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2030 and reach carbon neutrality by 
2060.[1,2] It is thus undoubtedly expected 
that this self-enforced commitment can 
accelerate the national energy transfor-
mation toward decarbonization, which 
exerts higher demands on the develop-
ment of alternative renewable energy 
sources and related technologies.[3,4] Solar 
energy, as one of the most inexhaustible 
and green sources, has attracted signifi-
cantly growing interest as it can be easily 
harvested and converted into heat, elec-
tricity, and chemical energy via photo-
thermal, photovoltaic, and photochemical 
processes, respectively.[5,6] However, solar 
photonic energy is so dispersed from 
the ultraviolet (UV) to deep infrared (IR) 
regimes that nearly no single material or 
structure can harvest all its portions. Thus, 
how to maximize the harvesting and con-
version of solar energy into other useful 
forms by rationally selecting materials and 

designing nanostructures as well as teaming them remains a 
daunting challenge.

In general, the utilization of solar energy involves various 
radiation-induced energy conversion processes, in which the 
light–matter interaction is strongly impacted by the photonic 
density of states (DOSs) in various materials. Notably, the 
DOS is termed as the number of “channels” for storing and/or 
routing the electromagnetic (EM) energy in a given medium.[7] 
Nanostructured materials with large DOS enable enhanced 
light trapping and thus they are preferred for solar technolo-
gies to improve the overall energy conversion efficiency. As 
one of the most promising candidates, plasmonic nanomate-
rials feature high DOSs due to their capability to focus light 
in the nanoscale.[8] For example, a noble-metal nanoparticle 
(NP) under specific illumination supports collective electronic 
resonance known as localized surface plasmon (LSP) reso-
nance, enabling both enhanced light absorption and scattering. 
Then, the NP undergoes a significant increase in temperature 
due to the intrinsic loss in material that converts the absorbed 
photonic energy into heat. Nonetheless, this phenomenon has 
long been considered as a side effect that should essentially 
be minimized in traditional plasmonic applications. Only in 
the recent two decades, this field termed as thermoplasmonics 
has sprung up that uses plasmonic nanostructures as nano-
sources of heat and can be remotely controlled by light,[9,10] 
opening up new avenues for innovative practical applications. 
For instance, the rapid heating and ignition of metal NPs have 
been achieved by using this light-induced thermoplasmonic 

The indispensable requirement for sustainable development of human society 
has forced almost all countries to seek highly efficient and cost-effective 
ways to harvest and convert solar energy. Though continuous progress has 
advanced, it remains a daunting challenge to achieve full-spectrum solar 
absorption and maximize the conversion efficiency of sunlight. Recently, 
thermoplasmonics has emerged as a promising solution, which involves 
several beneficial effects including enhanced light absorption and scattering, 
generation and relaxation of hot carriers, as well as localized/collective heating, 
offering tremendous opportunities for optimized energy conversion. Besides, 
all these functionalities can be tailored via elaborated designs of materials 
and nanostructures. Here, first the fundamental physics governing thermo-
plasmonics is presented and then the strategies for both material selection 
and nanostructured designs toward more efficient energy conversion are 
summarized. Based on this, recent progress in thermoplasmonic applications 
including solar evaporation, photothermal chemistry, and thermophotovoltaic 
is reviewed. Finally, the corresponding challenges and prospects are discussed.

1. Introduction

In the global fight against climate change, China has pledged 
to achieve peak of carbon dioxide (CO2) emissions before  
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effect.[11] Other areas include cancer hyperthermia therapy,[12,13] 
cell biology,[14] heat-assisted magnetic recording,[15] nanofab-
rication,[16,17] nanochemistry,[18] solar energy harvesting,[19,20] 
and many others.[21,22] In particular, when incorporated into 
solar technologies, plasmonics enables ultrabroadband strong 
absorption because it offers tremendous opportunities for size-, 
shape-, and coupling-driven spectral shaping and tuning of 
material absorption behavior;[23] moreover, the resultant heating 
effects open new paths for solar thermal utilization. Therefore, 
thermoplasmonics presents itself as a promising solution to 
enhancing the harvesting and conversion efficiency of solar 
energy and has been increasingly investigated in various appli-
cations such as evaporation, photothermal catalysis, and ther-
mophotovoltaics (TPV).

