reversibility, and excellent durability of
controllable transparency in the wavelength of visible and NIR
ranges. Thus, reversible dynamic plasmonic devices are inher-
ently ideal candidates for smart windows. Among the three
above-discussed approaches for dynamic plasmonics in Sec. 2,
reversible structural transformation and carrier-density manipula-
tion are the common strategies for smart windows because of
highly reversible intensity control of transparency in the wave-
length of visible and NIR ranges. Here, we summarize the main
properties of smart windows enabled by electrochemical deposi-
tion/stripping and capacitive charging.34–36,79,102

The key parameters of smart windows are summarized in
Table 1, including the employed materials, approaches,

Table 1 Summary of smart windows of various approaches.

Material WO3
102 Cu-Ag34 Cu-Bi, NiO35 ITO82 AZO82

Approach Ion insertion Electrochemical
deposition

Electrochemical
deposition and
ion insertion

Capacitive charging Capacitive charging

Mechanism Polaronic
absorption

Structural
transformation

Structural
transformation

Carrier-density
change

Carrier-density
change

Device area — 25 cm2 100 cm2 4 cm2 4 cm2

Spectral range VIS 400 to 1000 nm VIS NIR NIR

ΔT 97.7% (633 nm) 75% (600 nm) 65% (600 nm) 25% (solar NIR) 40% (solar NIR)

Switch speed coloration/
bleaching

6 s/2.7 s <3 min 60 s 3.06 s/6.8 s
0.1 M LiCO4∕PC

1 s/1.8 s
0.1 M LiCO4∕PC

Coloration efficiency
(cm2 C−1) (for contrast ratio
at a specific wavelength)

118.3 (for 97.7%
at 633 nm)

90 (for 60%
at 600 nm)

— 400 (for ∼60%
at 1800 nm)

450 (for ∼57%
at 2000 nm)

Cycling 300 5500 4000 20,000,
45% capacity decay

20,000,
11% capacity decay
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mechanisms, device area, adjustable spectral range, transmit-
tance, switch speed, coloration efficiency, and cycling stability.
It is worth noting that the coloration efficiency is defined as
the ratio of optical density change and electric charge inserted
into materials. The high coloration efficiency is pursued because
the higher coloration efficiency means lower energy consump-
tion. Four systems of plasmonic smart windows are summarized,
including Cu-Ag and Cu-Bi electrochemical deposition devi-
ces,34,35 ITO and AZO metal oxide systems.82 WO3 electrochro-
mic-based smart windows are included as the baseline to compare
the development of dynamic plasmonics-based smart windows.102

We discuss them in the following part in detail.
The commonly used traditional electrochromic material is

WO3. The dynamic switch happens between the colorless state
and the colorful blue state through ion insertion. The physical
mechanism for color change is that, upon ion insertion with the
external voltage, the injected electrons can occupy the empty
d band and be localized at metal sites, which leads to the polar-
onic absorption and transparency change through intraband
transitions. Research studies reveal that porous WO3 exhibits
large optical contrast modulation (97.7% at 633 nm), fast
switching kinetics [t (coloration time) = 6 s, t (bleaching time)
= 2.7 s], good cycling stabilities (100% after 300 cycles), and
high coloration efficiency (118.3 cm2 C−1 at 633 nm).102 The
effects of the hybrid, doping, and crystal structures on WO3

