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a b s t r a c t

Plasmonics offer unprecedented control over light and stimulate fundamental research
and engineering applications in solar energy. The surface plasmon resonance is respon-
sible for both enhanced light scattering and absorption. The plasmon excitations in
nanostructures can be tuned to control the hot-carrier emission. The damping dissipation
of the kinetic energy of surface plasmons releases heat at nanoscale, which can be used
to create high-performance nano-heaters and/or radiators. Spectrally and/or thermally
engineered plasmonic nanomaterials attract considerable attention for solar energy
application due to their distinct thermoplasmonic properties. In light of these advances,
this paper provides a critical review of current research in thermoplasmonics with focus
on its physic mechanisms, structure tuning strategies and solar energy applications.
Basic mechanism of thermoplasmonics is described from the photothermal conversion
and heat transfer physics to thermal-induced processes. Structure tuning strategies
including self-tunable plasmons, plasmon coupling strategies and active plasmons with
tunable gap distances are then fully discussed in terms of their principles and structures.
Based on the flourishing development of novel thermoplasmonic structures, potential
applications ranging from solar collector, solar radiator, thermo-photovoltaic, solar
desalination and sterilization, solar degradation and catalysis, to solar fuels, and solar
fertilizers are additionally highlighted. The advantages of using plasmonics over the
conventional technologies are identified, and the areas where important basics involved
when the thermoplasmonics bringing into application are stressed throughout the text.
Finally, we provide our views on future challenges in solar thermoplasmonics, together
with a few suggestions for further developments of this technology. This work would
bring new insights and inspire innovative works on designing thermoplasmonics for
solar energy application.

© 2022 Elsevier B.V. All rights reserved.

Contents

1. Introduction............................................................................................................................................................................................... 2
2. Thermoplasmonic fundamentals............................................................................................................................................................. 3

2.1. Photothermal conversion ........................................................................................................................................................... 4
2.1.1. Light–matter interaction.............................................................................................................................................. 4
2.1.2. Plasmonic resonances ................................................................................................................................................. 5
2.1.3. Heating and collective effect ...................................................................................................................................... 7

∗ Corresponding authors.
E-mail addresses: liuguohua126@126.com (G. Liu), xjl@ncepu.edu.cn (J. Xu).
https://doi.org/10.1016/j.physrep.2022.07.002
0370-1573/© 2022 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.physrep.2022.07.002
http://www.elsevier.com/locate/physrep
http://www.elsevier.com/locate/physrep
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physrep.2022.07.002&domain=pdf
mailto:liuguohua126@126.com
mailto:xjl@ncepu.edu.cn
https://doi.org/10.1016/j.physrep.2022.07.002


G. Liu, J. Xu, T. Chen et al. Physics Reports 981 (2022) 1–50

o
d
s
a
e
p
s

n

2.2. Heat transfer................................................................................................................................................................................. 8
2.2.1. Heat conduction ........................................................................................................................................................... 10
2.2.2. Heat convection............................................................................................................................................................ 10
2.2.3. Thermal radiation......................................................................................................................................................... 10

2.3. Thermal-induced processes ........................................................................................................................................................ 10
2.3.1. Mass transport .............................................................................................................................................................. 11
2.3.2. Phase transition and stress wave ............................................................................................................................... 11
2.3.3. Chemical reaction......................................................................................................................................................... 13
2.3.4. Refractive index variation and thermal emission .................................................................................................... 15

3. Thermoplasmonic tuning strategies ....................................................................................................................................................... 16
3.1. Self-tunable strategies ................................................................................................................................................................. 17

3.1.1. Constituent material .................................................................................................................................................... 17
3.1.2. Size effect ...................................................................................................................................................................... 18
3.1.3. Shape effect................................................................................................................................................................... 19

3.2. Plasmon coupling strategies ....................................................................................................................................................... 20
3.2.1. Inter-particle distance.................................................................................................................................................. 20
3.2.2. Orientation and configuration .................................................................................................................................... 22
3.2.3. Coupling with surrounding medium ......................................................................................................................... 22

3.3. Active tuning strategies .............................................................................................................................................................. 24
3.3.1. Polarization by light incident ..................................................................................................................................... 24
3.3.2. Tunable dielectric surrounding................................................................................................................................... 25
3.3.3. Tunable gap distance ................................................................................................................................................... 26

4. Applications in solar energy .................................................................................................................................................................. 27
4.1. Direct solar-thermal conversion ................................................................................................................................................ 27

4.1.1. Solar collector ............................................................................................................................................................... 27
4.1.2. Solar radiator ............................................................................................................................................................... 29
4.1.3. Solar thermophotovoltaic ........................................................................................................................................... 31
4.1.4. Solar desalination ........................................................................................................................................................ 32
4.1.5. Solar sterilization ......................................................................................................................................................... 32

4.2. Indirect solar-thermal chemistry ............................................................................................................................................... 33
4.2.1. Solar degradation ......................................................................................................................................................... 33
4.2.2. Solar chemical synthesis ............................................................................................................................................. 34
4.2.3. Solar hydrogen.............................................................................................................................................................. 35
4.2.4. Solar CO2 reduction ..................................................................................................................................................... 36
4.2.5. Solar fertilizer ............................................................................................................................................................... 37

5. Summary and prospects ......................................................................................................................................................................... 39
Declaration of competing interest.......................................................................................................................................................... 40
Acknowledgments .................................................................................................................................................................................... 40
References ................................................................................................................................................................................................. 41

1. Introduction

Energy utilization with zero carbon emissions is critically important for increasing prosperity and economic growth
f our society [1,2]. Burning fossil fuels for heat generation in energy sector is a major contributor to global carbon
ioxide emissions. Heat accounts for half of global energy consumption, and currently 10% of which is produced from
ustainable sources such as solar, wind, geothermal, and wave energy. Among which, solar energy is one of the most
bundant renewable resources, and great efforts have been made on solar thermal and solar cell technologies to achieve
nergy and environmental sustainability. Solar thermal technology enables more efficient use of solar energy than in
hotovoltaics, accounting for 7% of the renewable thermal energy, which highlights significant need for development of
olar-to-thermal conversion technologies [3,4].
Solar thermal technologies including trough collectors, linear Fresnel and dish reflectors, power tower systems

ormally operate in a local temperature of 300–1200 ◦C to produce electricity. These high local temperatures only can be
gained by concentrating 100–1000 solar powers. This requires implanting large-scale solar plants that in turn needs large
footprint investments [5]. Solar thermal technologies are critically important not only for producing heat and power, but
also for the setup of chemical plants that use the heat to drive chemical reactions such as carbon dioxide conversion, water
splitting, and chemical synthesis [3,6–11]. However, such high-temperature plants may only become market-competitive
by the development of low-cost, compact solar absorbers to attain high operating temperature.

Plasmonic absorbers allow fantastic light control at nanoscale that is attractive for fundamental research and engineer-
ing applications of solar energy [12–14]. Metallic nanostructures interact with incident lights by photoexcitation of surface
plasmon resonance (SPR), featuring with remarkable and unique optical responses. These plasmon resonances enable the
structures to trap light energy, concentrate the energy near the structure surface and convert it into energetic electrons
and heat [15–17]. For a long time, light absorption and consequent temperature increase are thought as detrimental
2
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Fig. 1. Overview of thermoplasmonic fundamentals covered in this article.

factors to optical plasmonics [18–21]. Recently scientists recognized that this enhanced energy absorption, turning
plasmonic structures into nanoscale heat sources controlled by light, provides a unique way to tune the thermal-induced
processes [22–25].

Thermoplasmonics exploit the damping loss of resonance as heat source that is natural to be used for transforming
solar energy into heat [13,26,27]. Early demonstration has found applications in solar steam generation, sterilization and
seawater desalination [10,28–31]. However, the particle-enabled systems are restricted by their low-stability upon solar
irradiation, causing the particles to aggregate over time. Recently, thin-film plasmonic systems surmount this limitation
and found wide applications in solar-driven interfacial evaporation, thermophotovoltaics, solar radiator etc [12,32–35].
Such improvements usually result from the improved charge separation and/or increased light absorption by the active
layer. Another aspect of thermoplasmonics lies in solar chemistry for activating reactions. This includes CO2 reduction
into fuels and water splitting to produce hydrogen [8,36–42]. There has also been interest in using plasmon resonances to
drive nitrogen transformations for producing ammonia or fertilizers [43–46]. Increased reaction yields as well as improved
selectivity are the focus of these reactions. Although major breakthroughs in solar energy conversion are yet to be realized,
the initial successes provide sufficient motivation to further explore the novelties of thermoplasmonics.

Herein, we discuss recent advances in solar thermoplasmonics that investigates the use of plasmonic nanostructures
as heating sources for solar energy application. This paper is structured as follows: The basics of thermoplasmonics
are revisited from light-to-heat conversion and heat transfer physics to thermal-induced processes (Section 2). Three
categories of thermoplasmonics consisting of self-tunable structures, plasmon-coupling structures and active plasmon
structures are then discussed in terms of their principles and configurations (Section 3). The development of novel
thermoplasmonic structures thus opens access to the potential applications including solar desalination and radiator,
thermo-photovoltaic, photothermal catalysis, solar sterilization and disinfection, solar fuels, and fertilizers (Section 4).
The advantages of using plasmonics over conventional technologies are identified, and the areas where important basics
involved when the thermoplasmonics bringing into application are stressed. Finally, the concluding remarks are made,
and future challenges together with a number of suggestions are outlined for further developments of this technology
(Section 5).

2. Thermoplasmonic fundamentals

An overview of thermoplasmonic fundamentals is shown in Fig. 1. The discussion begins with photothermal conversion,
including an introduction to the light–matter interactions before proceeding to the most crucial plasmon resonances and
their heating effects. Next, heat transfer is addressed in details on how the energy dissipation resulting in a local increase of
3
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Fig. 2. Light–matter interaction in different structure sizes.
Source: Reproduced with permission [49].
© 2021 Wiley-VCH.

temperature. Moreover, the thermal-induced processes are discussed with emphasis on mass transport, phase transition
and stress wave, chemical reaction, refractive index variation and thermal emission, which is relevant to solar energy
application.

2.1. Photothermal conversion

2.1.1. Light–matter interaction
Light–matter interactions depend on the wavelength/frequency of incident light, material optical properties and the

size of illuminated object [47,48]. Light is an oscillating wave of electromagnetic energy, consisting of a magnetic and
electric field that is orthogonal to each other. In free space, the wave front moves forward at the speed of light c =

3 × 108 m/s. The wavelength λ is useful in denoting the size of wave and the oscillation frequency is denoted as f. One
can define the wavelength and oscillation frequency via the relation c = λf . Light–matter interaction is dominated by
electric interactions, and the propagation of an oscillating electric field is described by:

E (r, t) = E0 cos (−ωt + kr + φ) = Re {E0 exp(i [−ωt + kr + φ])} (1)

where E0 denotes the maximum amplitude of electric field, φ is a phase offset, t and r are time and location, respectively.
ω = 2π f is the angular frequency and k is the wave vector with a magnitude given by the wave number k = 2π/λ.

Optical response of a medium can be descried by a precise parameter of electric permittivity [47,51]. The permittivity ε
is the ratio of the amplitude D of electric displacement field induced in the material and the amplitude of incident electric
field, i.e. ε = εrε0 = D/E, here ε0 refers to the free-space permittivity and εr denotes the relative permittivity of material.
The relative permittivity is a complex number. Its real part describes the energy stored within the medium, while the
imaginary part is related to energy dissipation. Another optical property of matter is the refractive index n =

√
εr , which

s helpful in normalizing the wavelength (λ = λ0/n) and speed of light (v = c/n) that propagates through the material.
he effective propagation speed will be reduced if the real component is large. The wave energy will be absorbed in the
edium when the imaginary part is large, causing deconstructive interference.
The propagation wave interacts with the constituent atoms when light propagates through a bulk material. The

nergetic charged carriers are sensitively perturbed by the induced electric field from the wave. This carrier perturbation
reates oscillating charges that scatters light anisotropically in the plane perpendicular to the wave polarization (Fig. 2).
ecause the impact of single atom is negligible, the net effect of a bulk medium is a secondary electromagnetic wave with
he same frequency, but the phase delay and amplitude are determined by the material permittivity. The net field within
he medium is thus defined by the superposition of the secondary and incident waves.

Nanostructures that is much smaller than the wavelength offer new possibilities for the excitation of plasmon
esonances [21,52–56]. The interaction between light and nanostructure is described by Maxwell’s equations, and the
4
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Fig. 3. Plasmonic resonances. (a) LSPR. (b) SPP. (c) F–P cavity mode. (d) Gap mode. (e) SLR mode. (f) Fano resonance.
Source: Reproduced with permission [50].
© 2021 Wiley-VCH.

induced electric field can be derived from Helmholtz equation [22,51]:

∇ × µ−1
r (∇ × E)−

(ω
c

)2
εr (ω) E = 0 (2)

here µr denotes the magnetic permeability, εr (ω) is the complex relative permittivity of media. This approach is
appropriate to many nanostructures larger than 5 nm.

When the nanostructure is smaller than 10 nm as that of atom and cluster, quantum effects appear [49,57]. The
distances between the occupied and unoccupied states increase as the decrease of structure size, resulting in discrete
energy levels. Electronic transition between quantized states amplifies the uncertainty of resonance frequency, therefore
reducing the plasmon lifetime. As a result, the smaller the particle is, the higher the peak plasmon frequency and the
lower the plasmon lifetime, leading to a broadening of spectral linewidth. Moreover, the surface screening effect must be
considered under this condition. The screening effect resulting from localized d-band electrons attenuates as the decrease
of particle size, contributing to a further blue-shift. However, the spill-out effect of s-band electron reduces the quantum
size effect on the d-band electron, increasing the resonance frequency. Nevertheless, the overall interaction is relatively
weak due to the small volume.

2.1.2. Plasmonic resonances
Plasmon resonances refer to the excited oscillation of electrons upon external irradiation when the light frequency

coincides with the oscillation frequency of electrons. Metallic nanostructures are the most common plasmonic materials
since they have large electron densities [58,59]. The optical and photothermal performances are greatly dependent on
their plasmonic modes (Fig. 3). There are two basic modes, including propagating surface plasmon polaritons (SPP) and
local surface plasmon resonance (LSPR). Besides, plasmon coupling modes support the nanostructures with more desired
optical properties to enhance their performance [56,60–63]. Due to the flexible design, the plasmon-hybrid metasurfaces
demonstrated for the simultaneous excitation of the above modes [64–66]. They also underpin new resonances including
Fabry–Pérot (F–P) cavity plasmon mode, surface lattice plasmon resonance (SLR), and Fano resonance [50,62,67,68]. These
modes together endow the plasmonic structures with interesting properties unattainable by the basic mode.