This review focuses on recent developments of thermoplas-
monics in the solar energy field. The fundamental physics gov-
erning the principle of thermoplasmonics is elaborated, and 
basic strategies of material and nanostructured designs are 
summarized to tune the spectral absorption and to enhance the 
photothermal conversion efficiency. Then, recent advances are 
reviewed for targeted applications including solar evaporation, 
photothermal chemistry, and TPV. Finally, prospects and chal-
lenges are also discussed in detail. The outline of this review 
is illustrated in Figure  1. This review offers a comprehensive 
understanding of thermoplasmonics, especially the role it 
plays in solar technologies, and provides some useful clues for  

material and nanostructured designs toward highly efficient 
energy conversion in the renewable world.

2. Fundamental Physics

2.1. The Excitation of Surface Plasmons

The underlying physical mechanisms behind thermoplas-
monics stem from both the excitation and damping of sur-
face plasmons (SPs), which correspond to charge-density 
oscillations at the surface of a conductive material driven by 
the incident photons.[24] Further, SPs feature as EM surface 
waves that can be generally classified into the following two 
categories: the propagating SPs known as surface plasmon 
polaritons (SPPs) and the localized SPs denoted as LSPs. 
SPPs propagate as longitudinal waves along the metal–dielec-
tric interfaces or thin metal films (Figure 2A). However, LSPs 
are localized standing waves in the vicinity of nanostructures 
with 3D spatial limitations such as NPs (Figure 2B).[25] Once 
getting excited upon illumination, both types of SPs confine 
the incident light into volumes much smaller than the dif-
fraction limit, thus inducing significantly enhanced intensity 
of local electric fields around the nanostructure.[10,26] In this 
way, the light energy gets concentrated around the plasmonic 
nanostructures.
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Figure 1. The schematic representing the guideline of this review on thermoplasmonics in solar energy utilization.
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2.2. The Damping of Surface Plasmons

Following the photoexcitation, LSPs on a metal NP undergo 
dephasing and decay at an ultrafast speed, through either radia-
tively reemitting photons or nonradiatively generating ener-
getic charge carriers via Landau damping (Figure 3).[27] Notably, 
Landau damping is a pure quantum mechanical process during 
which a plasmon quantum is transferred into a single elec-
tron–hole pair excitation on a timescale ranging from 1 to 100 
fs.[27,28] Owing to the strong energy confinement, these charge 
carriers from nonradiative LSPs decay have energies signifi-
cantly higher than those from direct photo- or thermo-excita-
tions, thus they are termed as “energetic” or “hot” carriers.[29,30] 
Three main steps are successively involved in the relaxation of 
these hot carriers on well-separated timescales:[10] 1) electron 
equilibration via electron–electron scattering within a few hun-
dred femtoseconds; 2) lattice thermalization that leads to the 
increase in the local temperature of NP via electron–lattice scat-
tering, occurring in a few picoseconds; and 3) lattice cooling 
through a much slower external heat diffusion to the environ-
ment via phonon–phonon scattering. The timescale of this final 
step ranges from 100 ps to 10 ns depending on the NP size as 

well as the thermophysical properties of both the material and 
the environment.[27] Noteworthy, collective heating effect may 
also occur if LSPs are strongly coupled in similar NPs existing 
adjacently (Figure 3), resulting in a uniformly distributed tem-
perature field.[31]

In summary, thermoplasmonics involves several beneficial 
effects originating from the excitation and damping of SPs in 
nanostructures, including the enhanced light absorption and 
scattering, generation and relaxation of hot carriers, as well 
as localized/collective heating. These effects differ in tem-
poral, spatial, and energy distributions, which can be flexibly 
tailored through delicate and careful selection of materials and 
nanostructured designs for specific purposes in a variety of 
applications.

2.3. Basic Mathematical Descriptions

To elucidate these processes, some basic mathematical descrip-
tions of thermoplasmonics are presented in this section, in 
terms of three aspects including optical response, heat genera-
tion, and heat transfer.

Adv. Mater. 2022, 2107351

Figure 2. Schematic illustration of the two types of SPs: A) SPPs excited on a metal–dielectric interface along with the charge and electric field distribu-
tions and B) LSPs excited on a plasmonic metal NP.

Figure 3. Fundamental physical processes involved in the damping of LSP at different timescales, following its excitation on a metal NP by laser pulse. 
In this figure, TC, TL, and T0 denote the temperature of free carriers, lattice, and ambient environment, respectively. Redrawn from literature studies.[26,27]
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2.3.1. Optical Response

Considering a spherical NP with a diameter d much smaller 
than the wavelength λ of incident light, i.e., d ≪ λ, the 
surface electrons can be uniformly polarized by the inci-
dent field, which turns the NP into an EM dipole. In this  
case, the LSP response of this NP can be considered in  
quasistatic approximation and expressed in terms of the 
polarizability α[32]
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where ε∞ represents the high-frequency dielectric constant, γ 
indicates the damping constant denoting the scattering of free 
carriers, and ωp represents the plasma frequency character-
izing the speed at which electrons with free carrier concentra-
tions ne, elementary charge e, and effective mass m* collectively 
response to the applied external electric field.