smart windows are reviewed in the literature.102

Electrodeposition enabled dynamic plasmonics for smart
windows shows the advantages of the neutral color at dark states
compared with the conventional blue appearance ofWO3-based
smart windows. The long path of ions transported from the
counter electrode to the center of the deposition substrate is the
critical limiting step of the switch speed and uniformity for large
size devices. To improve the switching speed, Islam et al.35 de-
signed a plane-parallel structure device (rather than a metal
frame around the device perimeter for the traditional design)
for 100 cm2 smart windows with a fast switching speed. The
Bi and Cu deposition at the working electrode forms rough sur-
faces at the nanometer scale, leading to plasmon absorption
and light trapping, thus resulting in an opaque black state. The
counter electrode is an anodically coloring material (LiNiOx,
200-nm thick) with 15% contrast ratio of transparency at
600 nm between lithiation and delithiation states. In 60 s, the
100-cm2 smart windows uniformly switch from a clear state
with 75% transmission to a color neutral black state possessing
10% transmission at 600 nm. The same transmittances at the
center and edge of the device highlight that the window switches
to its dark state uniformly, indicating the reliability of plane-
parallel devices. The 100-cm2 smart windows can cycle for
at least 4000 times without degradation. The coloration effi-
ciency of electrochemical deposition enabled smart window
is 90 cm2 C−1 at 600 nm for the Cu-Ag system, which is lower
than for porous WO3. In the future, more attention should be
paid on improving the coloration efficiency by choosing optimal
deposition materials and electrolyte systems.

The second category of material for smart windows is the
metal-doped transition metal oxide, including ITO and AZO.
As we discussed earlier, capacitive charging can change the car-
rier density of plasmonic materials and thus change the plas-
monic resonance and spectra transmittance. ITO shows the
fast switching speed [t (coloration time) = 3.06 s, t (bleaching
time) = 6.8 s], high coloration efficiency (400 cm2 C−1 at
1800 nm), and good cycling stability (45% capacity decay after

20,000 cycles).82 AZO shows better overall performances, with
faster switching speed [t (coloration time) = 1 s, t (bleaching
time) = 1.8 s], better cycling stability (11% capacity decay after
20,000 cycles), and higher coloration efficiency (450 cm2 C−1
at 2000 nm).82 The limitation of doped transition metal oxide-
based smart windows is the limited optical contrast in the
wavelength range of the NIR solar spectrum (less than 40%).
For a discussion of principles, including the doping, size, and
material selection, for nanocrystal-based plasmonic smart win-
dows please see Ref. 79.

Even though rapid progresses have been achieved in the field
of dynamic plasmonics-based smart windows, there are chal-
lenges that need to be addressed in the future. For instance,
we need to develop advanced smart windows with higher modu-
lation intensity, less angular and polarization dependence, lower
material cost, and higher durability. In addition, it is important to
flexibly manipulate full blackbody irradiance spectrum ranges
with the target of maximum energy saving for smart windows
of the future.

3.2 Structural Color Displays

The second promising application field for dynamic plasmonics
is structural color displays. Display technologies have widely
permeated our daily life for flexible visual information, which
are either based on intensity modulation or color switching
with three primary colors generating subpixels, red-green-blue
(RGB) or cyan-magenta-yellow (CMY). The traditional elec-
tronic display technologies are liquid crystal displays (LCDs),
organic light-emitting diodes, and electrophoretic displays.103–105

Dynamic plasmonics with flexible tuning optical responses in the
visible wavelength range for structure color meets the require-
ments for displays, which may have potential applications for
information displays. Because of their unique capability of steer-
ing the intensity and resonant wavelength with subwavelength-
sized structures, plasmonic color displays may provide advanced
technologies toward ultrahigh pixel resolution and never color
fading compared with traditional displays.29,106–108

Among the three main above-discussed approaches for dy-
namic plasmonics, structural transformation and electrochemi-
cally active surrounding-media manipulation mechanisms show
the best ability to control the intensity and resonant wavelength
of optical spectra in the visible wavelength range. Thus, revers-
ible dynamic plasmonics based on structural transformation and
electrochemically active surrounding-media manipulation both
can demonstrate superior overall performance of structural color
displays. The key parameters related to displays are summarized
in Table 2, including the materials, approaches, mechanisms,
spectral range/tunability, reflectivity, speed, resolution, angle
independence, cycling stability, and energy consumption. Four
plasmonic structures, including Au/Ag core–shell nanodomes,32