The individual nanostructure normally supports LSPRs in which the free electrons oscillate with the incident photon at
a specific frequency (Fig. 3a). The light–matter interactions include scattering and absorption. Scattering is the process in
which the object radiates that light back into the surrounding medium. Absorption occurs when the incident light causes
either an electronic or vibrational transition within the object, and the photon energy is retained within the object. LSPR
of a particle can be roughly described by the particle’s polarizability. The dipole moment is given [27]:

p = αE0 where α (ω) = (1 + ψ)Vε0
ε (ω)− εm (3)

ε (ω)+ ψεm

5
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ere, the term α is the polarizability of sphere, εm and ε (ω) denote the permittivity of medium and nanostructure,
respectively, ψ is shape factor with a value of 2 for sphere. Surfaces with high curvature or sharp features have large
values. To a polarized sphere of radius R, the light absorption also can be characterized by the extinction cross section
Cext that is the sum of absorption (Cabs) and scattering (Csca) cross sections [23,69]:

Cext = Csca + Cabs =
k4

6π
|α|

2
+ kIm (α) (4)

Csca =
k4

6π
|α|

2
=

8π
3

k4R6
⏐⏐⏐⏐ ε − εm

ε + 2εm

⏐⏐⏐⏐2 (5)

Cabs = kIm (α) = 4πkR3Im
(
ε − εm

ε + 2εm

)
(6)

The absorbed energy is then released by either heat generation and/or photon emission. Quantum yield of photon
emission is usually below 1% [70], highlighting all the absorbed energy is converted into heat.

SPP normally occurs at the interface linking metal and dielectric with assistance of grating structure or refractive
index prism (Fig. 3b) [51,71]. Momentum and energy conservation must be satisfied in order to excite SPPs. The period
arrangement of plasmonic structures inducing momentum mismatch between light wave and SPP wave is often used to
design SPP mode, because such mismatch can be easily tailored by the morphology and period of structures, as well as
incident angle of irradiation. Moreover, the decay length of SPP is found to be ∼50 times larger than that of LSPR. This
propagation characteristic makes it possible to spatial separation of the electron collection sites and optical excitation,
preventing the background interference.

F–P cavity mode presents in the plasmonic array with multiple stacks. Fig. 3c shows a sandwich structure with two
metal mirrors and an optical dielectric medium, in which the electromagnetic wave interference may occur in the dielec-
tric cavity. The plasmon wavelength is highly dependent on the cavity thickness. The internal electric field and plasmon
bandwidths can thus be tuned by selecting appropriate materials and rational designing of the nanostructures [50,62,64].
Effective plasmonic coupling of the structures to a photonic cavity has been achieved by use of a plasmon element with
large linewidth to replace one of the mirrors [72]. This coupled photonic–plasmonic system can concentrate surface
plasmons, and thus the radiative damping can be significantly decreased.

Gap mode is induced by the near-field coupling when a plasmonic structure is close to another plasmonic element
(film or particle) (Fig. 3d) [60]. A red-shift of resonance wavelength is observed as the presence of a neighboring film due
to the nanostructure reduces the restoring force acting on the excited electrons. In addition, the near-field electromagnetic
in the gap is strongly enhanced due to high light concentration in the small space. The interaction strength of different
plasmonic structures increases with the decrease of the spacing. Therefore, precise control of the gap distance is critical
important for gap mode. For particle–film system, an image dipole will be created in the film with an opposite charge
distribution. These anti-symmetric dipole oscillations enable a magnetic resonance that is favorable for solar absorption.

Strong near-field and far-field coupling will be initiated if the arranging plasmonic structures in periodic arrays, leading
to SLRs (Fig. 3e). The collective resonance of SLRs can suppress the radiative damping [62]. The nature property of SLR can
be disclosed by assistance with the dipole approximation model. Each plasmonic element in this approximation is assumed
as a dipole. For an infinite array, spectral width of the plasmon is determined by Im(α−1-S), where α is the polarizability
f an isolate particle, S is the retarded dipole sum from other particles. SLR mode thus can be easily modulated since the α
nd dipole sum S are determined by the structure parameters such as particle size, morphology as well as the period [50].
owever, SLR cannot be excited if the particle size is too small. This is because the dipole sum may not offset the particle
elaxation effect. Otherwise, out-of-plane plasmon resonances can promote SLR generation with high quality.

The multi-pole resonance and radiative dipolar coupling in complex hybrid nanostructures cause Fano resonance,
hich exhibits distinctly asymmetric spectral profiles (Fig. 3f) [62,67]. Fano resonances are normally occurring on the
ymmetry-breaking nanostructures with or nanoparticle clusters, in which the sharp sub-radiant and broad super-radiant
lasmon modes typically show high-order and dipole feature modes [50,73]. Line-shape engineering in Fano resonance
an produce narrow asymmetric resonance profiles with a sharp spectral contrast. Furthermore, the near-field of electric
ield is also greatly amplified at the resonance frequency.

An important characteristic of plasmon resonance lies in its ability to localize electromagnetic fields. Plasmonic particle
an squeeze light to nanoscale size, leading to great enhancement of the electric field near particle surface [74,75]. In a
ipolar limit, the field enhancement (E/E0) is given by [27]:(

E
E0

)
s
=
(1 + ψ) εm

ε + ψεm
(7)

Experimental measurement and numerical calculation for 110 nm silver sphere show a near-field intensity about
20 times of the incident field (Fig. 4). For bowtie structures with small gap, the enhancements above 1000 can be
predicted [21]. Such enhancement is of great interest in solar energy harvesting owing to the enhancement location is
closest to the structure surface, which is the primary interface for solar energy harvesting or chemical reactions.
6
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Fig. 4. Electric-field enhancements around Ag particle. Experimentally measured (a) and FDTD calculated (b) electric field-intensity maps.
Source: Reprinted with permission [74].
© 2010 American Chemical Society.

Fig. 5. The dominant processes involved in heat generation: Photoexcitation and relaxation of plasmon resonance with typical time scales.
Source: Reproduced with permission [15].
© 2015 Nature Publishing Group.

2.1.3. Heating and collective effect
A basic understanding of plasmon heating is illustrated in Fig. 5. Following energy transfer from the photons to

electrons, and from the hot carriers to material lattice, the energy dissipation in lattices delivers energy as heat
to the surrounding media. The whole process typically occurs at timescale of nanosecond [76,77]. From microscale
point, LSPR is the coupled oscillation of electrons. The coherent oscillation lasts for a very short time in the order
of a few femtoseconds [78]. The excited plasmons then decay either radiatively by photon re-emission (scattering) or
nonradiatively by creation of hot carriers (absorption) to relax plasmonic energy [15,79]. The radiative and nonradiative
dephasing routes are two competing mechanisms, and the branching ratio of these two decay is determined by radiance
of the plasmon mode. It is not possible to entirely turn off the radiative decay because that would prevent the efficient
light-based excitation of the plasmon in the first place. In the radiative damping, energy is dissipated by elastic scattering
7
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f incident photons, and is a preferred pathway for large particles with size above 20 nm. The far-field scattering efficiency
s a function of wavelength is determined by the dark-field scattering spectra of particles. In non-radiative decay, the
article directly absorbs photon energy, producing highly energetic non-thermal carriers (hot carriers) through Landau
amping, which is the favorable path for small nanoparticles. Such charge carriers have a transient, non-thermal energy
istribution with approximately flat shape up to the excitation photon energy [80]. The non-thermal electron–hole pairs
catter with other carriers to form high-temperature Fermi–Dirac thermal distribution within ∼100 fs. These hot carriers
re then relaxed to thermal energy by electron–electron scattering on a time scale from 100 fs to 1 ps [51,58]. Finally,
he heat is diffused to the surrounding by thermal conduction following a long timescale at 100 ps–10 ns, leading to
lobal temperature increase. The timescale of the eventual heat diffusion to environment depends on multiple factors
hat including the particle composition, size and geometry, surface states, and metal–adsorbate interactions, etc.

From macroscale point, the electronic oscillation results in energy dissipation via Joule effect. Based on Poynting’s
heorem, this energy dissipation is written as [23,47,51]

Q =

y
qdV =

y 1
2
Re

(
J∗ (r) · E (r)

)
dV =

y 1
2
ε0ωIm (ε (r)) · |E (r)|2 dV (8)

where q is the loss density of electromagnetic power and J is the current density. This heat generation also can be facile
calculated using the absorptive cross-section [22,26]:

Q = CabsI = Cabs
cε0
2

|E0|
2 (9)

here I denote the light irradiance. Dividing the dissipated energy rate by the light intensity, then derives another
expression of the absorptive cross-section:

Cabs =
Q
I

=
1

cε0 |E0|
2

y
ε0ωIm (ε (r)) · |E (r)|2 dV (10)

The absorptive cross-section is a quantity of interest to determine plasmonic heating. Analytical and numerical methods
are often used to calculate the values.

For a sphere particle, the temperature increase in particle and surrounding is estimated as [23,24]:

δT =

{
δTP R

r r > R
δTP r ≤ R

where δTP =
CabsI
4πκR

(11)

here R is particle radius and κ is thermal conductivity of medium. Fig. 6 a–e show the calculated field profiles of a gold
article with radii of 100 nm in water. The temperature increase reaches ∼50 K when the absorption power is 1 µW.
uniform electric field inside particle is observed under the resonance wavelength, while the retardation effect brings

n obvious non-uniformity in energy absorption (Fig. 6c). Nevertheless, the temperature is uniform distributed over the
hole particle (Fig. 6d).
The heating effect is amplified in presence of several particles or particle arrays [83,84]. Accumulative effect and

oulomb interaction between particles account for the collective heating. The scalar temperature fields from individual
article are added to generate the overall temperature profile. The more particles, the stronger the temperature increases.
owever, this total heat is different from the sum heat of all particles due to the partial screening of fields inside particles
r the plasmon shift driven by Coulomb interaction between particles. So the resultant heat depends on not only the
nter-particle distance, but also particle number N and arrangements. The temperature increase of particle j coupled with
he neighboring particle i heating is written as [12,23,85]:

δTj =
Cabs,jI
4πκR

+

∑
i̸=j

Cabs,iI
4πκ

⏐⏐ri − rj
⏐⏐ (12)

The last term may dominant even for a sparse particle array [86]. This originates from the long-range temperature
iffusion effect (Fig. 6f). The significance of collective effect can be evaluated by a dimensionless number ξ = p2/3R∅ [23,
1], where p is an average neighboring interparticle distance, and ∅∼p

√
N is the feature size of particle distribution.

he collective effects play dominate role when ξ<1 (Fig. 6 g). In practice, ignoring the collective effect will lead to an
nderestimation of plasmonic heating.

.2. Heat transfer

As the temperature increases within a control volume, heat inevitably dissipates into the surroundings. This process is
eferred to heat transfer [87]. The extent to which the temperature increase depends on how the heat can be dissipated
fficiently. There are three mechanisms to be consideration: conduction, convection, and radiative as in Fig. 7 [82,88,89].
e are interested in the heat transfer rate Q that is the same amount of absorbed energy. So the total heat transfer rate

s the sum of the heat transfer forms Q=
∑

i Qi. While it should be noted that the conductive heat transfer is dominant in
anoplasmonic systems [47,51,90].
8
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C
o

Fig. 6. Photothermal heating of gold particle in water. (a) Schematic, (b) Electric near-field intensity, (c) heat generation density, and (d) equilibrium
distribution of the increase temperature. (e) Absorption power as a function of wavelength. Reproduced with permission [24]. © 2010 American
hemical Society. (f) Low sparsity characterized by the temperature rise around heat source. (g) the collective effect with an overall temperature
ffset. Reproduced with permission [81]. © 2013 American Chemical Society.

Fig. 7. Conduction, convection and radiation heat transfer.
Source: Reproduced with permission [82]
© 2017 Wiley-VCH.
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.2.1. Heat conduction
Thermal conduction occurs by direct collision of adjacent atoms/molecules that transfers the heat energy from one

tom to another [82]. Such energy transfers from high-temperature region to low-temperature region when a temperature
radient exists in a body. The conductive heat flux in response to the temperature gradient is described by Fourier’s law:

qcd (r, t) = −κ∇T (r, t) e.g. qcd = κ
T1 − T2

L
for a one-dimensional slab (13)

where L is the medium thickness. By considering energy balance for a control volume around the plasmonic heater, we
an derive the temperature field via the equation [22,91]:

ρCp
∂T (r, t)
∂t

= ∇ · [κ∇T (r, t)] + qcd (r, t) (14)

Two key intrinsic quantities determine the heat dissipation in solving this equation: the thermal conductivity and
the specific heat capacity Cp. Thermal conductivity denotes the heat conductive ability of a medium. The specific heat
capacity is the required energy to increase the temperature of a medium normalized by the mass. We can do a lot with
mathematical tools to linearize the equation or let it becomes an ordinary equation [47,82,91,92]. Then we can calculate
the temperature distribution and/or heat flux in bodies.

2.2.2. Heat convection
Heat convection is driven by the temperature difference between hot surface and adjacent fluid [82,93]. Change of

phase also belong to this case since the heat transfer flow comes from bubble emission or vapor condensation. Considering
fluid flow over a hot surface, conductive heat flows from the surface into a laminar fluid layer, then proceeds into the
neighboring fluid that is moving. Therefore, heat convection is the superposition of heat conduction and thermal transport
into the flowing fluid. The total heat transfer is equal to a combination of the both energy transport. There are two types
of convection, e.g. forced and free convection. The forced convection flow is driven by external fan or pump. While for the
free convection, a buoyancy-driven flow is enabled by density differences upon temperature variations. The convective
heat transfer is described by Newton’s cooling law [82,94]:

qcv = hc (Ts − T∞) (15)

here Ts and T∞ are the surface and fluid temperature, respectively. hc is the convective coefficient that impacted by
he fluid thermodynamic properties, and nature of fluid motion as well as the surface geometry. Convection is often the
ominant heat transfer in macroscopic fluid systems. But it is useful to estimate if conduction or convection dominant in
icroscopic plasmonic systems. Rayleigh number is often used to identify the transition that denotes the time-scale ratio
f diffusion to convection [47,95]:

Ra =
gβ∆TR3

vD
where D =

κ

ρCp
(16)

here β is thermal expansion coefficient, v denotes the fluid kinematic viscosity, D is the thermal diffusivity. So for the
anoscale heating sources Ra≪1, the conduction is dominant, and then conversely convection is dominant for larger heat
ources.

.2.3. Thermal radiation
Radiation originates from the motion of charged particles, and the energy is emitted as photons. All surfaces emit

hermal radiation, and the radiation rates depend on the absolute temperature and surface characteristics [96]. The
ear-field radiative heat transfer becomes dominant between nano-objects that can surpass the physic limits of far-field
adiation [97]. The total power emitted by a sphere particle via radiative heat transfer is given by [47]

Qrd = 4πR2ϵCsbT 4 (17)

here ϵ is the particle emissivity and Csb is the Stefan–Boltzmann constant. The net heat transfer rate between a heating
urface and a large isothermal surface completely surrounding the heater are usually interested, which can be described
y [82,93,98]

qrd = ϵCsb
(
T 4
s − T 4

sur

)
(18)

here Tsur is the surrounding temperature. For the nano-heater, radiative heat transfer is generally inefficient. This is
ecause the heat source is normally in physical contact with medium that has high thermal conductivity, which leads to
he media has the same temperature as the heater.