Equation (1) indicates that resonance occurs at the frequency 
ω when ε(ω) =  − 2ε0. This leads to both enhanced absorption 
and scattering, which correspond to sharp peaks in related 
spectra. The efficiency of these two processes can be, respec-
tively, described by the absorption and scattering cross-section 
as follows[35]
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where k = 2π/λ is the wavenumber. Their sum leads to the total 
light attenuation characterized by the extinction cross-section 
Cext = Cabs + Csca = kIm(α).

Notably, Equations  (1), (4), and (5) are valid only for spher-
ical NPs with relatively small sizes. For larger NPs, the dipolar 
approximation is no longer applicable because the size-
dependent retardation effects become notable, where more 
rigid models as Mie’s scattering model[35] are required. In 
case of more sophisticated geometries far away from spheres, 
numerical models such as finite element method (FEM),[36] 
finite-difference time-domain (FDTD),[37] etc., are required to 
solve the full EM field.

2.3.2. Heat Generation

The photonic energy absorbed by the NP can be simply calcu-
lated by using the absorption cross-section Cabs as follows

=abs absQ C I  (6)

where I is the incident light intensity. In the case of a plane 
wave, I  =  cε0|Einc|2/2, where |Einc| denotes the incident electric 
field amplitude. This absorbed energy inevitably dissipates into 
heat due to the Joule heating effect, thus it can also be calcu-
lated by integrating the heat power density q(r) inside the NP 
over its volume V, i.e., ∫∫∫= ( )dabsQ q Vrr , where q(r) reads
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where J(r) is the complex amplitude of the electronic current 
density in the NP. As J(r) = iωP and P = ε0ε(ω)E, the q(r) ends 
up with

ω ε ε( ) ( )=
2

2 0
2

q rr EE rr  (8)

Evidently, q(r) directly scales with |E(r)|2 as well as ε2. More-
over, these two factors are contradictory because a larger ε2 
often corresponds to a greater loss, which results in a less 
enhanced electric field, i.e., a smaller |E(r)|. This is an impor-
tant aspect to consider when selecting appropriate materials to 
design efficient plasmonic nanoheaters.

2.3.3. Heat Transfer

The LSP-mediated heat generation inside the NP inevitably 
results in the increase in temperatures of both the NP and its 
surroundings. Based on the general heat transfer equation, the 
transient temperature fields inside and outside the NP can be, 
respectively, expressed as[10,32]
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where κ and κs, respectively, denote the thermal conductivity of 
the plasmonic NPs and the surrounding media. Moreover, for a 
spherical NP with radius r, its temperature reaches a steady state 
after tens of nanoseconds. By relating Equations (6) and (9), the 
steady temperature rise inside the NP can be calculated by
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For the case where several adjacent NPs are illuminated 
simultaneously, the temperature rise of NP j is also caused by 
the contribution of neighboring NP i heating their surround-
ings, which can be given as[31,38]
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Noteworthy, the last term in Equation (12) may become dom-
inant even for a sparse distribution of NP, which gives rise to 
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the so-called collective photothermal effects. Compared to local-
ized heating around single NP leading to isolated hotspots, the 
collective heating effect features a strong overall temperature 
rise and a uniform temperature distribution.[21] This collective 
effect can be flexibly manipulated via controlling the NP size, 
the interparticle distance, the irradiation intensity, as well as the 
characteristic diameter of the illumination.