Au-WO3-Au nanohole cavities,37 PANI-coated Au nanopar-
ticles on the Au mirror,57 and LC on Al nanowell structures,26

are discussed in detail in the following part.
Electrochemical deposition can reach the widest range of

modulation spectra (220 nm) in Au/Ag core–shell nanodome
structures. Electrochemical deposition can change the shape of
the plasmonic structure and thus change the resonance wave-
length. Ag deposition on Au nanoparticles can form Au/Ag
core–shell nanodomes.32 Controlling the deposition time and
thickness of the Ag shell, the reflectance peak is shifted from
430 to 650 nm with 60% reflectance intensity. The refresh speed
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is <1 s for a 10 × 10 display screen showing “S”-“Y”-“S” let-
ters with all 100 cells operated simultaneously. The drawback
for the electrochemical deposition enabled display technology is
the limited cycling stability, which calls for strict requirements
for the reversible transformation of structure morphology during
cycling. New technologies need to be developed to stabilize
the deposited metal structure during long cycling for stable
displays.

Steering the refractive index of surrounding materials of plas-
monic structures can also change the resonance wavelength, thus
tuning the display colors. The refractive index of inorganic elec-
trochromic materials and polymers can be adjusted by electro-
chemical reactions, which all show applications for displays.

Applying inorganic electrochromic materials WO3 as the in-
sulator layer in the Au-WO3-Au nanohole cavities structure can
realize displays.37 With Li ion insertion intoWO3 by an external
voltage, a 64-nm shift of resonance wavelength and 35% reflec-
tance intensity can be achieved in 4 s. The display resolution can
reach more than 5 × 104 pixels per inch. The display devices
can last 100 cycles with 88% capacity retention under the
low energy consumption of 5.6 mWcm−2.

Very recently, the lowest energy consumption of the dynamic
plasmonic-based display is achieved in the structure of PANI-
coated Au nanoparticles on an Au mirror [Fig. 5(a)]. As dis-
cussed in Sec. 2.3, PANI-coated Au nanoparticles on an Au
mirror can enable >100 nm wavelength shifts due to redox
reactions of polymers.57 Dark field images of Au nanoparticles
with 20-, 40-, and 60-nm diameters during PANI redox reac-
tions show distinct color changes [Figs. 5(b) and 5(c)].
Employing this PANI-coated Au nanoparticle on an Au mirror
for displays, >50% optical contrast, 30-ms switching time,
and low energy consumption (0.3 mWcm−2, 9 fJ per pixel)
can be achieved. Due to the small particle size, the resolution
of this PANI-coated Au nanoparticles enabled display can reach
<100 nm, which means high pixel densities of >109 pixels
per inch. In addition, this PANI-coated Au nanoparticle on the

Au mirror display is not sensitive to light illumination and view
angles. The display devices can last for more than 3 months
without degradation [Fig. 5(d)]. The switching times of various
nanomaterials for plasmonic display are compared in Figs. 5(e)
and 5(f) versus wavelength and pixel areas, proving that it is
highly competitive with current technologies (a few to tens
of ms).109

As the goal for future study, it is important for dynamic plas-
monic displays tuned by surrounding refractive index change to
increase the shift range of resonance wavelength for each pixel.
Now, the spectral shift is limited to 100 nm for one pixel among
all three structures, which means that full color cannot be real-
ized using merely one pixel. Researchers need to develop new
designs, for example, explore optimal materials or new dynamic
manipulation mechanisms, to increase the spectral shift range of
each pixel, providing full spectrum displays to replace the three
color-generating RGB or CMY subpixels of current display
panels.

Lastly, we also summarize the progresses of LC-enabled dis-
plays even though they belong to the pure electrical control
field. The reason is that there are similarities of LC-enabled dis-
plays with electrochemically controlled plasmonic displays, and
the rapid progress of LC-enabled displays can promote the de-
velopment of electrochemically controlled plasmonic displays.
The orientation of LCs can be adjusted with the applied voltage
to control the dielectric constant of surrounding materials of
the metallic nanostructures and hence determine the plasmon
resonance wavelength to realize dynamic plasmonics. LCs on
Al nanowells show a 95-nm spectrum shift with 50% to 80%
absolute intensity of reflection peaks.26 The switching time was
in the millisecond scale. The plasmonic structure shows angle
independence up to 20 deg.26 Furthermore, full color can be real-
ized in a single plasmonic pixel with polarization-dependent
plasmonic resonances combined with LC and plasmonic rough
Al surfaces.87 Franklin et al.87 connected the LC-assisted plas-
monic displays with conventional transmissive twisted-nematic

Table 2 Summary of structural color displays of various approaches.