.3. Thermal-induced processes

Heat dissipation to surrounding medium is associated with thermal-induced processes. This is interest in solar energy
pplication since a variety of processes are also likely to appear in the surrounding of solar absorber where the increased
10
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emperatures cause an intensive heating or chemical reaction. Specifically, heat and mass transport normally occurs in
olar collector and desalination process. Intensive heating and phase transition with stress wave propagation are beneficial
or solar evaporation and sterilization. The knowledge of thermodynamic reaction is useful to support solar thermal
hemistry. The content of refractive index variation and thermal emission underpin the design of solar radiator and
hermophotovoltaic etc. In this section, the theoretical backgrounds are introduced to understand these processes.

.3.1. Mass transport
Plasmonic heating induced mass transport includes Brownian motion, thermophoresis, and flow induced transport.

rownian motion refers to the nanoparticles in fluid random collided with molecules due to thermal disturbance from
djacent fluid. This is characterized by a simple relation [23,47,99]:⟨

r2
⟩
= 2dDf t =

dkBT
3πηR

t (19)

here
⟨
r2

⟩
represents the Mean Squared Displacement (MSD) in particle diffusion, Df denotes the diffusion coefficient,

kB is Boltzmann constant, η the fluid viscosity, d the motion dimensionality and t is the elapsed time. This equation
indicates that the particle displacement is a function of its radius, the temperature, the nature of fluid and the timescale
under consideration. This requires the particles in a thermal equilibrium state, but plasmonic heating unavoidably induces
distinct gradients in thermal and viscous aspects. Diffusion with effective temperature and viscosity describes such
dynamics known as hot Brownian motion, in which the induced diffusion coefficient may account for translational or
rotational motion.

There also exists a kind of active Brownian motion [99,100], in which the dynamic can be decomposed into self-
propelled motion and Brownian motion with a combined feature of active swimming and random fluctuations. Active
particles take up energy from the external environment and use the energy to drive them out of equilibrium for active
motion. MSD of such motion shows different behaviors upon distinct time scales (Fig. 8a) [101]. On short time scales,
the inertia of particle is dominated, exhibiting ballistic motion. For long time scales, the inertial force is negligible and
the particle exposed to an over-damped regime, in which the particles feature characteristic of Brownian motion, active
motion, or effective Brownian motion. The magnitude of driving force and rotational diffusion coefficient determine the
specific time scales for these regimes. The key factors including particle size and/or aspect ratio can be tuned to extend
the regime of active motion and increase the effective diffusion coefficient.

In general, thermal gradients alter the particle dynamics at particle and fluid level with distinct features [12,110]. In the
former case, thermophoresis drive the object motion in fluid along or away upon thermal gradient, inducing short-range
motion. Thermophoresis is known as Ludwig–Soret effect that refers to the particle migration due to the existence of
temperature gradients [12,23,111]. This can be used to manipulate nanoparticles in solution (Fig. 8b). Such motion is
given by the equation [112,113]

vT = −DT∇T (20)

where vT is the solute thermophoretic velocity, and DT is known as the thermophoretic mobility. The specific interactions
at nanoparticle-solution interface determine the thermophoretic mobility, and its magnitude can be positive or negative in
the light of solvent salinity [102,114]. The directional migration of nanoparticles under the external temperature gradient
can be described as a mass flow,105:

J ζ ,net = J ζ ,thermal + J ζ ,diffusive = −ζDT∇T − Df ∇ζ (21)

The former term of thermophoretic flux J ζ ,thermal describes the migration of particles driven by temperature gradient,
whereas the latter diffusion flux J ζ ,diffusive gives the particle flow driven by concentration gradient. Here ζ is the local
concentration. The significant of thermophoresis and diffusion can be examined by the Soret coefficient ST = DT/Df ,
which judges the extent of depletion or accumulation of particles. This coefficient is a very sensitive term and its sign and
magnitude can be altered by environmental temperature, surface chemistry of the objects, surface charge, and solvent
properties. Under the steady state, the net flux vanishes. When ST>0, the objects move from hot to cold, showing a
thermophobic behavior, while when ST<0, the objects migrate from cold to hot, exhibiting a thermophilic manner.

In the fluid level, the thermal gradients cause not only short-range motion of the particles driven by thermo-osmotic
flow, but also long-range motion by either convection or thermoviscous flow. Convection is a bulk movement of fluid
molecules, driving the particles towards the center of hot regions. This magnitude depends on the size of heat source, the
temperature increase and the space confinement along vertical direction. To enhance convective flow, thermoplasmonic
structures on substrate and coating of indium-tin-oxide on a substrate containing heat sources have been studied
(Fig. 8c) [95,103]. Temperature gradients also contribute to variations in local viscosity. This has been verified by use
of a moving heating spot to guide thermoviscous motion of particles [115]. The surface tension gradient enabled by
temperature gradient intrinsically drives thermo-osmotic flows [116,117]. Due to the high temperature concentrated at
interfacial region, a thermo-osmotic flow can be initiated with speeds above 100 µm/s, driving the surrounding particles
gathering towards the heating source (Fig. 8d) [102,118,119].

2.3.2. Phase transition and stress wave
Phase transitions around plasmonic heater include particle reshaping/melting of absorber and/or phase-changes of the

surrounding media [23,120–122]. Solar absorber with good thermal stability is thus important for large-scale applications.
11
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Fig. 8. (a) Four distinct regimes of active Brownian particle. Reproduced with permission [99]. © 2020 American Chemical Society. (b)
thermophoresis, (c) convection and (d) thermo-osmosis. Reproduced with permission [102]. © 2017 American Chemical Society and [103] ©
2014 Nature Publishing Group.

Due to insufficient stability, few state-of-the-art absorbers are qualified for operation over a wide range of temperature.
For gold absorbers, the temperature must be controlled below 500 ◦C to prevent the thermal damage. To avoid reshaping,
plasmonic elements can be embedded in SiO2 matrix [123]. Recently, all-ceramic plasmonic absorbers based on TiN and
Al2O3 demonstrated an unprecedented structural stability and an exceptional thermal stability at 1400 ◦C [124,125]. These
findings put a key step towards fabricating thermally stable devices for harsh environments.

Phase transformations of surrounding media include water vaporization, melting of polymer and ice matrices,
etc [28,120,126,127]. Liquid–vapor transition is the most typical example in solar steam generation. The simplest geometry
of such device is often realized with particle arrays on substrate [128]. The liquid should be superheated before
boiling initiated at the solid/liquid interface. Such a metastable state is very likely to occur around plasmonic particles.
Temperatures as high as 230 ◦C have been evidenced around gold particles on a glass substrate. If the water is degassed,
this temperature limit can even reach 300 ◦C. Bubbles will be nucleated via vaporization after approaching to a critical
temperature threshold [129].

Fig. 9a shows the key processes of plasmonic bubble generation and dissipation [104]. The light absorption in metallic
structure increases the surface temperature that promotes superheating in adjacent liquid. Once a bubble created, the
dynamics is governed by a subtle interplay between various pressure forces, inertia of the fluid and surface tension,
which can be described by Rayleigh–Plesset equation [130]:

ρL

(
RbR̈b +

3
2

˙R2
b

)
+

2γ
Rb

+ 4η
Ṙb

Rb
= Pi (t)− P∞ (t) (22)

Where Rb is the bubble radius, Pi and P∞ are the internal and external pressures, respectively, and γ is the fluid surface
tension. ρL is the mass density of liquid far from the particle. The overheated water drives the bubble growth by an influx
of vapor into bubble. The formed bubble will contract without delay after turning off the heating laser. This is a result of
12
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Fig. 9. Bubble dynamics and stress wave. (a) The bubble life cycle. Reproduced with permission [104]. © 2020 American Chemical Society. (b)
istributions of pressure and (b) temperature in water. Simulations are performed with a fluence of 60 J m−2 , a pulse duration of 200 fs, and a
article radius of 50 nm. Reproduced with permission [105]. © 2007 Elsevier and [106] ©2021AIP.

drop in internal pressure caused by vapor condensation. Further vapor condensation into surrounding fluid is a process
ontrolled by diffusion, and therefore the bubble dissipation process is very slow for a large bubble [131]. The bubble
ormation around plasmonic structure can substantially increase the structure temperature. This is particularly true for
ubble formation around the particles in homogeneous media since the bubble is fully enveloping the nanostructure
132–134]. When investigating the bubble formation around a particle array on substrate, the particle–substrate contact
rea becomes important in determining the overall temperature [128,135]. Heat dissipating ability of the substrate has
mportant implications for the structural integrity.

Plasmonic particles in water undergo a quick liquid-to-vapor phase change as the local temperature approaching to
00 ◦C. In this situation, vapor generation shares some similarities with that of explosive boiling [136,137], in which the
ransition are governed by ballistic vapor transport and Kapitza resistance, leading to the propagation of strong pressure
aves and fast thermal diffusion at nanoscale (Fig. 9b and c) [105,135,137]. The term shock wave is common used in

iterature [138,139], which is a pressure wave of large amplitude that forms when some molecules constituting the
edium happen to move faster than the sound speed. Its prominent feature lies in discontinuity in velocity, density
nd pressure. The pressure increase δP can be expressed as function of the absorbed energy Q by defining a Grüneisen
arameter Γ [23,106]:

δP = Γ Q (23)

The wave emission concomitant to bubble generation paves a new way to destroy bacteria at a subcellular level [12,31].
This is because not only the thermal denaturation or the bubble formation is deleterious, but also the stress wave itself
can induce mechanical damages.

2.3.3. Chemical reaction
Plasmon-driven solar chemistry is an important research area as that contributes to clean energy [14]. Solar catalytic

reactions combined both the advantages of solar and thermal activation, the thermal effect has to be carefully considered
13
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Fig. 10. Thermoplasmonic-activated chemistry. (a) Hot carriers in reducing the activation barrier of chemical reaction. Reproduced with permis-
ion [107]. © 2018 AAAS. (b) Plasmon-induced dissociation reaction, showing (i) the initial state and (ii) reaction and (iii) relaxation in the excited
tate of the molecule. Reproduced with permission [108]. © 2018 Nature Publishing Group. (c) Indirect hot electron transfer from metals to
dsorbates: (i) nonthermalized distribution of hot carriers; (ii) Fermi–Dirac distribution of thermalized hot carriers. (d) Direct electron transfer.
eproduced with permission [109]. © 2017 American Chemical Society.

or understanding the underlying mechanism [36,140]. Thermoplasmonics controlling of light and heat at nanoscale
an be used to promote chemical reactions. Behind mechanism for the improved reaction mainly comes from a local
ariation of temperature, near-field enhancement of electromagnetic field and hot-carrier injection [109,141,142]. The
onequilibrium states of hot-carriers resulted from plasmon decay can trigger reactions via thermal and/or nonthermal
athways, modifying the landscape of chemical reaction that is otherwise kinetically hindered (Fig. 10a) [107,143].
In thermo-catalytic systems, the reaction conditions are constrained by kinetic activity of catalyst and thermodynamics

f reaction. The reaction involves several sub-processes such as adsorption of reactant molecules, activation of chemical
onds, formation of intermediates, conversion of intermediates into products, and desorption of product molecules [36,78].
he overall reaction is thus consisted of the above elemental steps and each step should surmount a specific Ea value
Fig. 10b). The reaction rate constant K and its molar activation energy Ea are related via Arrhenius law [12,36]:

K ∝ exp
(

−
Ea

)
(24)
RT
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here R is gas constant. This law depicts the thermal-enhancement of reaction rates since the plasmonic heating
reates a temperature increase of the reactant under thermal equilibrium. Such heating undoubtedly lowers the Ea that
s beneficial to the overall reaction [108,144]. But the high temperature may reversely shift the thermal equilibrium
owards product decomposition. Therefore, in consideration of the contradicting temperatures desirable for kinetics and
hermodynamics, realization of higher yields beyond this thermal-equilibrium limit, which in turn reduces pressure and
nergy consumption, is highly desired [145].
Two categories of catalyst have been designed including pure plasmonic structures and plasmon-hybrid systems

109,146]. Plasmonic catalysis over pure metallic catalyst can be understood from plasmon decay to chemical bond
ctivation and intermediate conversion. Hot electron is widely accepted as key role in the catalysis rather than the thermal
ffect. The plasmon decay of excitation promotes the hot carriers transferred to adsorbed molecules via direct or indirect
nergy transfer, creating adsorbate–metal complex states to promote redox processes (Fig. 10b c and d) [11,78,109,147].
he direct electron transfer contributes to the formation of hybridized surface states. This process has low transfer
fficiency due to the relatively small transition dipole moments of molecule–metal composites. While the indirect electron
ransfer has a high transfer efficiency owing to the continuous distribution of hot-electrons near Fermi level, which is thus
he primary excitation pathway.

Plasmon-hybrid systems are potential platforms for solar chemistry. The main advantage of this system lies in
acilitating charge separation across the interfacial Schottky barrier [109,148]. The carrier lifetimes can be extended by
patially separation of hot electrons from holes over metal–semiconductor interface [149]. Besides, the depletion region
uilt within semiconductor can sweep hot-electrons away from the metal–semiconductor interface, further reducing the
harge recombination [150]. The hot-electron accumulation in semiconductor thus provides new opportunities to tune
heir energy levels. Moreover, active sites over semiconductor also prompt catalytic reactions. Therefore, these hybrid
atalysts create synergetic effect in reducing the activation barrier of chemical reaction [151,152].
However, there are some limitations in using hot-electron pairs for chemical reactions [153]. These limitation origin

rom (1) fast relaxation time of excited carriers with large kinetic energies that restricts their mean free paths, and limits
he effective volume to generate injectable carriers; (2) relatively low rate of excited carriers with high energies due to the
onstraint imposed by momentum conservation; and (3) constraints on magnitude and direction of the carrier momentum
o avoid reflection at the interface. Moreover, the interplay between thermoplasmonic and catalytic properties, as well as
he carrier transport in such systems has not been thoroughly investigated. It is also difficult to disentangle the thermal
ontribution from other effects in such systems. [140]

.3.4. Refractive index variation and thermal emission
Temperature increase in plasmonic structure naturally diffuses over the surrounding medium. This would create

ariation of refractive index in the surrounding medium. Such variation can be expressed as a function of temperature
ariation using the coefficient dn/dT [23]:

δn =
dn
dT
δT (25)

The temperature coefficient of refractive index for gas and solids are usually negligible, and only liquids feature
appreciable values (e.g. at room temperature and normal pressure, BK7 glass :-0.125 · 10−4, water: −0.9 · 10−4, air:
1 · 10−6). Water is a common surrounding medium. The refractive index of water is often given up to 100 ◦C, which
as a strong nonlinear variation of not only the temperature but also the wavelength. The coefficient values typically
re small, but they are actually large enough to create measurable plasmonic effects, such as modification of plasmon
esonance, building a thermal lens effect and an increase of scattering [154–159].