2.3.4. More Factors to Be Considered

Ultrashort Pulse Illumination: The photothermal responses of 
plasmonic materials highly depend on the irradiation regime, 
e.g., continuous-wave (CW) illumination and pulsed (nano-
second, picosecond, and femtosecond) lasers. The key lies in 
the comparative analysis carried out between timescales of the 
illumination duration τ and the electron–phonon energy relaxa-
tion time τe-ph (10−10–10−12 s). In cases of CW such as sunlight 
or nanosecond-pulsed lasers (τ ≫ τe-ph), the hot electrons have 
enough time to transfer their energy to the phonons, which aids 
in achieving an equilibrium state between them during illumi-
nation. The entire process is quasiequilibrium and thus the 
classical heat diffusion equation presented in Section  2.3.3 is  
valid. However, for the sub-picosecond and femtosecond-pulsed 
lasers (τ ≪ τe-ph), the electronic light absorption is completed 
before the electron–phonon scattering occurs. In other words, 
the electrons heat up, while the lattice temperature remains 
unchanged within this ultrashort pulse duration.[39] The elec-
tronic heat capacity is significantly less (1–2 orders of magni-
tude) than that of the phonons; therefore, it produces transient 
electron temperatures far beyond the lattice. The electronic 
temperature Te resulting from the internal thermalization of 
hot electron gas varies from 100 to 1000 K depending on the 
pump fluence and pulse duration. However, the lattice tem-
perature Tl increases more slowly to much lower values. This 
ultrafast dynamics in thermoplasmonics has been widely 
studied by time-resolved pump–probe spectroscopy and by 
using appropriate modeling.[40] In this context, the classical 
description presented in Section  2.3.3 is no longer valid and 
often the two-temperature model that distinguishes the tran-
sient temperatures of electrons and phonons is required due 
to their highly nonequilibrium distribution. Besides, this ultra-
short pulse may trigger a strong optical nonlinearity in plas-
monic NPs due to the nonthermal electronic distribution and 
multiphoton excitation, which in turn modifies the absorption 
property.[41] A complete description of this ultrafast optical non-
linearity in plasmonic systems has been recently developed, 
based on which a novel approach for ultrafast polarization con-
trol was proposed by taking advantage of the inhomogeneous 
spatiotemporal distribution of photogenerated hot carriers with 
a picosecond laser pulse.[42]

Nonlinear Thermo-Optical Effects: A direct result of thermo-
plasmonics is the temperature rise of the NP, which in turn 
affects its optical response including the absorption and scat-
tering efficiencies. Further, this nonlinear thermo-optical effect 
becomes prominent when high temperature or high-intensity 
illumination is involved. The main channel through which the 
temperature impacts the optical response is the damping factor 
γ in ε2(ω) (Equation  (2)).[43] Both the electron–electron and 

electron–phonon scattering rates increase with increasing tem-
peratures, thus translating into larger damping losses. Recent 
experimental measurements revealed that the relative increase 
of ε2(ω) for Ag at 600 K to its room-temperature value was 
about 500% at around its resonant wavelength.[44] This change 
finally resulted in the bleaching (intensity reduction) of the LSP 
band together with the broadening of the spectral envelope.[17] 
In this context, numerical modeling is often required where 
both the Maxwell and heat equations need to be self-consist-
ently solved with a temperature-dependent permittivity, relying 
on either experimentally measured data[45] or classical approxi-
mation such as the Drude–Lorentz model.[43] For instance, this 
nonlinear thermo-optical effect has been particularly treated 
and engineered to control the heat dissipation in plasmonic 
nanorods (NRs).[46]

3. Material Selection and Nanostructured Designs

The first step to achieve high-performance devices for solar-
driven applications is to design solar absorbers enabling both 
ultrabroadband light absorption and efficient energy conver-
sion. Nonetheless, the SP-enhanced light absorption exhibits 
narrow peaks at related resonant wavelengths, leading to rather 
limited absorbed energy due to the dispersed distribution of 
solar spectral energy (Figure 4A). This issue can be addressed 
by elaborating plasmonic material selection and nanostruc-
tured designs, attributed to the high tunability of SPs. Thus, 
this review mainly focuses on some basic strategies in terms of 
selecting appropriate plasmonic materials, tuning SP responses 
via single NP designs (size and shape), as well as exploiting 
coupling effects in NP assemblies with well-designed sub-
strates (Figure 4B–D).

3.1. Material Selection and Tunability

The optical response of a conductive material to the incident 
light depends on its complex polarizability or dielectric permit-
tivity.[24,35] The latter describes the material’s bulk properties, 
including contributions from transition between electronic 
bands, excitation of vibrational modes, and movement of free 
carriers.[35,47] The effect of ne on ε(ω) is quantitatively reflected 
by Equations  (2) and (3). Decrease in the value of ne results 
in smaller ωp, i.e., redshifts of the SP peaks to longer wave-
lengths (Figure  5). Carrier mobility and interband losses are 
the two other important factors that affect the optical proper-
ties of plasmonic materials. Lower carrier mobilities translate 
into higher material losses due to scattering effects of defects in 
solids;[48] however, interband losses occur when electrons jump 
to higher energy levels by absorbing incident photons, which 
corresponds to the dominant loss mechanism in materials at 
optical frequencies.[33] These two loss mechanisms together 
with losses from intraband transitions constitute the inherent 
material loss that can be well reflected by ε2.[49] Furthermore, 
Equations  (2) and (3) clearly illustrate that higher values of ne 
correspond to larger values of ε2, i.e., higher energy losses.