Structure
Au/Ag core shell

nanodome32
Au-WO3-Au nanohole

cavities37
PANI-coated Au

nanoparticle on Au mirror57 LC on Al nanowell26

Approach Electrochemical
deposition

Li ion insertion into WO3 Redox reaction of polymer LCs orientation change

Mechanism Structural
transformation

Surrounding refractive
index change

Surrounding refractive
index change

Surrounding refractive
index change

Spectral range/
tunability

220-nm shift 64-nm shift >100-nm shift 95-nm shift

Reflectivity 60% 35% >50% 50% to 80%

Speed <1 s 4 s 30 ms Millisecond-scale

Resolution — 5 × 104 pixels∕inch >109 pixels∕inch High

Angle independence — — Yes 20 deg

Stability, retention — 100 cycles, 88% >3 months —

Energy consumption — 5.6 mWcm−2 0.3 mWcm−2 —
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LCD paneling to realize arbitrary images and video, proving
that this plasmonic display technology is compatible with pre-
sent commercial LCD technologies through integration with a
thin-film-transistor array.

3.3 Chemical Sensors

The third intriguing application field of dynamic plasmonics is
chemical sensors. As discussed in Sec. 2, structure parameters
and properties of the surrounding materials can strongly affect
the plasmonic optical spectra. Thus, dynamic plasmonics based
on the above-mentioned three approaches all can serve as a
time-resolved optical indicator in the field of spectroelectro-
chemistry for chemical sensors. Here, we summarize the pro-
gresses on dynamic plasmonics enabled by carrier density
and electrochemically reactive surrounding-media manipula-
tions for sensing electrochemical reactions (including electroca-
talysis reactions) and structural transformation-based dynamic
plasmonics as lithium metal batteries sensors, respectively.

First, based on the established relationship between the
charge density or the refractive index and the resonance wave-
length, quantitative analysis of the spectral shift can be used to
calculate the charge density on plasmonic particles or the refrac-
tive index of surrounding materials. In addition, dynamic plas-
monics can be regarded as a ruler to measure the electrochemical
behavior and the related electrochemical reaction product on the
single particle level, beneficial for the understanding of catalysis
mechanisms [Fig. 6(a)]. For the electrocatalysis oxidation reac-
tion of H2O2 on a single gold nanoparticle surface [Fig. 6(b)],
the resonant peak shifts of scattering spectra can reveal the sur-
face information of a single gold nanoparticle during the electro-
catalytic process [Figs. 6(c) and 6(d)].110 For more details about
plasmonic sensing, refer to Ref. 111.

In addition, the correlation between the structural transforma-
tion (including particle assembly/disassembly and electrochemi-
cal metal deposition/stripping) and spectrum modulation can be
the basic principle for chemical sensors. Dynamic plasmonics
enabled by nanoparticle assembly/disassembly can generate
the application of tunable surface-enhanced Raman spectros-
copy for trace chemical detection.112–114 More importantly,
electrochemical metal deposition/stripping-enabled dynamic
plasmonics can serve as the operando monitoring platform for
observing the change of metal morphologies during deposition
and stripping processes, which is particularly important for the
metal anode of metal batteries.