Thermal emission radiates electromagnetic energy in both space and time [50,160], which leads to broadband,
mnidirectional photon emission towards far-field, with a spectral density related to the emitter temperature by Planck’s
aw (Fig. 11a) [161,162].

Iλ,b (λ, T ) =
2hc2

λ5 [exp (hc/λkBT )− 1]
(26)

here h = 6.626 × 10−34 J is Planck’s constant. According to Kirchhoff’ law, the material emissivity is equal to its
bsorptivity for an arbitrary reciprocal object (Fig. 11b) [96].

ϵλ = αλ < 1 (27)

Metallic structures can be used for thermal emission due to the increased energy absorption at plasmon wavelength
Fig. 11c). The near-field radiative heat transfer is prominent in nanoscale systems where the size is much smaller than
he emitted wavelength. When the particle assembling in close vicinity, the collective effect occurs and the heat power
adiated by the structure is read [165,166]

Qrd = 4π
∫

∞

ϵλ (λ) Iλ,b (λ, T ) dλ = 4π
∫

∞

ϵλ (λ)
2hc2Cgeo dλ (28)
0 0 λ5 [exp (hc/λkBT )− 1]
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Fig. 11. Thermal emission physics (a) an ideal black body establishes thermal equilibrium, resulting in Planck spectrum. (b) The energy balance
described by Kirchhoff’s law. (c) Thermal emission from a nanostructured material has a narrowed spectrum. Reproduced with permission [161].
© 2019 Nature Publishing Group. LSPR mediated thermoplasmonic emission from gold nanorod arrays. (d) Electric field profile of the longitudinal
LSPR. (e) the nanorod array embedded inside an alumina layer on a sapphire substrate with symmetric and asymmetric hybridized modes. (f) The
thermal radiation spectra. Reproduced with permission [163]. © 2021 Wiley-VCH.

where Cgeo is the projected area. However, this expression may yield values of the emissivity larger than unity. A better
formalism by use of the absorption cross section is expressed as [23]

Qrd = 4π
∫

∞

0

2hc2Cabs (λ)

λ5 [exp (hc/λkBT )− 1]
dλ (29)

Considerable progress has been achieved in engineering the thermal spectrum, radiation directionality, polarization and
temporal response [167–169]. The emission spectrum of nanorod emitter shows narrow-band resonance peaks because
the spectrum are strongly related to the LSPR properties (Fig. 11d–f) [163,166]. The thermal emission can thus be tailored
by tuning the resonant modes. Fig. 11f shows the impact of hybrid mode of nanorod array on the thermal radiation.
The longitudinal LSPR branches into two different modes with the total thermal emission suppressed as the distance
decrease of spacing. Thermal emission often has a broad-spectrum characteristic, but the narrow-band control of emission
is significant in some applications such as solar cell and radiative cooling.

3. Thermoplasmonic tuning strategies

Plasmonic resonance depends on the intrinsic property of constituent material, particle size and shape, as well as
external couplings that includes light polarization, dipole orientation, gap distance between the coupled structures
and dielectric constant of the surrounding medium [69]. Such dependences enable a static engineering of plasmon
resonance [170,171]. Another effective way to control plasmon resonance is to tune the refractive index of surrounding
environment. Using of reconfigurable matter provides active way for varying the plasmon resonance [172,173]. In this
section, three categories of tuning strategies (Fig. 12) including self-tunable plasmon, plasmon-couplings and active
plasmons are discussed for illustrating a clear picture in thermoplasmonic tuning. Most strategies have been taken to
16
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Fig. 12. Thermoplasmonic tuning strategies.

guide the thermoplasmonic design in solar applications. Even some strategies have not been taken in real application,
they would still play an important role in the future development of solar technology.

3.1. Self-tunable strategies

3.1.1. Constituent material
Plasmon resonance is an intrinsic characteristic of materials, mainly reflected by dielectric constant of materials.

Dielectric function governs optical excitation and SPP propagation length. The peak position of SPR is decided by the
real part of dielectric function. A large real part reflects an efficient screening to yield redshift of plasmon peak [172].
However, this parameter is intrinsic nature and cannot be easily modified once designed. Therefore, selecting material
serves as a logical first step to design plasmon resonance [174,175]. Typically, Al and Pd particles are plasmon active in
ultraviolet wavelength range, whereas Au, Ag, and Cu particles mainly function at visible wavelength of 400–650 nm. Mg,
Al, and Ga mostly work in UV region due to the high plasmon frequency. There also exist other plasmonic materials, such
as alloys and intermetallics, doped-semiconductors, 2D materials, metallic oxides, graphene, refractory metals, polymers,
etc [23,170,176,177]. The intrinsic resonance of these materials also can be tunable to cover broad range of spectrum by
adjusting the composition and structure.

Alloying or doping modification of materials can induce surprising changes of its complex optical constant, implying
these approaches are feasible to tune the optical response of plasmonic systems. Nevertheless, only few successful
attempts have been verified by changing the chemical composition, structure phase, or carrier density of materials.
For example, alloying of Ag-Au metals has been used to arbitrarily tuning their optical behavior in UV-NIR [178,179],
showing high flexibility of the permittivity over pure metals. This does not inferred that the alloy property can be tuned
by a linear combination of optical constants. A refined description in terms of movement of the optical gap and Fermi
17
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Fig. 13. Dimensionless numbers characterizing the ability of a plasmonic material to enhance the near-field (Fa) and produce heat (Jo) that plotted
s a function of the resonance wavelength. Each wavelength corresponds to a different aspect ratio of the structure.
ource: Reproduced with permission [164].
2015 American Chemical Society.

evel is required. Plasmon resonances have also been tuned in sub-stoichiometric MoO 3−x nanobelts with high oxygen
vacancy, showing flexible plasmon absorption in a range of wavelength of 200∼2500 nm. This illustrates that doping
r incorporating foreign atoms into semiconductor lattice can change the free carrier concentration in materials [180].
esides, titanium, zirconium and hafnium nitrides also show plasmonic properties in longer wavelengths. These materials
re good candidates to replace noble metals for high-temperature application due to the high melting-point, allowing for
ailoring of plasmon resonance by controlling their composition [124,176,181].

To compare the efficiencies of materials with each other, dimensionless parameters e.g. Faraday and Joule numbers
an be defined to examine the plasmonic capabilities, quantifying the capabilities of plasmonic structure to amplify the
lectromagnetic field and producing heat, respectively [23,164]:

Fa =

⏐⏐⏐⏐Maximum electric near − field over space
Incoming electric field

⏐⏐⏐⏐2 = 9
⏐⏐⏐⏐ ε

ε + εm

⏐⏐⏐⏐2 (30)

Jo =
eε′

nm
|E in/E0|

2
=
λref Cabs

2πV
(31)

here e is photon energy, ε′ is the imaginary part of permittivity, and λref = 1240 nm. Fig. 13 presents specific values
f Fa and Jo for the nanospheroids at plasmon resonance. It indicates that the deviation from sphere shape enhances
he optical near field and photothermal conversion efficiency, and red-shifting the plasmon resonance. For example,
g particles facilitate the plasmon excitation with the highest resonance intensity [182]. Semiconductors red-shift the
lasmon resonance in visible-to-NIR range in contrast to that of most metals. In general, each kind of materials has their
wn advantages and disadvantages. Metallic materials play the dominant role in plasmonic applications, and gold remains
he best metal of choice for most applications due to its good photothermal properties, and chemical stability in presence
f oxygen [183–185].

.1.2. Size effect
A common goal in thermoplasmonic design is to maximize the capability of photothermal conversion. Eqs. (5) and (6)

ndicate the cross section of absorption and scattering related to the particle size with different magnitudes. Scattering
ecomes more significant by increasing the particle size since it scales as R6 while absorption scales as R3. The cross
ection of scattering thus gradually becomes dominate the extinction cross section as the increase of particle size. For gold
articles in water, this transition appears at diameter ∼88 nm, in which the scattering and absorption cross section are
qual [23]. For particles smaller than light wavelength (<25 nm), the absorption dominates over scattering. The plasmon
18
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b

Fig. 14. The size effect on the resonance peak of core–shell particles, and the corresponding heating effect.
Source: Reproduced with permission [188]
© 2016 American Chemical Society.

and first blue-shifts as the particle size decreases from ∼20 nm but then in turns strongly red-shifts near 12 nm [186].
The plasmon bandwidth increases with the decrease of particle size, inversely proportional to the particle radius [61,187].
In general, smaller nanoparticles exhibit efficient absorption at their resonance wavelength, reflecting their advantage in
converting light into heat [22,70].

For larger particles, the plasmon bandwidth is red-shifted and broadened with the increase of particle size due to
the retardation effects. This comes from the fact that the particle can no longer be assumed as oscillating dipole. For
gold, it is around 50 nm, and scattering becomes dominants above 90 nm [189]. If the particle is larger than this size,
some retardation effects occur due to the electromagnetic interaction between distant charges within the particle [23].
Au and Ag particles are the most studied materials with the Ag cross section being greater than Au [170]. The magnitude
of absorption wavelength shift is small compared to the total bandwidth of resonance. Therefore, the peak position of
plasmon resonance is not discussed to the size effect [61]. However, titanium nitride and platinum efficient absorb light
energy in NIR region that are good alternatives for photothermal conversion.

Experimental works on optical heating are primarily carried out on gold particles [22]. Plasmonic heating of a 100 nm
gold particle in water has been studied with a NIR laser. The measured heating shows good agreement with the predicted
values by dipole approximation [190]. No simple analytical expression can be found to examine the thermal response
of a particle of arbitrary size. However, numerical simulations can be carried out using Mie theory. Mie theory has been
extended for evaluating the extinction spectra of core–shell nanostructures (oxide@noble metal) [188]. By tuning the
geometric dimension of core and shell, an adaptable plasmon band and photothermal effect are observed for the designed
particles. Fig. 14 shows a dimensional size-dependent heating effect. It is found that the plasmon band red-shifts as the
decrease of shell/radius ratio. The highest temperature increases to 110 K for a structure with core radius of 53 nm and
a shell thickness of 8 nm when irradiated at 900 nm wavelength. This diagram supplies useful information for designing
the optimized structures to maximize light-to-heat conversion.

3.1.3. Shape effect
Optical modulation of plasmon resonance by use of pristine materials are limited, particularly to extend the resonance

band for solar absorption. Tuning the particle shape is an effective mean on plasmon absorption [191–193]. This can be
understood from three aspects. The first aspect focuses on controlling the number of resonances by designing particle
symmetry. For instance, small gold particles present only one plasmon resonance band at 520 nm, while two resonance
bands appear as the particle symmetry is broken from spherical to cylindrical [189]. This asymmetry creates a strong
redshift of the plasmon resonance, along with a strong increase of the resonance amplitude. The two resonance peaks

correspond to the transverse and longitudinal oscillations with multipolar modes, which is consistent with the short and
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Fig. 15. (a) Spectra of high aspect ratio particles as ellipsoid, cylindrical disk, triangular nanoprism, nanorod. Reproduced with permission [55].
© 2014 Nature Publishing Group. (a) The dependence of absorption spectra on the shape. Adapted with permission [70,195]. © 2006 American
hemical Society.

ong axes of the high aspect ratio nanorods. This difference of electron oscillation stems from the different restoring force
long each axis [187,194]. The band position also can be changed by changing the aspect ratio of other geometries such
s ellipsoids, cylinder, nanoprism and nanorod. Fig. 15a depicts spectra of the anisotropic particles with a 10 nm fixed
hort axis and varying long axis at 20–80 nm. The transverse resonance band (dashed lines) of all the shapes is weak and
lue-shifts in visible-light range, while the longitudinal plasmon resonance (solid lines) is strong and red-shifts in red
r NIR region as the increase of aspect ratio. Controlling the aspect ratio of these geometries allows flexible tuning the
esonance peak positions from visible ∼410 nm to near-infrared ∼1000 nm [55].

The second aspect is to control the plasmon length where the carrier oscillations take place [196]. The plasmon length is
an intrinsic parameter to define plasmonic structures, which determines not only the peak position but also the bandwidth
of plasmon resonance. The electron-oscillation distance over a plasmon length can be tuned by both the size and shape of
particle. For example, the optical spectra for gold particles of different shapes including nanocubes, icosohedra, octahedra,
decahedra, and truncated bitetrahedra are measured and normalized in consideration of their edge and plasmon length.
It is found that the edge-effect is insignificance for dipole modes in a size range of 50–350 nm, and no correlation can
be fitted with the side length. While the different shape structures with similar plasmon length exhibit similar plasmon
resonance spectra. Therefore, the oscillation distance is critical in describing the shape-dependent plasmonic properties.

The last aspect centers on the sharp tips on structure. Irregularly anisotropic structures e.g., nanocubes, nanostars or
nanoprisms, enable more complex light–matter interactions that typically results in plasmon resonance over a broad range
of wavelengths [192,197–200]. Fig. 15b shows the spectra difference of Ag particles with various shapes. Ag spheres and
cubes with high symmetry feature strong plasmon absorption peaks. The low-symmetry polyhedron particles present a
broad but weak absorption-band with multiple resonances [195]. The plasmon band of nanocube (∼500 nm) is red-shifted
n contrast to the sphere particle (∼410 nm). Such transition is a result of the accumulated charges at cube corner, reducing
he restoring force for carrier oscillation [70]. Moreover, the field distribution around sharp tips could be extremely strong
s the largest accumulated polarization charges occurring at the tips. Nanostar is a typical case and that has been used
or photochemistry and biomedical applications [22,201]. The plasmon absorption is very sensitive to its spike length.
n increase of spike length from zero to 40 nm, an 80 nm sphere would cause a red-shift of plasmon band from 470 to
050 nm, while the tip curvature or spike number has little impact on the absorption peak.

.2. Plasmon coupling strategies

.2.1. Inter-particle distance
Plasmon resonance is sensitive to the nearby plasmonic structures. The gap distance between the coupled structures

s key parameter for the plasmon coupling [202–204]. As one plasmonic particle in close proximity with another, this
ear-field interaction will derive new plasmon resonances with great enhancement of electromagnetic field. The typical
ase of this is a particle dimer (Fig. 16a), in which the dipolar plasmon-mode is split into the bonding and antibonding
odes [70,205,206]. The bonding mode has two aligned dipoles along inter-particle axis, resulting in a strong dipole-
oupling to the far field. In contrast, the anti-bonding mode possesses anti-aligned dipole with a zero net dipole moment.
s a result, the optical response of dimer is guided by the low-energy bonding mode.
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Fig. 16. Particle coupling effect. (a) Energy hybridization in a plasmonic dimer. (b) Absorption spectra with different interparticle distances. (c) The
normalized extinction cross section (Cext/Cgeo) on particle number. Adapted with permission [70]. © 2021 Wiley-VCH. (d) An individual particle
bsorbs light at a distinct wavelength, electrons are excited and then dissipated as heat. (e) Typical absorption spectra of plasmonic particle dispersion
blue line), self-assembled film (red line) and 3D-templated film (purple line). Reproduced with permission [10]. © 2018 Nature Publishing Group.