Figure  5A presents the basic optical properties for various 
plasmonic materials based on the following three important 

Adv. Mater. 2022, 2107351
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parameters: carrier concentration, carrier mobility, and inter-
band losses.[48] In order to excite SPs, the ne has to be high 
enough to provide a negative real part of dielectric permit-
tivity (ε2  <   0). Moreover, ε2 should also be small enough to 
ensure well pronounced SPs (ε1 ≫ ε2).[23] Although it seems 
that higher inherent material losses contribute to heat gen-
eration (Equation  (8)), it has been well demonstrated that the 
SP-induced heating capacity generally depends on 1/ε2.[50] 
Therefore, ideal thermoplasmonic materials for solar tech-
nology should have sufficiently high ne and mobility as well as 
relatively low losses, i.e., lying in the left end of the plot with 
resonant wavelengths ranging from UV to near-infrared (NIR) 
region (Figure  5A).[48] Unfortunately, nearly no such material 
exists. Herein, the merits and drawbacks of various plasmonic 
materials, including metals, metallic derivatives, heavily doped 
semiconductors, and 2D materials, together with the selection 
and tuning strategies for their utilization in solar-driven appli-
cations are summarized.

3.1.1. Metals

Noble metals such as gold (Au) and silver (Ag) are the two 
most commonly used metal materials in thermoplasmonics, 
due to their high ne and relatively small Ohmic losses fea-
turing pronounced SP responses within ranges from the 
visible to NIR region (Figure  5A).[51–53] However, they suffer 
from strong interband transitions that induce additional 
losses at optical frequencies, thus limiting the tunable flex-
ibility for robust SPs.[34] Besides, Ag tends to get oxidized 

or sulfurized rapidly under atmospheric conditions, which 
strongly degrades its plasmonic properties. Moreover, they are 
rare metals and thus expensive that hinders their large-scale 
industrial applications.

Copper (Cu) and aluminum (Al) are envisioned as promising 
alternatives to Au and Ag as they are earth-abundant and sig-
nificantly more cost-effective. Cu shows similar SP responses 
to Au (Figures 5A and 6) but suffers from chemical instability 
under atmospheric conditions.[54] By contrast, Al exhibits 
strong SPs in the UV range, and demonstrates the strongest 
near-field enhancement and the highest photothermal effi-
ciency.[9,50] Attributed to its high ωp, Al supports high-quality 
SPs throughout the UV–vis–IR regions.[55] Although Al also 
suffers from rapid oxidation, it tends to form a 3 nm thick layer 
of Al2O3 that acts as an effective passivation layer to prevent it 
from further denaturation. Notably, it has been demonstrated 
that this passive layer does not strongly affect the SP response 
of Al.[50] Owing to these merits, Al-based plasmonics has been 
increasingly studied for a wide variety of practical applica-
tions.[56–61] Nonetheless, one inherent limitation for Al crystals 
is the relatively broad linewidths of their SPs at visible frequen-
cies due to their large radiative losses resulting from interband 
transitions.[62,63]

Refractory metals including tungsten (W), tantalum (Ta), and 
molybdenum (Mo) have drawn substantial interest due to their 
high melting points (Figure  5C). Their capability to remain 
chemically stable at temperatures above 2000  °C makes them 
very attractive for high-temperature applications. However, 
these refractory metals exhibit SP resonances mostly in the 
NIR region with relatively high losses.[64]

Adv. Mater. 2022, 2107351

Figure 4. Basic strategies for material selection and nanostructured designs: A) solar spectral energy distribution; B) material selection for character-
istic LSPs and tuning via ne; C) tuning LSPs via single NP designs by varying sizes and shapes; and D) tuning LSPs by exploiting coupling effects in 
NP assemblies and substrate engineering.
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UV metals, a family of metals that support SPs in the UV 
range, including cobalt, chromium, nickel, palladium (Pd), 
platinum (Pt), titanium, and others have also been explored.[50] 
However, they are not really of practical interest in thermo-
plasmonics except for Pd and Pt whose catalytic properties are 
favorable for related nanochemistry applications. Moreover, 
alkali metals have attractive plasmonic properties; nonetheless 
they are out of consideration due to their extremely high chem-
ical reactivity.[34]