At the intersection of alkali-based dynamic plasmonics and
alkali metal batteries, achievements and applications can be
demonstrated in both fields. Lithium-based dynamic plasmonics
can be used as battery sensors, as demonstrated by Jin et al.58

[Figs. 6(e)-6(j)]. For the application of the battery sensor, as we
discussed before, ordered lithium particles and undesired lith-
ium dendrites show totally different reflectance spectra, which
is the theoretical basis for operando plasmonic monitoring. On
the fundamental study level, operando plasmonic monitoring
can study the lithium deposition behavior without the destruc-
tion of battery devices. We need to mention that there are many
challenges for lithium metal characterizations because lithium is
sensitive to electron beam irradiations and reactive in the atmos-
pheric environment. The in situ dynamic platform can identify
lithium deposition and stripping morphologies at different
current densities in a full electrochemical cycle. Two values
of electric currents (I ¼ 0.03 and 1 mA) were chosen to cause
lithium particle growth and lithium dendrite formation. For the
case I ¼ 0.03 mA, the operando reflection spectra show a clear
dip at ∼800 nm, indicating lithium particle growth [Fig. 6(e)].
The reflectance is reversible for the lithium particle stripping

Fig. 5 Applications of dynamic plasmonics: structural color displays. (a) Schematic of PANI-
coated Au nanoparticles-based displays integrated with an electrochemical cell for scalable color
generation. (b) Dark field images of Au nanoparticles with 20-, 40-, and 60-nm diameters during
PANI redox reactions. (c) Color gamut (CIE 1931 chromaticity) of PANI-coated Au nanoparticles
with 20-, 40-, and 60-nm diameters during PANI redox. (d) Device photo of PANI-coated Au nano-
particles before and after 3 months. Switching times of various plasmonic nanomaterials versus
(e) the wavelength and (f) pixel areas. (a)–(f) Reproduced with permission from Ref. 57, Copyright
2019, American Association for the Advancement of Science.
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process [Fig. 6(f)]. For the case I ¼ 1 mA, the operando reflec-
tion spectra show a rapid decrease of broadband reflectance, in-
dicating lithium dendrite formation [Fig. 6(g)]. The reflectance
is irreversible during the lithium stripping process due to the
dead lithium left [Fig. 6(h)]. The accuracy of this in-situ reflec-
tance-based detection for lithium morphologies is proved by
ex-situ SEM images. Lithium deposition behavior in different
electrolytes is also evaluated, which can be used as a platform
for electrolyte screening. In addition, the dynamic plasmonic
monitoring platform can detect in situ lithium dendrite forma-
tion with the sudden reflectance drop [Figs. 6(i) and 6(j)]. This
method can improve the battery safety and pave the way toward

real applications of lithium metal batteries. In turn, lithium metal
batteries can decrease the energy consumption of the electro-
chemical manipulation process for lithium metal-based dynamic
plasmonics. Since the lithium metal battery is regarded as the
promising ultimate energy storage technology, the external en-
ergy applied to the lithium metal deposition (charge) process
can be recovered and stored, which later can be released and
drive the lithium stripping (discharge) process inside the full
cycles of lithium metal batteries. This is a huge benefit com-
pared with noble metal deposition/stripping (continues external
energy consumption). This lithium metal battery-based dynamic
plasmonic modulation represents exciting progresses toward

Fig. 6 Applications of dynamic plasmonics: chemical sensors. (a)–(d) Electrocatalysis reaction
sensors: (a) schematic of dark-field microscopy integrated with an electrochemical workstation
for chemical reaction sensors; (b) schematic of the electrocatalytic oxidation reaction mechanism
of H2O2 on a single gold nanoparticle surface; (c) scattering spectra of a single gold nanoparticle
(∼40 nm × 65 nm) during the cyclic scanning; (d) scattering peak shift of 40 nm × 65 nm (I, III) and
40 nm × 84 nm (II, IV) single gold nanoparticle with (I, II) and without (III, IV) 1 mM H2O2 in 0.10 M
KNO3 solution under the applied potential from −0.10 to 1.00 V. (e)–(j) Battery sensors: (e)–(h) in
operando reflectance during lithium metal (e), (g) deposition and (f), (h) stripping at two applied
current densities: (e), (f) 0.03 mA and (g), (h) 1 mA. In situ lithium dendrite detection with (i) applied
current and (j) in situ reflectance. (a)–(d) Reproduced with permission from Ref. 110, Copyright
2014, American Chemical Society. (e)–(j) Reproduced with permission from Ref. 58, Copyright
2018, National Academy of Sciences.
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low energy consumption and even self-powered dynamic plas-
monic devices. However, more experimental research needs to
be achieved in the future to demonstrate the concept and quan-
tify the energy consumption.