For longitudinal excitation, the resonance band of bonding mode is red-shifted as reducing of the gap distance that
induces higher-order plasmon modes with different effects on the resonance frequency, leading to band splitting and
broadening. The relative shift ∆λ/λ0 is exponentially related to the gap/diameter value (s/D) as [69,172]

∆λ

λ0
= Aexp

(
−

s
τD

)
(32)

here s is the interparticle edge-to-edge distance, D is the particle size, A is the maximal fractional plasmon shift,
epresenting the dipolar coupling strength, and τ is the decay constant that describes the decay length of the electric
ield away from the particle surface. Such decay is universally independent of the constituent materials, particle size
nd shape. Fig. 16b shows the spectral evolution of gold dimers with 120 nm diameter and varying the interparticle
istance [207]. The plasmon-coupling interaction is weak when the distance is above 3r, demonstrating a single-dipole
ode over the spectrum. As the gap distance continuously decreases to near touch, the bonding mode first exhibits a

edshift, and then a higher quadrupolar resonance mode emerges in the plasmon spectrum. However, the broaden-range
f plasmon resonance is limited for a dimer.
To cover a broad solar spectrum, plasmon-coupling involving many interacting particles are assembled with distributed

izes into porous films (Fig. 16c and d) [10]. Within the film, the plasmonic components are closely packed and their
ndividual plasmon modes overlap and hybridize with each other, leading to broadband light absorption [208]. This hybrid
lasmon creates a distinct red-shift of the resonant band towards visible-to-NIR regime. This approach opens up new
trategies for improving photothermal conversion by engineering of nano-plasmon assemblies. Plasmonic thin films are
lso developed for enhanced photothermal conversion by self-assembling of the particles on paper or other substrates
Fig. 16e) [209–213]. The plasmonic particles are distributed randomly in the pores, enabling a high density of hybridized
ode to broadly absorb solar energy. In addition, the porous design effectively reduces the back reflection of light. As a
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onsequence, the film absorbs ∼99% light energy across the full spectrum, exhibiting photothermal conversion efficiency
bove 90%.
It is clear that both the electric field and plasmonic heating are dependent on interparticle distance, besides the

lasmon resonance [22,58,70]. The field enhancement factor can be increased to 106 as decreasing the distance right down
o a single-atom level [54,214,215]. This implies that the remarkable field enhancement could be derived by coupling
articles with small distance. However, the ratio of temperature increase follows approximately, but not completely
he ratio of light absorption power. The temperature magnitude closely follows the profile of dominant plasmon mode,
howing a distinct feature at the plasmonic wavelength [24]. The local temperature of a specific particle is thus either
ower or higher than that in adjacent particles by tuning the incident wavelength upon a specific distance [208].

.2.2. Orientation and configuration
In case of anisotropic structures, orientation and configuration are key factors to determine the plasmon interaction

nd dipole moment, and thus impacting the plasmon resonances [55]. To create desired plasmonic properties, diverse
nisotropic nanocrystals have been synthesized and fabricated such as nanorods, nanocubes, nanobipyramids and
anocups [216–220]. When an Au nanorod rotated around its mass center in a nanorod dimer, the coupled resonance
and is blue-shifted as the increase of rotation angle due to the reduced coupling [221]. Besides, the plasmon coupling is
lso affected by the higher-order multipolar modes. The plasmonic enhancement at nanocube corners is of special interest,
nd the multipole contributions become significant depending on their orientation. This is because the high density of
scillating dipoles at corner promote more red-shift of LSPR [218,222]. In contrast to the symmetric configuration, the
symmetric coupled structure as nanosphere rotated around nanorod dipole also achieves favorable plasmon interaction
s a bonding dipole–dipole mode [223].
Orientation and configuration also affect the electromagnetic field distribution around the coupled structure. For

nstance, Ag nanocubes have been self-assembled as one-dimensional strings with either edge–edge or face–face ori-
ntations. The strong field enhancements are observed with 800 in the gap center and 1200 at the cube corners on an
dge–edge configuration [197]. This enhancement is at least two-fold stronger than that of face-to-face dimers [225]. This
s because the face–face orientation has two different polarization states at the facing facets and facing corners. Whereas
n the edge–edge case, the higher-order plasmon mode appears in dipolar mode with only one prominent resonance
and [218]. The dipole polarization vectors and corresponding field distribution are thus more concentrated at the corners.
Design of a plasmonic absorber requires rationally analysis on both the electromagnetic field and the thermoplasmonic

ehavior of the structures with random orientation. This is because the experimental validation of orientation effect on
hermoplasmonics is still limited. The photothermal properties of metallic nanorods, nanotriangles and nanocages have
een theoretically analyzed by wave-simulation method to determine the temperature variation as the orientation change
ith respect to polarization (Fig. 17) [184,219]. The analysis shows that the absorption-power amplitude of nanorod
ecreases as the nanorod rotating away from the polarization direction (Fig. 17b). A strong absorption variation is observed
ollowing the orientation change of asymmetric nanotriangle (Fig. 17d). However, the orientation effect of nanocage
s negligible as only small amplitude variation ∼2% are detected in light absorption (Fig. 17f). Hereby, the symmetry
tructures have more potential in photothermal conversion due to their energy absorption is largely irrelevant to spatial
rientation.

.2.3. Coupling with surrounding medium
The surrounding medium serves as additional factor for tuning plasmon coupling [171,224,226]. Eq. (3) indicates

hat the dielectric function of constituent materials and surrounding medium determine the plasmon features and
orresponding dipole moments. The dielectric coupling is critical for the design of plasmon resonance. Such dielectric
urrounding medium can be sorted as absorbing or non-absorbing dielectric environment [189]. In non-absorbing case, the
ielectric function of medium is a real dielectric constant, and the induced polarization charges in environment increase
ith the dielectric constant. As a consequence, the Coulombic restoring force is weakened as going from water to glass,
ausing a red-shift of the plasmon peak [226].
The absorptive medium has complex dielectric function, such as polymer, Al2O3, SiO2, MoS2, graphene and quantum

ots, or other metal oxides [172,189,227]. In such case, the plasmon resonance experiences both the spectral shift due to
he change in real part of dielectric constant, and the shielding effect due to the light absorption associated to imaginary
art. The plasmonic resonance can sustain from a significant enhancement to completely suppress depending on the
eometry and coupling structure of materials [189]. For a surrounding medium with electronic absorption energy far
rom the resonance energy, the increase in real part of dielectric function would induce a red-shift of the resonance peak,
hile the variation of imaginary part affects the attenuation of plasmon resonance [228]. Whereas, a strong coupling
egime exists for the surrounding medium with absorption energy close to the resonance energy. Such media can offset
he intrinsic absorption losses in metal to enhance the plasmon resonance [61,172]. Moreover, this strong coupling may
lso lead to peak splitting to create hybridized resonance states [56,229].
Based on the dielectric effect, multiple metallic and dielectric materials are also designed for optimizing the plasmonic

eating [224,230]. The thermodynamic problem in such case is complex since the surrounding medium consists of two
edia featuring different thermal conductivities. Once heat is generated, one is interested in managing such heat. The

eat transport microscopically depends on the propagation of electrons and phonons [51,231], but it is also studied
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Fig. 17. Spatial orientation and the corresponding heating powers of (a, b) gold nanorod, (c, d) nanoplate and (e, f) nanocage.
Source: Reproduced with permission [219]
© 2020 Springer.

by using thermal diffusion equation. For example, the effect of optical heating of a metal nanoparticle lying on a
planar substrate (e.g. glass and sapphire) and immersed in water has been investigated for understanding the thermal
diffusion (Fig. 18a and b) [22,23]. The proximity of sapphire of higher thermal conductivity tends to reduce the overall
temperature, especially in this medium. Another typical configuration is using multilayer core–shell structure with
different permittivities to improve thermoplasmonic properties [224,230]. The dielectric multi-shell structures host the
23
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Fig. 18. Thermoplasmonic coupling with surrounding medium. Temperature distribution of an irradiated gold particle on glass (a) and sapphire
(b) substrates. Reproduced with permission [22]. © 2019 American Chemical Society. (c) Optical, thermal and pressure responses in plasmonic
nano-oven. Reproduced with permission [224]. © 2017 American Chemical Society.

collective plasmon resonance among different metallic layers, resulting in extremely enhancement ∼104 of near-field
t core region where light absorption is maximized (Fig. 18c). This confined nanoscale space offers an unusual thermal
nvironment upon high pressure for exploring new physical or chemical processes.

.3. Active tuning strategies

.3.1. Polarization by light incident
Control of incident angle of light is a most direct route to active tuning of plasmon resonance [84,232]. A strong

lasmon-coupling is established when nanoparticles get close to each other. Each particle is exposed to the near-field
rradiation from N neighboring particles along with the incident electric field [69,233].

E = E0 +

N∑
i=0

E i,nf (33)

For a particle pair, the net electric field of each dipole is expressed as

E = E0 +
ξp

4πε0r3
(34)

here p denotes each dipole, ξ is the orientation parameter that described as [221]

ξ = 3 cos θ1 cos θ2 − cos θ12 (35)

1 and θ2 are the angles between the inter-dipole axis and the direction of each dipole,respectively. θ12 represents the
ngle between these two dipoles. The temperature increase of the particle j originates from a self-contribution and an
dditional contribution stemming for the neighboring particles [23].

δTj = δT sef
j + δT ext

j (36)

As a result, the plasmonic heating depends on not only the interparticle distance, but also the polarization or orientation
f each dipole.
When light parallel polarized along the interparticle axis of a dimer, the plasmonic interaction is attractive with

egative interaction energy, leading to a low plasmon frequency along with a red-shift of the plasmon band. Consistent
ith the optical resonant, a strong gap-field is created due to the constructive interference between dipoles. On the other
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Fig. 19. Polarized light wave under an incidence angle. (a,b) absorption and extinction cross sections as a function of light wavelength and incidence
ngle, respectively. (c) Ratio of the partial absorption cross sections of the upper and lower spheres. (d) Ratio of temperature increase.
ource: Reproduced with permission [24]
2010 American Chemical Society.

and, a slight blue-shift of plasmon band is observed along with the reduced distance as the polarization is vertical to the
nterparticle axis. The dipoles destructively interfere with each other, reducing the magnitude of electromagnetic field in
ap [233,234]. More important, as the increase of polarization angle from 0◦ to 90◦, the scattering spectrum of Ag dimer
hifts prominently from 517 to 456 nm. The low energy spectrum at 517 nm is the longitudinal plasmon coupling (σ ),
hereas the high spectrum one at 456 nm originates from transverse hybrid plasmon coupling (π*) [235]. These findings
eflect that the polarization frequency, electromagnetic field and thermal distribution could be optimized by controlling
he incident angle [236–238].

Fig. 19 shows a significant degree of control on the individual temperature of neighboring particles by tuning the
ight wavelength and incidence direction. The absorption and extinction cross-sections both present a distinct feature at
80 nm, which is most intense upon interparticle-axis incidence (Fig. 19a and b) [24]. Fig. 19 c and d show the absorption
nd temperature ratios, in which the below sphere has a temperature that is 1.4 times lower than that of the upper
phere at 550 nm wavelength (e, g). This supports an obvious shadowing effect from the upper sphere. However, such
ituation is reversed with the bottom sphere picking up more energy for oblique incidence at 650 nm (f, h). It is thus
ossible to control the temperature ratio by tuning the light wavelength and incidence angle. At incidence angle of zero,
temperature ratio of 0.8∼1.4 can be tunable achieved in the wavelength range of 550∼650 nm.

.3.2. Tunable dielectric surrounding
Plasmonic materials with actively tuned properties are crucial to modulate the optical, electronic, thermal and catalytic

roperties. The reconfigurable plasmonic materials are usually prepared by coupling the plasmonic particles with stimuli-
esponsive materials [172,240]. Many active media have been used to build such active plasmonics, and that includes
ptically active materials such as J-aggregates, photochromic molecules and quantum dots, thermoresponsive materials
uch as gallium, vanadium oxide, and germanium antimony telluride, and electrically driven materials such as elastic
olymers, liquid crystals and graphene, among others [59,173,241]. In response to the stimuli (e.g. light, chemicals,
lectricity or heat), these responsive elements switch from one state to the other to reduce the system energy. As a
esult, the coupling state of plasmonic particles is altered by the tunable surrounding medium, resulting in a change of
lasmon resonance as well as the electromagnetic field.
The mechanism of state-transition is interesting because that involves scientific challenges in molecular dynamics,

nergy transport and nanoscale mechanics. Using a surrounding medium with flexible dielectric responses to light offers
facile way to control the plasmon response [242]. This can be realized since the photochemical reactions include

is–trans isomerization, pericyclic reaction, intramolecular group transfer and hydrogen transfer, and dissociation [111].
lectrochemically responsive materials allow reversible redox reactions, providing an facile ways for tuning the electronic
tructure to achieve variation of their dielectric functions [243]. Electric control of the electro-optic film flexible changes
he refractive index, and thus varies the plasmon propagation constant and modulates light reflection [244,245]. Chemical
25
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Fig. 20. Thermoplasmonics with tunable dielectric surroundings. (a) Temperature profile of gold particle upon irradiation. (b) Reversibly control by
xternal irradiation. (c) Extinction spectra with cyclical heating and cooling.
ource: Reproduced with permission [239]
2016 National Academy of Sciences.

timuli offers more abundant choices to achieve plasmon control, which possibly includes pH value and ionic strength,
umidity, and DNA species [246,247]. The refractive index of thermo-controlled material continuously varies with the
urrounding temperature [248,249]. Reversible tuning of the refractive index allows for active control of the plasmonic
aterials.
Among different thermal-response materials, thermo-optical materials stand out from all the rest because of its

ast response, low threshold on transition between different states. The efficient photothermal-conversion of plasmonic
tructures suggests the possibility of light-controlled of their assemblies. For example, epoxy adhesives require high
emperature to bond composite materials. The laser bonding of composite materials using plasmon-based photocuring
an substantially decrease the curing time relative to the conventional curing process [250]. Beside, Fig. 20 shows another
xample based on thermo-optical response over PNIPAM-coated Au particles [239]. The surrounding temperature falls off
n inversion to the distance away from particle (Fig. 20a). Compared to the conventional bulk heating, such plasmonic
eating concentrates the thermal energy at nanoscale, which will be more efficient in energy conversion and potentially
aster in thermal response. Optical heating of the core–shell particles above a critical temperature leads to expelling
ater from coatings, inducing a hydrophilic to hydrophobic state change of PNIPAM. This transition drives a controllable
umber of nanoparticles gathering into mesoscale clusters, which in turn reversibly switches their color from red to dark
lue (Fig. 20b). Correspondingly, the plasmon peaks reversibly shift in the extinction spectra between 525 and 645 nm
Fig. 20c).