Except for high losses and poor chemical stability for most 
metals, other challenges when using metals in thermoplas-
monics are also encountered as well, including nanofabrication 
and surface roughness, both of which might induce additional 
losses.[65] Besides, the major drawback of metals is that their 
optical properties cannot be easily tuned via applied external 
electric, optical, or thermal fields, owing to their high ne.[34]

3.1.2. Metallic Derivatives

The losses associated with the abovementioned pure metals 
partly arise from their high ne. Thus, an overall approach to 
address this issue is to mix them with less conductive metals 
or nonmetals, giving rise to alloys, intermetallics, or metallic 
compounds (silicides, germanides, borides, carbides, nitrides, 
oxides, etc.).[48] This can be achieved by alloying/reacting two or 
more elements, thus related SP responses can be finely tuned 
by adjusting the proportion of each alloyed material/reactant.[65] 
For example, Au–Ag alloy NPs exhibit LSPs over a broad 
range of UV–vis spectra and present a distinct redshift with 
increasing Au fraction.[67] A general rule is that the optical prop-
erties become worse than the best of the metals being alloyed, 
and intermetallics with more atoms in a unit cell usually suffer 
from higher optical losses.[65]

Adv. Mater. 2022, 2107351

Figure 5. Material selection for thermoplasmonics in solar energy utilization. A) Optical properties of various materials based on carrier concentration, 
carrier mobility, and interband losses. Reproduced with permission.[48] Copyright 2011, AAAS. B) Doped semiconductors as candidates and related 
LSP frequencies depending on ne and doping constraints, redrawn from the reference.[66] C) The solar spectrum and related semiconductor NCs with 
tunable LSP-mediated absorption ranges. Reproduced with permission.[19] Copyright 2021, Elsevier. D) Refractory plasmonic materials. Reproduced 
with permission.[64] Copyright 2014, AAAS.
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As representative examples of metallic compounds, transition 
metal nitrides, in particular, titanium nitride (TiN) and zirco-
nium nitride (ZrN), have been considered as promising alterna-
tives to noble metals due to both their excellent refractory and 
plasmonic properties.[68] They possess outstanding thermal sta-
bility under temperatures above 2900 °C (Figure 5C).[64] Unlike 
refractory metals, they support SPs in the visible and longer 
wavelength regions and exhibit a good impedance match with 
air.[68] However, they exhibit higher inherent losses than noble 
metals, owing to their larger carrier relaxation rates and inter-
band transitions in optical ranges.[65] This renders them as poorer 
near-field enhancers than Au, but more efficient nanoheaters in 
some cases (Figure  6A,B). Notably, TiN has been increasingly 
explored for high-temperature plasmonic applications.[69–73]

3.1.3. Heavily Doped Semiconductor Crystals

Heavily doped semiconductor nanocrystals (NCs) have emerged 
as potential thermoplasmonic materials.[74,75] They possess dis-
tinct advantages over metals, e.g., the capability to tune SP 
responses via chemical doping, accessible SP frequencies span-
ning from visible to far-infrared (FIR) ranges, flexibility to post-
synthetically tune the SP characteristics, etc.[25,76–78]

In doped semiconductors, the free carriers can be either elec-
trons (n-type dopant) or holes (p-type dopant) depending on the 
oxidation state of the dopant relative to host ions. Heavy doping 
to high-enough concentration is necessary for both types of 
semiconductors to induce SPs within solar spectral ranges 
(Figure 5B,D). Metal chalcogenides, including Cu2−xS, Cu2−xSe, 
Cu2−xTe, Fe1−xS2, etc., are p-type doped semiconductors with 
a metal (cation) vacancy. By contrast, most metal oxides, e.g., 
In2O3, CdO, ZnO, MoO3−x, WO3−x, etc., are n-type materials 
doped with some equilibrium oxygen (anion) vacancy.[25,79,80] 
For instance, Cu chalcogenide binary semiconductor NCs fea-
ture SPs mainly within wavelengths of 800–2000  nm due to 
their relatively low ne of 1021 cm−3. However, further increase in 
ne was demonstrated in Fe1.0Cu1.0S1.8, extending SP responses 

to the visible range.[79] Furthermore, WO2.83 NC and MoO3−x 
nanosheets with tunable vacancies have also been constructed 
to enhance the light absorption mediated by SPs from visible to 
NIR ranges.[81] However, the doping level for many semiconduc-
tors is limited due to concerns about the solid solubility limit, 
the fraction of active dopants, and the doping compensation 
effects.[33,82] Challenges such as difficulties in controlling SPs 
of metal oxides via dopant-dependent phase transformation and 
ligand exchange, instability of metal chalcogenides under high 
temperature, or laser illumination also remain.[83]