4 Summary and Outlook
At the intersection of photonics and electrochemistry, dynamic
plasmonics, achieved successfully by a variety of structures and
devices, is attracting much interest in the fields of physics, chem-
istry, and materials science. Here, we have reviewed the rapid
research progress of dynamic plasmonics enabled by electro-
chemical systems. We summarized three primary approaches
to achieve dynamic plasmonics, including structural transforma-
tion, carrier-density modulation, and electrochemically active
surrounding-media manipulation. The nanostructural design,
physical mechanism, and corresponding optical property were
discussed in detail. We also summarized three representative ap-
plications of dynamic plasmonics: smart windows, structural
color displays, and chemical sensors.

It is of great importance to develop more stable electrochemi-
cal systems, exploring the underlying electrochemical mecha-
nisms to meet the growing requirements of applications. In
addition, electrochemical dynamic platforms with multiple func-
tionalities or plasmonic tunabilities will be highly desired.

Optimizing materials and microstructures. Aiming at power-
ful dynamic plasmonics, more efforts should be devoted to
stable and efficient manipulation approaches. Optimization of
the conventional manipulation approaches is still urgent, such
as precise defect or band structure engineering of materials,
rational designing of functional plasmonic microstructures with
broadband spectral tunability, or developing powerful surround-
ing materials with appealing electric and chemical properties.
Structural transformation of the surrounding material can be
a future direction to enable dynamic plasmonics, which can
change the interaction or coupling between isolated plasmon
resonances and may provide new insights into soft dynamic
plasmonics.

Extending the manipulable degrees of freedom. In terms of
the manipulation degrees of freedom, the current electrochemi-
cal dynamic plasmonics, which merely involves the modulation
of intensity and wavelength, is rather limited. Dynamic plas-
monics with multiple degrees of freedom for spectral manipu-
lation will be urgently provided. Such endeavors will greatly
promote applications in the fields of chemical sensing, structure
color displays, and other information areas.

Broadening the optical window. In order to fully meet the
requirements of the next-generation active devices across a
broader wavelength range, developing new electrochemically
tunable materials and microstructures, as well as their functional
integration, is rather critical. For smart windows, it is important
to separately manipulate the spectrum ranges of the visible and
NIR wavelengths to manage indoor lighting and heat, respec-
tively. For displays, the chemical shift is lower than 100 nm for
each pixel, based on most approaches proposed up to now. A
broadened wavelength shift range with new structure designs
and new manipulation mechanisms to cover the wavelength of
three color-generating RGB or CMY subpixels is still urgently
needed.

Accelerating commercial applications.More effort should be
devoted to multiple figures of merit beyond performance. Mass
production of these dynamic plasmonic structures with low cost

is still a challenge. Nano- and laser printing may be possible
ways to achieve mass production. Decreasing energy consump-
tion for dynamic plasmonic modulation during electrochemical
processes is of great importance. Combining dynamic plas-
monics with energy conversion and storage systems (for exam-
ple, lithium batteries and solar cells) for multifunctional
dynamic plasmonics is the future trend to reach self-powered
devices. In addition, better device design from the perspective
of real application scenarios is needed. One should choose op-
timal counter electrodes and design the position of working
electrodes and counter electrodes in the devices to fully utilize
the large surface area of plasmonic working electrodes and en-
able fast ion transport for the fast switch speed.

In summary, it is crucial to devote more effort into more ef-
fective and efficient dynamic tuning approaches in future study.
With the development of the nanomaterials and nanotech-
nologies, it is expected that the disciplinary interplay between
nanophotonics and electrochemistry can advance the field of dy-
namic plasmonics and find their way towards more point-of-use
applications.
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