.3.3. Tunable gap distance
Tuning the gap distance between plasmonic structures is an effective basis for constructing active plasmons. The

uccessful examples have been demonstrated by integrating plasmonic crystals with some specific molecules or poly-
ers. These specific materials support molecular conformational changes or reversible self-interaction upon external
timuli [172]. The plasmonic nanostructures in these hybrid structures can be either dispersed in solutions or embedded
n/on solid matrix. The gap distance between these active components can be tuned by using the organic molecules
ith different lengths [251], and the shape and size of plasmonic structures largely determine the spectral response and
hermoplasmonic heating.

For example, the charged Au particles in solution are self-assembled into linear structures, exhibiting significantly
ifferent optical response [240,252]. Such assembly is a result of force competition between van der Waals attraction force
nd electrostatic repulsion force. When the electrostatic interaction tuned by sweeping temperature over 5–40 ◦C, the
26
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Fig. 21. Thermoplasmonics with tunable gap distances under stretching. (b) Absorption cross section curves and (c) temperature mapping for the
different stretching.
Source: Reproduced with permission [257].

2020 AIP.

ssembling process of negatively charged Au particles covered with bis(p-sulfonatophenyl)-phenylphosphine is reversibly
chieved, with red color at high temperature upon disassembled state and dark blue at low temperature upon a linear
hain structure [253]. However, the electrostatic force relies not only on the temperature but also on the solution pH.
H-tuned reversible assembly of gold nanorods has been verified using thiol-containing bifunctional molecules as the
ssembling agents [254]. The plasmon assemblies are observed with an end-to-end to a side-by-side configurations. The
ormer configuration redshifts its plasmon band with a longitudinal peak at 220 nm, while the latter presents a 30 nm
lue-shift.
Responsive polymers are often used as soft matrix to accommodate plasmonic structures. The polymer matrix acts

s capping agent for preventing particle aggregation. The high density of plasmonic elements entrapped in matrix is
esponsible for optical spectral responses [255]. Considering external mechanical stimulus, dynamic plasmon couplings
re reported by changing the elastic properties of substrate. Upon stretching, the particles separate apart in the direction
f stretching and closer together in the direction perpendicular to it. This leads a drastic redshift of the plasmon band
rom 510 nm to 520 nm by stretching the substrate from 0% to 27%, giving rise to a polarization-dependent plasmonic
eature (Fig. 21a) [256,257]. The chain formation upon stretching creates electromagnetic field and thermal hot spots that
ives rise to a temperature increase (Fig. 21b). The temperature gradually increases from 26.5 ◦C for the substrate at rest
o a much higher 41.3 ◦C upon 27% strain percentage [257]. These results evidence how the plasmo-mechanic system
elies on light polarization, interparticle distance and spatial arrangement of the particles.

. Applications in solar energy

Benefited from the tuning strategies and advanced fabrication techniques, diverse plasmonic structures and their
ouplings have been developed. It allows flexibly tuning their plasmon resonance, spectral spectrum, electromagnetic
ntensity and photothermal performance for applications in direct solar thermal conversion or indirect solar thermal
hemistry. (Fig. 22). In this section, we introduce the progress of thermoplasmonic applications in solar collector, solar
adiator, thermophotovoltaic, solar desalination and sterilization, solar degradation and catalysis, solar fuels and solar
ertilizers. For each application, we will show how the thematics are born, the-current-state-of-the-art and remaining chal-
enges. Particular attentions are paid on the distinct advantages of thermoplasmonic realization compared to traditional
olutions.

.1. Direct solar-thermal conversion

.1.1. Solar collector
Solar collector is a thermal device for converting sunlight into useful heat, which can be classified into flat and

oncentrating technologies. The flat technologies are used in low-temperature applications like space heating, hot water
roduction and solar cooling applications with maximum temperature up to 90 ◦C with flat plate collectors and 150 ◦C

with evacuated tube collectors. The concentrating technologies are able to operate at high temperature levels between
27
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Fig. 22. Thermoplasmonic applications in solar energy.
Source: Adapted with permission [258].
© 2016 American Chemical Society.

50∼500 ◦C [259]. The mechanism of energy conversion is based on using a black surface to harvest solar radiation, and
he absorbed energy is then transferred to the neighboring working fluid [259,260]. However, the energy efficiencies of
urface collector are relatively low due to the significant thermal losses from conduction, convection radiation. This will
ven worse with the increase surface temperature of absorber.
In contrast to the solar-to-useful conversion process in conventional collector, the heat transfer fluid in a direct

bsorption solar collector harvests solar radiation by means of volumetric absorption. This significantly reduces the
hermal resistance between the fluid and surface absorber [260]. Besides, the thermal trapping effect resulted from
olumetric absorbers can lead to obvious reduction of convection and radiation losses [262]. Moreover, volumetric ra-
iative absorption can be induced by either gas–particle, or liquid–particle suspensions, or porous media with distinguish
dvantage of high absorption ability relative to the scattering [263], which is a fascinating alternative to improve the
fficiency (Fig. 23) [264–266]. The useful heat gain is calculated by

Q = Cpṁ (Tout − Tin) (37)

here ṁ represents the mass flow rate, Tout and Tin are the outlet and inlet temperature, respectively. The thermal
fficiency of collector is then derived as:

η =
Q
IAc

% (38)

here I is the incident radiation density, Ac is the light harvesting area. For nanofluids, specific heat and density are given
s [260]

Cp,nf =
ρbf Cp,bf (1 − ϕ)+ ρnpCp,npϕ

ρnf
(39)

ρ = ρ 1 − ϕ + ρ ϕ (40)
nf bf ( ) np
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Fig. 23. Thermoplasmonic nanofluid used in solar collector for representative applications.
Source: Reproduced with permission [261].
© 2019 Elsevier.

where Cp,nf , Cp,np, and Cp,bf are the specific heat of nanofluid, particle and base fluid, ϕ is the particle volume fraction, ρnf ,
ρnp, and ρbf denote the density of nanofluid, particle and base fluid, respectively.

Physical properties of the fluid are unavoidably affected by adding nanoparticles, such as density, thermal conductivity,
specific heat and viscosity. The particle absorbs heat more quickly than the base water due to its low specific heat. Owing
to its large surface area with high thermal conductivity, the absorbed heat can be fast transported to the surrounding
fluid [267]. As a result, the outlet temperature is increased to improve the efficiency. Diverse nanofluids have been studied
by use of particles such as carbon nanotubes, graphite, noble metal, titanium and copper oxide [265]. Plasmonic nanofluids
are more appealing than the metal oxide and carbon-based nanofluids because of their favorable optical properties and
prominent photothermal performance. LSPR can greatly enhance solar absorption since the oscillation cross-sections are
several times larger than the physical cross-section of particle [267]. Therefore, the collector can achieve high thermal
efficiency even at low particle-concentrations, rendering the nanofluids ideal for sunlight harvesting.

Low-concentration nanofluids below 0.04 wt% with gold or silver have been verified for photothermal conversion.
But the high absorption can only be achieved around the narrow plasmon-band, restricting their benefits for solar
harvesting [262,263,268]. An improved nanofluid by blending different nanoparticles with complementary optical-
properties has been developed for broad-band solar absorption [267,269]. Blended nanofluids composed of different
morphologies, sizes and materials show good improvement to the photothermal efficiency. Gold nanofluid mixture
including nanorods, nano-ellipsoids and nanosheets enhances the thermal efficiency by 104% compared to the nanofluid
only with nanospheres [270]. Silver nanofluids with the mixture of nanosphere and nanoplate extend the extinction
spectra over a wide range of wavelength 300–1200 nm at a very low concentration of 0.001 wt%, raising the thermal
efficiency to more than 85% [267]. Although thermal nanofluid has not been accepted for commercial application, pioneer
research showed the economic feasibility and technical advantages in energy storage, power generation, and refrigeration
applications (Fig. 23) [261]. Despite the distinct optical and photothermal properties, there are some challenges to be
overcome before real application of plasmonic nanofluids [264,265]. The nanofluid preparation involves ion-exchange
reactions and the remaining ions in solvent bring side effects to application. Even a low-volume fraction of nanofluid
is charged in solar collector, high material cost and synthesis process are the drawbacks to affect their marketing
competition. Another more challenge thing is the nanofluid stability because they are prone to get agglomeration due
to the change of Van der Waals bonds upon long-term solar irradiation. This will even worse when the fluid is used
under concentrated solar flux at medium-to-high temperatures.

4.1.2. Solar radiator
Metasurfaces assembling of plasmonic structures can absorb or scatter light at nanoscale. The metasurface design with

different dielectric materials offers new research horizons from radiative cooling, energy-saving window to novel routes
of anti-fogging or icing [98,271,272]. LSPR of nanostructures determines their optical response and induces either light
absorption or reflection. The spectral overlap of such scattering and absorption is the intrinsic drawback due to the
nature properties of constituent materials [273]. To improve the performance for aforementioned uses, novel optical-
and thermal-structure design is crucial step to tune the electromagnetic flux and realize full control of the absorption

and scattering spectra. A concept of hybrid metal–dielectric antenna has been proposed to manipulate the absorption
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Fig. 24. A plasmonic antenna (left panel) displays a highly radiative spectral response, and an almost pure radiative and nonradiative region (right
anel) enabled by using a dielectric spacer between antenna slices.
ource: Reproduced with permission [274]
2019 American Chemical Society.

nd scattering [274]. By tuning the system geometry, the scattering and absorption ratio combined with their relative
nhancement or quenching can be flexible modulated over broad spectrum. As a result, a radiative region and a non-
adiation region can be designed by coupling free-space radiation with the hyperbolic-antenna, realizing the control of
oth channels (Fig. 24).
Radiative cooling removes heat from surfaces into far space as infrared radiation, and often functions by reflecting

olar spectrum in broadband or selectively [272,275]. The radiation tuning is crucial to design radiators with unique
adiative characteristics. For example, a scalable plasmonic thin film by encapsulating randomly dispersed dielectric
icrospheres into polymeric matrix has been designed for subambient cooling. This metamaterial film is fully transparent

o visible light, while processing an infrared emissivity above 0.93 upon atmospheric window. Its radiative cooling
ower reaches 93 W/m2 upon solar irradiation after back coating it with silver [276]. A Janus emitter composed of Ag-

polydimethylsiloxane on quartz substrate was also proposed to reduce the emissivity loss [277]. The spatial separation
of selective and broadband emission has been achieved on the two sides of structure, resulting in not only an obvious
surface cooling but also a passive mitigation of greenhouse effect in the enclosures.

Plasmonic surfaces can produce heat from NIR absorption while simultaneously sustain transparent in visible region.
Such surfaces typically consist of a collection of basic optical elements to support specified plasmon resonance, collective
display spectrum and tunable light absorption with spectral and directional selectivity [273]. These functional surfaces
provide novel strategies to design the energy-saving windows of building with optimized energy transport. The energy-
saving window composed of nanoarrays of multi-element gold and nickel plasmonic antennas on glass substrate increases
the glazing temperature to 8 ◦C upon solar radiation, while permits light transmission without any change of color [98].
Gold particle-chain solar radiator increases the glazing temperature of window by up to 9 ◦C, while maintaining high
visible transmittance [278]. These findings open up new ways to build smart window with transparent heating elements
powered by sunlight.

Surface icing or fogging has detrimental effects in wind turbines, airplanes and power lines. Current method relies
on mechanical or chemical removal. On-site electrical heating for anti-icing or frogging involves drawbacks ranging from
energy-intensive, high costs to technical interventions [279,280]. Recent efforts are dedicated to solar anti-icing/frosting
surfaces, which harvests sunlight and converts light energy into heat, thereby preventing ice formation [271,281,282].
Plasmonic surfaces concentrate sunlight into small volume, yielding significant temperature increase at the air/material
interface, where the condensate or icing is most likely to occur, preventing freezing or weakening ice adhesion. The
effectiveness of such surfaces is determined by the maximum temperature increase and the thermal response on surface
upon solar radiation [280]. These factors can be rationally balanced by engineering plasmonic structures to fast spread
the heat laterally over the interface while maintain the transparency of window. Even upon super-cooled conditions, this
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Fig. 25. Solar thermophotovoltaics. An intermediate plasmonic absorber harvests the incoming sunlight to heat up, and then generates thermal
emission tailored for the bandgap of solar cell.
Source: Reproduced with permission [18].

2021 Nature Publishing Group.

ransparent metasurface combined with hierarchical micro/nano textures can also effectively avoid frosting and water
ucleation [283].

.1.3. Solar thermophotovoltaic
Solar cells allow direct conversion of solar energy into electricity, serving a crucial role in energy field. The cell

erformance rely on their light-absorption ability, the effectiveness of charge-carrier accumulation and exciton dis-
ociation [284]. Traditional solar cells have an intrinsic Shockley–Queisser efficiency limit, which arises from thermal
elaxation and sub-bandgap photon losses [13,58]. Plasmonic materials can improve the cell performance via effective
ight trapping, energetic carrier generation and resonance energy transfer [32,33,258,285,286]. Such enhancement often
ealizes through cooperative interaction of plasmonic active components with semiconductor layers. Light scattering
xtends light traveling-pathway to enhance the absorption. Hot energetic carriers surmount the Schottky barrier at
etal–semiconductor interface and create more free electrons over the conduction band of semiconductor, leading to
igh absorbance across broad wavelengths [286]. The third enhancement comes from the resonance energy transfer
etween semiconductor and plasmonic component by dipole or multipolar coupling. The more detailed description of
hese mechanisms can be referred to the literatures [32–34].

A different way to reduce thermal loss is turning all electromagnetic energy into heat. Solar thermophotovoltaics
STPVs) are such devices to utilize locally radiated heat, in which an intermediate element absorbs the incident light,
eating up and then creates thermal emission tailored for the bandgap of solar cell (Fig. 25) to improve its efficiency
18,287,288]. The overall efficiency ηstpv is expressed as a product of the optical efficiency of concentrating sunlight η0,
he thermal efficiency of converting sunlight as heat to the emitter ηt , and the efficiency of generating electrical power
rom the thermal emission ηtpv [289,290]:

ηstpv = η0ηtηtpv (41)

To reach high efficiencies, STPV must overcome several challenges. First, plasmonic materials and structures must
have good thermal stability to support their functions upon high temperature. In this regard, refractory metals are good
candidates. Photonic crystals of titanium nitride are proposed to build an emitter structure that has shown to be stable up
to 1400 ◦C [124,287,291]. Second, an infrared thermal emitter must be complementary interfaced to an efficient absorber
in shorter wavelength range. This spectral selectivity with high or low absorption has to be rationally designed for a
specific system to maximize the cell efficiency. For instance, tungsten thermal emitters and metasurface absorbers have
been used as the intermediate structures. The absorber exhibits high absorption capability at visible-to-NIR range, while
the emitter greatly quenches upon long wavelengths to decrease the radiative loss, leading to an overall efficiency as high
as 18.5% [287].