3.1.4. 2D Materials

Atomically thin 2D materials are promising plasmonic mate-
rials with distinct advantages over their bulk counterparts from 
both scientific and technological perspectives.[84,85]

The 2D van der Waals (vdW) materials, including graphene,[86] 
transition-metal dichalcogenides,[87] black phosphorus,[88] and 
many other materials are among the most investigated types.[89,90] 
The high tunability, large doping concentration range, and exist-
ence of favorable depolarization factors allow better control over 
their SP responses.[85] Electrostatic gating or chemical doping tech-
niques have been widely adopted to increase their ne. For instance, 
2D MoS2 supports SPs in the FIR and terahertz regimes due to a 
low ne in the range of 1012–1014  cm−3. Through Li+ intercalation, 
ultradoped 2D MoS2 nanoflakes were synthesized, which shifted 
the SP resonance to the visible and near-UV ranges.[91] However, 
tuning SPs over such a broad range of wavelengths is very dif-
ficult for most 2D vdW materials. Even for graphene, known as 
a semimetal, its SPs can be electrically, chemically, or optically 
tuned mostly within ranges of THz–mid infrared (MIR), and into 
the NIR in some cases.[90] This leads to its rather limited usage 
in plasmonic solar-driven applications. Besides, the synthesis of 
large-area single-crystalline 2D vdW materials still remains a chal-
lenging task that also limits their practical applications.[23]

Another family of 2D layered materials showing significant 
research potential is MXene, i.e., 2D carbides and nitrides of 
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Figure 6. Thermoplasmonic properties for various materials: A) calculated Faraday number denoting the quantitative estimation of near-field enhance-
ment, and B) Joule number quantifying the ability of a plasmonic material to generate heat, plotted as a function of the resonance wavelength of 
ellipsoids made of various materials. Reproduced with permission.[50] Copyright 2015, ACS.
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transition metals, which are produced by selective etching of 
strongly bonded layered solids.[92,93] Interestingly, they often have 
high metallic conductivity (ne = ≈1022 cm−3) and possess chemi-
cally tunable plasmonic properties.[94] Their optical properties 
depend on the type and structure of the M and X sites as well 
as on the stoichiometry of surface terminations, thus providing 
the scope for high tunability.[95] Different MXenes support SPs 
spanning across the entire vis–NIR spectral region.[93] They also 
show strong absorption in the UV range owing to interband tran-
sitions. All these merits render them attractive in solar–thermal 
applications.[96,97] For instance, Ti3C2, as the most typical repre-
sentative of MXenes, has been well demonstrated to exhibit better 
solar absorption than carbon nanotubes (CNTs), yielding an 
internal photothermal conversion efficiency of ≈100%.[98] Bene-
fited from SP-induced strong light absorption and heating effects, 
2D MXenes act as promising 2D building blocks to efficiently 
harvest solar energy and utilize the translated thermal energy.[99]

3.2. Nanostructured Designs

Although the frequency of LSP is primarily controlled by the ne 
of the material, it can also be flexibly tuned by varying the size 
and shape of the nanostructures and exploiting the coupling 
effects of NP assemblies with substrates.

3.2.1. Size Effects

Change in the size of plasmonic NPs is the most straightfor-
ward approach to tune their LSP responses. In general, an 

increase in the NP size leads to the redshift and broadening of 
the resonant peaks (Figure 7A–D). This stems from the retar-
dation effects occurring in the EM interaction between distant 
charges that feature nonuniform oscillation states on larger 
NPs.[9] From the perspective of energy conversion, the total 
extinction energy increases with increasing NP sizes. However, 
the dominant role changes from the absorption for smaller NPs 
to the scattering for larger ones (Figure  7A,B), indicating the 
energy decay competing between the radiative and nonradia-
tive mechanisms. The broadening of resonant peaks originates 
from the strongly enhanced radiative damping in larger NPs, 
resulting in a reduced amount of energy that can be stored in 
the LSP. This in turn reduces the accessible maximum local 
electric field intensity.[100] In this sense, smaller NPs are more 
efficient absorbers than larger ones and may be more favorable 
for thermoplasmonic applications.[32] Figure 7E,F further illus-
trates the distribution of both energy and full width at half max-
imum (FWHM) for dipolar plasmons as a function of plasmon 
length, which is defined as the distance along which the oscil-
lation occurs. The plasmon energy stored in LSPs drops with 
the increase of this effective size parameter, regardless of the 
shape of NPs. Correspondingly, the LSP linewidth increases as 
a direct result of radiative damping.