An even more promising approach is to use near-field STPVs, in which the drastic enhancement of thermal radiation
between the emitter and cell can be achieved when the objects are brought to very close to each other [12,13]. This
is because the tiny gap is at an order of wavelength, the optical tunneling effect across the gap would give rise to an
evanescent near-field of thermal excitation that strongly improves the electromagnetic energy transfer. This resonant
energy tunneling overcomes the Stefan–Boltzmann law of several orders and thus can convert more heat to electricity
through the solar cells. There are growing numbers of theoretical analyses to the near-field STPVs with plasmon structures,
while the experimental validations are relative less [292–295].
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Overall, thermoplasmonic effect is valuable strategy to enhance the performance of solar cell. But several issues need
o be addressed before application [32,34]. First, noble metals are expensive and also require tailoring the material
orphology to achieve optimal plasmonic effect, limiting their practical application. Besides, the structure stability has not
een fully examined by careful investigation upon harsh environments or annealing processes. There are also limitations
n consideration of their stability on optical absorption, charge transport and photothermal properties. The last but not
he least, it is challenge to develop a universal mean to anchor plasmonic structures into solar cell for gaining a robust
erformance improvement.

.1.4. Solar desalination
Seawater occupies above 90% water on earth, and freshwater shortage is one of global challenges [296,297]. Desali-

ation is an important way for producing freshwater, and various techniques including multistage flash and reverse
smosis are developed to translate seawater into freshwater [298,299]. However, the current technologies need significant
nergy input and economic investment. Fortunately, many countries have access to rich solar radiation that spurs
ubstantial interest in developing solar desalination technologies. Tremendous interests in developing desalination
ystems have emerged in recent years, especially in solar-driven interfacial evaporation and solar membrane distillation
ystems [10,93,300,301]. These solar-enabled systems normally require three key steps for production of freshwater: (i)
olar absorber efficiently absorbs and converts solar radiation into thermal energy, (ii) use of the generated heat for steam
eneration, and (iii) condensation of the releasing vapor to freshwater. The evaporation efficiency is a key metric to judge
he ratio of stored thermal energy in vapor to solar flux

η =
ṁhfg

qsolarA
(42)

here ṁ denotes the evaporation rate, hfg is the latent heat of vaporization, A is the absorber area. Improving the
evaporation rate and efficiency is the goal of desalination research. The current-state-of-the-art efficiency has been
approaching to 94%.

Solar desalination requires the absorbers with high efficiency in converting solar photons into thermal energy.
Plasmonic materials gained significant attention as the plasmon resonance can concentrate solar energy within small
volumes. The confined electric energy is then dissipated as heat loss, driving the adjacent water to evaporate [302]. Vapor
generation was firstly studied in consideration of bubbles generation from single nanostructure [28,132,133]. Subsequent
researches focus on the synergistic effect of multi-particles with many built-in hotspots in attempt to realizing broadband
solar absorption [212,303]. However, the random-distributed individual structures in solutions have poor stability and low
photothermal efficiency since the collective synergy effect cannot sustain over such long distances between nanoparticles.

Another effective approach to improve the absorption is by particle coupling. This requires plasmonic structures
coupling close to each other and a size distribution with complex geometries, e.g. particle aggregates or assemblies in
porous structures. A bio-inspired surface has been fabricated as floating gold particle films at air/water interface [304,305].
The plasmonic heating locally concentrates at the water surface where the phase-change evaporation. This in-situ energy
utilization thus reduces the heat losses. Besides, the absorptivity above 90% were also achieved with the film-supported
gold, silver or aluminum nanomaterials in solar desalination [185,209,210,213,306–308]. Al particles randomly distributed
on the pores create a hybridized plasmon resonance to fully cover solar spectrum (Fig. 26), resulting in high evaporation
efficiency of 90% [209]. Plasmon-decorated natural woods are also reported for steam generation with high conversion
efficiencies [211]. These film absorbers are less expensive than the other counterparts or nanofluids. They also have
synergistic effect in collective heating and can float spontaneously on water surface [309].

Solar interfacial desalination requires further research and development at both the material and system levels.
Although plasmonic materials have distinct advantages but it is not always cheap. Easily accessible, efficient solar-thermal
materials must be developed for large-scale application [93,308]. Besides, previous efforts are mostly accomplished
under laboratory conditions with brine as water source. Rarely attention focuses on the materials and devices against
corrosion in real sea condition, which contains contaminants, such as oil and organic compounds, metal ions, and bacteria.
Therefore, more effort should be paid to address the corrosion and fouling issue. The active plasmonic elements thus
require surface engineering to reserve their stability in harsh environments [297]. From the system level, it is valuable to
combine desalination system with other industrial processes to synergistically drive the thermal cycles for more benefit
application [299].

4.1.5. Solar sterilization
Sterilization not only prevents airborne epidemics, but also plays an important role in control of water pathogens.

It is thus important for medical industries, food production, public and environmental health [310,311]. The viability of
bacteria will be reduced when experiencing a temperature above 45 ◦C, and thus the steam exposing is widely accepted for
sterilization. The performance of steam sterilization depends on both the steam temperature and the exposing duration.
In consideration of the heating temperature, the sterilization mechanism can be sorted as mechanical damage and thermal
denaturation [31]. Thermal denaturation works before approaching the critical temperature. In this situation, several ways
leading to protein denaturation that includes directly affecting ribosomes, or destroying the structure of enzymes, and
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Fig. 26. Solar interfacial desalination. (a) Experimental setup and (b) the plasmon-enhanced process.
Source: Reproduced with permission [209].
© 2016 Nature Publishing Group.

aking cells inactive. This thermal damage functions as the temperature is above a denaturation temperature TD. The
hermal denaturation duration τD upon a working temperature T is expressed as [31]

τD =
h
kB

exp(
∆H − T∆S

RgT
) (43)

hereas the thermo-mechanical damage is driven by shock wave or pressure wave from bubble emission or explosive
oiling process, destroying the cell structure and functional components, leading to bacteria damage.
Au nanoshells have been used as solar heater to produce water steam for efficient sterilization [29], which is

articularly interest to disinfect of surgical implants. To achieve broadband absorption, the nanofluid mixtures with
u nanorods and/or carbon blacks are developed for inactivation of bacteria and viruses, achieving a 5-, 1.3- and
.6-log inactivation of E. coli, MS2 and PR772, respectively [312]. Recent research focuses on using plasmonic films
or solar sterilization as the film is more efficient than nanofluid since it can confine solar energy at fluid/structure
nterface [313–315]. By dispersing light harvesting nanoparticles into transparent curable polymer, film-based reactors
ave been designed to show the scalability of solar water disinfection (Fig. 27) [316]. Moreover, a near-field radiative
eactor using heat concentrated strategy has been proposed to improve the thermal flux [317]. Such device features the
patial separation of sterilization surface from absorption surface, thus solving the pore blockage issues or the dirty over
ctive surface. In future, plasmonic sterilization combined with bubble technologies including nucleation or cavitation,
ay potentially further enhance the treatment [31]. This is due to that the small bubbles can enhance biological water

reatment, while spontaneously inactivate pathogens and mitigate biofouling. The induced mechanical, thermal and
hemical effects along cavitation are also beneficial to inactivate microorganisms.
COVID-19 pandemic is now threatening the world because the fast spreading of respiration droplets with viruses.

uperhydrophobic and thermoplasmonic coating on the respirators demonstrated better protection to people than the
urrent protection equipment in use [318–320]. The effective plasmonic heating improves the mask surface temperature
o 80 ◦C within one minute upon solar irradiation. The hydrophobic nature prohibits respiration droplets staying on the
ask surface. The deposited silver particles offer additional protection with ion disinfection to microbes [321]. These
ynergistic effects derived from the masks enable better personal protection and inspire people to build better protection
quipment for combating COVID-19 [31].

.2. Indirect solar-thermal chemistry

.2.1. Solar degradation
As growing industrialization and urbanization, organic pollutants pose a severe threat to our ecosystem. Photocatalytic

egradation is an environmentally friendly approach in environmental purification [322–324]. Numerous photocatalysts
ave been developed to promote solar photocatalytic degradation. Among which, metal/semiconductor plasmonic cat-
lysts stand out of the others as the most promising candidate [148,151]. In contrast to pristine semiconductors, the
ost advantage of plasmonic catalyst lies in its high visible-light absorption ability due to the SPR effect. Besides, the
33
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Fig. 27. Solar water sterilization.
Source: Reproduced with permis-
sion [316].
© 2019 American Chemical Soci-
ety.

plasmon-excited electrons injected into the conduction band of semiconductor can efficiently separate the photo-excited
carriers to enhance the photocatalytic activity [325]. This direct charge injection and plasmon-induced field enhancement
are considered as the key contributions to enhance activity.

Plasmon-hybrid catalysts are extensively studied for pollution remediation [326]. Au-embedded TiO2 nanofiber cat-
alysts are used for photodegradation of Rhodamine B and methylene blue. The effective charge separation across the
interface and the visible-light absorption at the resonance band are key factors for the improved performance [327].
Ghaly et al. developed a stable plasmonic Ag/AgCl-polyaniline catalyst to degrade methylene blue upon sunlight. The
catalyst exhibited high degradation activity owing to the high surface areas, strong visible-light harvesting ability, and
the synergistic effect from hetero-structure [328]. Moreover, Au particles with different sizes and morphologies loaded
onto Bi2O3/Bi2O2CO3 structures give rise to 4–11 times increase in catalytic activities for dye degradation. The size effect
on activity follows that of Au NRs (30 nm)>Au NRs (35 nm)>Au nanorods (20 nm)>Au nanospheres (30 nm). The
boosting activity is a result of the effective charge separation with more production of •OH radicals from the plasmonic
structures [329]. Therefore, the plasmon-catalytic effect is strongly defined by the plasmon structure size and morphology,
substrate material, morphology and crystallinity, as well as the interaction between plasmonic components and substrate.

Plasmonic particles have good photocatalytic activities, but their hot-electrons only can be excited in limited wave-
lengths. If these energetic carriers not working for charge transfer, this would yield a temperature increase of the particles.
Such effect can directly channel the heating to the active sites for exactly enhancing the catalytic reaction [330,331].
Plasmonic photocatalysis has been conducted under controlled illumination to distinguish the thermal or nonthermal
effect. Gold nanorods partially coated with silica show high activity in oxidative degradation of actual organic microp-
ollutants that including bisphenol A, and amoxicillin in water under either dark or light conditions (Fig. 28). It is found
that the direct electron transfer under dark (1), photothermal heating (2) and hot-electron transfer (3) all contributed to
the enhanced oxidation [332]. Furthermore, Pt/γ -Al2O3 has been tested for toluene decomposition upon solar radiation
due to the thermoplasmonic effect of Pt particles, which functions as both solar absorber and active reaction sites [333].
These works provide ideal platform for studying thermoplasmonic degradation, opening the door for solar remediation
of recalcitrant pollutants.

4.2.2. Solar chemical synthesis
Chemical reaction plays critical roles in our life. Thermoplasmonics confine heat closing to the thermodynamic provides

new opportunities in chemical synthesis [14,334]. The enhanced magnetic field, excited hot-electrons and concentrated
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Fig. 28. Solar degradation of phenol in water, and the mechanisms involved under (a) dark and (b) solar irradiation.
Source: Reproduced with permission [332].
© 2020 National Academy of Sciences.

local heating significantly promote chemical reactions near the structure surface [78,335,336]. The efficient energy transfer
between metal and surface adsorbates further triggers chemical transformations according to Arrhenius law [336,337].
Synergistic optimization of photo-electron-thermo-chemical contributions in plasmonic catalysis has great potential to
tune their selectivity and improve reaction rate, even under ambient conditions [7,338,339]. Therefore, thermoplasmonic
catalysis is an important complement to traditional catalysis for solar energy utilization [340,341].

Several works use plasmonic heating to enhance chemical reactions. The catalytic ethanol reforming is tested in a
icrofluidic reactor embedded with Au NPs [342]. Upon laser radiation over an ethanol–water mixture at the plasmon

requency, gas products of CO, CO2 and hydrogen are observed from the endothermic reactions driven by plasmonic
eating. The plasmonic Au-Pd and Cu7S4@Pd nanostructures are subsequently reported for Suzuki reactions [343,344].
he reaction yield upon solar radiation is two times higher than that of the thermal reaction at same temperature [343]. In
ddition, the thermoplasmonic catalysis over Au and Ag nanocrystals, Pd nanostructures and TiN cylindrical nanocavities
ave also been found to accelerate CO oxidation, hydrogenation of olefins and ethylene epoxidation, etc [345–348].
Improving the reaction selectivity and efficiency are main goals in solar chemistry [349,350]. But these two objects are

eciprocal competition. Recent attempts try to address this challenge by using SPR to control selectivity [38,141,350,351].
ian et al. showed that the SPR excitation satisfies the both targets for achieving simultaneous high yields and selectivity
f acrolein or propylene oxide. Fig. 29 shows the mechanisms of selective propylene oxidation. Hot electrons enhance
he oxygen activation and thus adapt the selective reaction pathway towards acrolein. While the nanoconfined SPR
ffect isolates the active region that effectively avoids overoxidation, and thus improving the selectivity of oxidation
roducts [141]. However, our understanding of the duel effects on selectivity and efficiency is still limited, particularly in
he nanoconfined reaction that involved with both hot carriers and plasmon heating [143,352]. Such situations featured
ith inhomogeneous fields with enhanced magnetic field, thermal and/or chemical gradient that may have total different
ffects on the reactions.

.2.3. Solar hydrogen
Using solar energy for sustainable hydrogen production is a promising technology in energy sector [353–355]. The

ynergistic design of photo-thermo-chemical catalytic process is critical important to improve the water splitting reaction.
y effective light absorption and energy confinement, plasmonic catalysts show great potential to improve the reaction
ia photocatalytic and/or photoelectrochemical catalysis [41,356–358]. Such enhancement mainly functions in three
athways, i.e., hot carrier, electromagnetic field enhancement, and plasmon heating effect [337,359–361]. As redox
eaction is the dominant reaction, the charge transfer inevitably involved in photocatalysis, and thus the charge separation
nd transportation of energetic carriers is critical important in driving the reaction [362,363]. Moreover, the redox reaction
s also influenced by the operation temperature following Nernst equation. The plasmonic heating effect must be carefully
onsidered in solar water splitting even it is not assumed as key role.
Solar water oxidation has been studied by use of Au/TiO2 catalysts [39,364–366]. It is found that the hot holes

concentrated near the hetero-junction interface play the key role for water oxidation. Density functional theory discloses
the promotion role of interfacial Ti–O–Au structure for oxygen evolution, further supporting the findings [364]. Au-TiO
2
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Fig. 29. Solar chemical synthesis. Both energetic electrons and local heating effects influence the chemical reaction of propylene over Au-Cu2O
atalysts.
ource: Reproduced with permission [141].
2021 AAAS.

anus catalysts have the confined plasmon near-fields near the hetero-interface that is beneficial for visible-light-driven
ydrogen generation [367]. The optical transitions of localized electronic states in TiO2 are strongly coupled to the near-
ields at interface, which enhances light absorption and promotes the electron–hole generation for the improved reaction.
n contrast to isolated plasmonic nanostructures, the collective excitations of embedded metallic particles and composite
aterials demonstrate as a more effective strategy to enhance solar water splitting [8,368,369]. The hydrogen evolution

rom Au-nanochain increases 3.5 times in comparison with that of conventional isolated particles owing to the highly
ntense electromagnetic field enabled by the coupled plasmonic structure [370]. Enhanced water splitting was further
erified by using gold nanoparticles/TiO2/Au-film structure as the photo-electrode because that enables strong modal
ouplings between the F–P modes of hybrid film and the LSPR of gold particles [8].
Thermoplasmonic water splitting is similar to that of thermal catalysis by external heating [337]. However, thermo-

hotocatalytic water splitting is still lack of consensus in evaluating the thermal contribution to the reaction [40,371–373].
i et al. firstly reported the hydrogen generation on TiSi2 and Pt/TiO2 catalysts under visible light, and found that the
pressure increase is essential to produce hydrogen effectively at 190 ◦C [374]. The core–shell nanostructures SiO2/Ag@TiO2
re also designed for seawater catalysis reactions due to their excellent photothermic properties. This solar-thermal
eactor is made from a quartz tube coupled with a parabolic trough concentrator for achieving high energy flux, as
llustrated in Fig. 30 [303]. The plasmonic heating arising from Ag particles creates a high-temperature thermal boundary
round the interfaces to trigger seawater catalysis as well as steam generation process. A field test proves the enhanced
erformance in dehydrogenation of oxygenates. The hydrogen generation rate reaches 13.3 mmol/h · gcat in seawater–
lycerol solution at 100 ◦C temperatures. This result offers the direct evidence of thermoplasmonic hydrogen generation
pon natural sunlight, which is promising for real seawater catalysis to produce both hydrogen and freshwater.

.2.4. Solar CO2 reduction
Converting carbon dioxide into high-value chemicals plays a key role in green transformation of chemical industry

o fight climate change [36,377,378]. Solar transformation of CO2 seems to be the most promising route to tackle
his issue, since the process not only stores renewable energy in hydrocarbon form but it also leads to reduced
O2 concentrations [322,377]. Since Halmann discovered the CO2 reduction into organic compounds [379], growing
nterest has evolved worldwide in solar-to-fuel conversion, but advances on this field are still in proof-of-concept stage
380–383]. The key challenges of such process lie in the light adsorption, CO2 molecule activation and the charge
eneration and transport towards reduction of CO2 into an hydrocarbon fuel. This requires the collaborative work
etween electrons and active reaction sites on substrates to promote the final C-H bond formation, while simultaneously
voiding diverse side products. Recent advances brought metallic nanostructures that supporting LSPR to the forefront
or enhancing the catalytic performance [37,384,385].

CO2 reductions have been probed over plasmonic silver catalyst at single-particle spatial resolution [386]. The photo-
enerated intermediate HOCO* resulted from the interactions between surface/adsorbate and photo-excited states plays
he key role for efficient production of solar fuels. Ultrafine Pt particles coated TiO2 crystals exhibit extremely high
hotoreduction efficiency of CO with selective formation of methane [387]. Such improvements are mainly attributed to
2
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Fig. 30. Solar hydrogen generation (a) solar intensity and temperature, (b) hydrogen production rate, and (c) the condensate (top) and chlorine
oncentration (bottom).
ource: Reproduced with permission [303].
2016 Royal Society of Chemistry.

he fast carrier transport in crystals and effective charge-separation enabled by Pt particles. Thermoplasmonic catalysis has
lso been conducted over plasmonic catalysts with Au and Rh promoter on SAB-15 [388]. The enhanced electromagnetic
ear-fields offer a strong capability to activate CH4 and CO2, leading to selective methane conversion. Besides, several

alloy particles including Au-Cu [383,389], and Cu-Ru have also been verified as catalysts for CO2 reduction. The Au and/or
Cu plasmonic elements are assumed for strong light absorption and efficient carrier generation, whereas the single-atom
Ru offers highly active sites for the reaction [38]. Moreover, the highly selective CO2 reduction also can be realized by
rational design of plasmonic hetero-structure photocatalysts e.g. metal/insulator/semiconductor configuration or polar
facet etc [390,391].

Compared with plasmonic catalysis, thermoplasmonic catalysis makes full spectrum use of sunlight by translating
photons into heat [392–394]. Great efforts have been paid on the heating effect to boost the conversion performance
[375,382,395,396]. The thermoplasmonic hydrogenation of CO2 has been studied over Pd@Nb2O5 nanorod catalysts. The
local temperature induced by high concentration of Pd nanoheaters reaches 470 ◦C, which is high enough to drive the
endothermic reaction. Small Pd nanocrystals result in 99.5% selectivity towards CO with a remarkable conversion rate
of 18.8 mol h−1g−1

Pd [396]. Inspired by the greenhouse effect, supra-photothermal catalysts consisting of nanoporous-
silica-encapsulated nickel nanocrystal (Ni@p-SiO2) are recently proposed to boost CO2 hydrogenation (Fig. 31) [375]. The
local temperature achieved by the core/shell structure far exceeds than that of nickel catalysts (Fig. 31b). The enhanced
performance mainly comes from the supra-photothermal effect at nickel core, which functions of infrared shell shielding
and thermal insulation to confine the energy [375]. It should be noticed that such high temperatures might influence the
optical response of nanostructure by affecting its absorption efficiency [397]. By rational design of catalyst structures, it
is possible to increase or decrease the light-to-heat conversion rate depending on the system temperature.

Photothermal conversion CO2 in plasmonic catalytic systems represents the convolution of multi-physical processes
at a variety of timescales [15,388]. The simultaneously presence of photochemical and thermochemical processes renders
thermoplasmonic conversion of solar energy a robust strategy for heterogeneous catalysis [393,398]. Initial efforts
showed the potential for converting CO2 and water into fuels using abundant solar energy [389,396]. Nevertheless, the
understanding of behind mechanistic is still limited, the selective control of product is poor and the efficiencies are
low [36,380,399].

4.2.5. Solar fertilizer
Fertilizer is critical to agriculture for increasing crop yield. Ammonia bringing nitrogen from air to soils and plants

is an essential precursor of fertilizers [400]. Ammonia is often industrial produced by thermochemical Haber-Bosch
process [401,402]. However, this process is not particularly efficient, consuming 1%–3% of the world’s energy annu-
ally [403]. The N–N bond activation often needs to be operated at high temperature and pressure. This operation decreases
equilibrium conversion and increases the capital costs, which stimulates researcher to consider alternative approaches for
N2 fixation. Solar thermo-catalytic conversion of atmospheric dinitrogen towards nitrogen products offers a sustainable
approach [400,404,405]. This technology mitigates the energy and carbon footprint for ammonia synthesis, reducing
37
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Fig. 31. Solar CO2 reduction (a) the nanoscale greenhouse effect. (b) Estimated local temperature and (c) CO2 conversion rate.
Source: Reproduced with permission [375].
© 2021 Nature Publishing Group.

transportation costs and integrating with existing infrastructure. But some challenges require to be overcome before real
application, which includes selecting effective photocatalysts and integrating the material system for solar fertilizer within
agricultural framework.

Owing to LSPR, metallic structures show great potential for enhancing the catalytic properties [153,406]. A sandwich-
like nanostructured (TiO2/Au/a-TiO2) electrode has been fabricated to promote nitrogen fixation. Surface oxygen vacancies
in outer amorphous layer (a-TiO2) enhance the nitrogen adsorption and activation, promoting nitrogen transformation
into ammonia by hot-electron transfer from plasmonic gold particles to semiconductor TiO2 [407]. To achieve efficient
light harvesting, Au and Ru particles are separately loaded on the two sides of Nb-doped SrTiO3 film as co-catalyst. Such
electrodes co-loaded with Au and Ru exhibited to be active for ammonia synthesis upon solar radiation [44]. The action
spectrum is consistent with the plasmon band of gold particles. The same parent electrode co-loaded with gold and Zr/ZrO
x has further been proposed for ammonia synthesis by plasmon-mediated charge separation [46]. In the both cases, the
plasmon resonance effect is considered as major contribution to the improved performance. In addition, integrating system
with photovoltaic cell is a feasible strategy to enhance the efficiency. A photoelectrochemical cell based on plasmon-
enhanced black silicon has been demonstrated for nitrogen transformation to ammonia with a high yield of 13.3 mg m−2

h−1 under two suns [45]. This high performance is ascribed to the strong light absorption and carrier generation, the
effective charge separation as well as the additional cocatalyst effect.

Ammonia synthesis reaction has a yield limit according to the equilibrium law. This is a result of the reaction balance
between nitrogen dissociation and ammonia decomposition upon high operation temperature [145,408]. To surmount the
thermal limit, a solar thermal avenue on K/Ru/TiO 2−xHx catalysts has been designed for ammonia synthesis (Fig. 32) [376].
The photothermal catalyst shows high absorbing ability to sunlight, resulting in a temperature increase to 360 ◦C due
38
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Fig. 32. (a) Solar ammonia synthesis. (b) Temperature profile around Ru cluster. (c) Ammonia generation rates with the catalysts of different size.
Source: Reproduced with permission [376].
© 2018 Elsevier.

to its effective heating effect. The decorated Ru catalyst activates nitrogen even at room temperature due to the hot-
electron donation from TiO2−xHx. Compared to thermal catalysis, this hetero-structure confines electromagnetic field
and heat flux around Ru cluster, which prominently reduces activation energy and enhances activity (Fig. 32 b and c).
Recently, thermoplasmonic catalysis built on Fe-nanonecklace hydrogenated titanium hybrid has been tested to improve
the performance with a dual-temperature-zone feature [145]. The apparent temperature of catalyst reaches 495 ◦C with
a temperature difference 137 ◦C across the hot (Fe) and cold zone (TiO 2−xHy). The hot zone supports hot electrons to
dissociates nitrogen efficiently, while the cold zone is responsible for successive hydrogenation of the spilled-over N from
Fe, which thus greatly reduces the reverse shift reaction to achieve high yields beyond the theoretical equilibrium limits.
These approaches pave promising scenarios for solar ammonia synthesis.

5. Summary and prospects

Metallic nanostructures can induce surface plasmon resonances that played as efficient nanosources of light, hot
electrons and heat. They offer many advantages and unique playground for solar-to-thermal and solar-to-chemical
conversions. This paper reviews recent advance in thermoplasmonics for solar energy applications. Light–matter reaction
is briefly revisited for exploring the band structures versus their optical responses. Plasmon resonance is discussed with
focus on basic modes of LSPR and SPP, as well as the coupling modes. Fundamentals of the plasmonic heating are
distinguished as the local and collective heating effects. Heat transfer schemes including conduction, convection and
radiation have been considered to detail how the dissipation energy leads to a local increase of temperature. The thermal-
induced processes are elaborated on the aspects of mass transport, phase transition and stress wave, chemical reactions,
refractive index variation and thermal emission. Plasmonic tuning strategies are then fully discussed in consideration of
self-tunable plasmon, plasmon-coupling and active plasmons. Self-tunable plasmons are realized by tuning the constituent
39
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aterial, size and shape of the component. The principles and structures of plasmon-couplings are additionally presented
y control over the interparticle distance, orientation of individual components, configurations and surrounding media.
ctive plasmons by controlling the incident angle or use of reconfigurable matter as the surrounding medium are also
onsidered to dynamic regulate the plasmon responses. Furthermore, various plasmonic structures and their couplings are
emonstrated to collect solar energy for diverse applications. Plasmon thin film structures including nanoporous arrays,
ggregated nanowire bundles, densely packed particles with random sizes and distributions are particularly highlighted
or use in solar collector and radiator, thermophotovoltaic, solar desalination and sterilization, degradation and catalysis,
olar fuels and fertilizers. Despite these exciting advances in thermoplasmonic science and engineering, many important
oints concerning the solar thermoplasmonics still need to be clear. Some suggestions are outlined below for further
evelopment of this field:
 Current works in thermoplasmonic design focus on thermal response of single structure e.g. nanosphere, nanostar,

ore–shell particle and nanowire. A fully understanding on the more complex geometries and structure assemblies is
equired for tuning the heating magnitude in the plasmonic nanostructures
 Macroscale thermal-induced processes such as mass transport, phase transition, chemical reactions or stress wave

re undoubtedly evidenced in some experiments, but the real temperature of the structure is still unknown. In this sense,
hermal imaging techniques relying on near-field and far-field methods may contribute to further insight.
 We should explore the influence of non-homogeneous effect of electronic structure and optical response over

nisotropy geometrics on the generation of energetic carriers, and to disclose the propagation of energy stored in charge
arriers over the multicomponent systems. These basic physics will tell us how the energy is created and transported over
he spatial and temporal domain.
 Plasmon resonance is closely correlated with the interparticle spacing that defines the local electromagnetic field and

he coupled plasmon frequencies. Precise control of the plasmon coupling offers delicate improvement on their optical and
hermal responses. However, challenges still exist in precise fabrication of the coupling structures, especially in accurate
ontrolling the distance between different components with respect to their specific orientation and positions.
 The flexible choice of stimuli and diverse structural ingredients endow the active plasmonics with high design

lexibility in the field-dependent assembly or disassembly of nanoparticles. Future research should focus more on the
evelopment of novel functional materials, facile and advanced stimuli approach for constructing more efficient active
tructures.
 Plasmonic structures are promising for solar energy application by the confinement and manipulation of light.

lasmon component is responsible for photon absorption and confining the energy near the surface. While the supplement
art serves for charge manipulation to control plasmon resonance and/or heat propagation. An appropriate modeling of
omplex interplays between photons, charge carriers and phonons is highly beneficial to specific applications.
 Plasmonic absorbers are beneficial to improve solar energy harvesting, and thus reducing the covering area of

olar power system. For high-temperature application, solar absorbers need to run upon high-temperature condition
ith long-term duration. This requires use of refractory materials such as molybdenum, nickel and titanium to construct
he plasmonic element and/or supporting substrate working at high temperatures. More opportunities may also exist
o improve the thermal performance by use of novel materials such as composite metals, polymers, aerogels and phase
hange materials.
 Thermoplasmonic catalysis is an attractive supplement to photocatalysis for solar energy conversion. SPR effectively

ransforms low-energy photons into energetic carriers and heat to drive the desired chemical reactions. The process
otentially realizes controlled reaction ways. But this design must find equilibrium between plasmonic and catalytic
roperties. Theoretical study of molecular behavior upon the excited plasmon states will be helpful to understand how
o reduce the energy barrier and break the rate-limiting step towards the selective catalytic reaction.

In sum, thermoplasmonics turn thermal losses into an asset, which not only creates a unique set of conditions
ith great significance from the viewpoint of fundamental research, but also provides a promising route to facilitate

ight-to-thermal or chemical transformations for effective utilization of solar energy. Solar thermoplasmonic concepts
nvolve many science fields including optics, solid physics, energy, material science, thermodynamics, and fluid dynamics,
hemistry, which offers a forum for different scientific disciplines to come together and learn about the different facets
f this sector. With the deepening of our understanding on thermoplasmonics, we believe that more and more unique
eatures and new applications will be discovered in near future.
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