3.2.2. Shape Effects

Apart from sizes, variation in the NP shape can also be 
exploited to tune its LSP responses, because the nanostructured 
shape provides the boundary conditions that strongly affect 
the light–matter interaction. This tunability roots in either the  
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Figure 7. Size-driven tunability for LSP responses. A,B) Variation of inherent damping mechanisms with NP sizes: (A) absorption-induced nonradia-
tive damping dominating smaller-sized NPs; (B) scattering-induced radiative damping dominating larger-sized NPs. Both are redrawn from the refer-
ence.[26] C,D) Absorption (C) cross-section and (D) efficiency of a single Au NP as a function of the NP radius and wavelength under illumination by 
a plane wave. Reproduced with permission.[32] Copyright 2019, ACS. E,F) Size-dependent dipolar plasmon (E) energy and (F) FWHM regardless of the 
NP shapes. Reproduced with permission.[101] Copyright 2012, ACS.
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deviation from dipole oscillation or the coupling between ele-
mentary plasmons in a single NP.

The most typical example is the NR obtained by elongating 
the spherical shape.[51] Two typical LSP modes, namely, trans-
versal and longitudinal, exist in NRs corresponding to the elec-
tron oscillations polarized along the long axis and the radial 
direction, respectively. By increasing its aspect ratio (AR), i.e., the 
ratio of length to diameter, the LSP frequency of the longitudinal 
mode redshifts from the visible to NIR region (Figure 8A–C).[32]  
Besides, shape-directed manipulation of heating effects can also 
be achieved. Compared to spheres with equal volume, NRs are 
more efficient nanoheaters (Figure  8D), owing to their larger 
surface area-to-volume ratio, thus enabling more surface elec-
trons to participate in resonance.[102] The NR with AR of 3 yields 
a maximal heat power density about a 4 times increase over that 
of the same-sized sphere (Figure 8D).[102] Based on this perspec-
tive, Au NRs are among the best plasmonic absorbers and the 
most efficient photothermal converters.

On the other hand, manipulation of the NP shape can lead to 
strong intraparticle coupling that distinctively alters the absorp-
tion property.[103] Core–shell structure and nanomatryoshka are 
typical examples. The former often consists of a dielectric core 
and a metallic shell or vice versa; however, the latter is referred 
to as a four-layer concentric NP consisting of alternating dielec-
tric and metallic layers. The resultant LSP responses of these 
NPs can be understood as the coupling/hybridization of ele-
mentary plasmons supported by nanostructures with elemen-
tary geometries.[105] Figure 9A illustrates that the LSP responses 
of nanoshells can be attributed to the coupling phenomenon 
between the essentially fixed-frequency plasmon response of a 
spherical core and that of a nanocavity, both of which are highly 

geometry-dependent. For the four-layer nanomatryoshka made 
of silica (SiO2) and Au, the thickness of the dielectric spacer 
layer determines the coupling strength between plasmons of 
the inner and outer nanoshell, which finally controls the energy 
distribution of the hybridized plasmons (Figure  9B,D). This 
physical image of plasmon hybridization guides general prin-
ciples to design complex nanostructures with arbitrary shapes.

Other strategies that exploit this intraparticle coupling 
effect to shift, split, and broaden the LSP peaks include the 
generation of protrusions or indentations on NP surfaces 
(nanostars,[106] nanoflowers,[107] concaves,[108] cubes,[59] nanoan-
tennas,[109] etc.), reduction in symmetry of the nanostructure 
(highly anisotropic shapes),[110] construction of hollow structure 
(hollow shells,[111] rings,[112] cups,[113] nanocages,[114] etc.), and 
others. For nanostars and similar geometries, intraparticle cou-
pling effects are induced between these sharp tips as well as 
between the tip and the core modes. This makes their absorp-
tion very sensitive to their spike length, ls. A distinct redshift 
of the absorption peak occurs from wavelengths of about 600–
1000  nm when increasing the spike length from 10 to 40  nm 
(Figure  8E).[32] Moreover, these sharp protrusions often result 
in the generation of hotspots with the highest local electric field 
intensity, known as the “lightning rod effect,”[8,24,36] and have 
been demonstrated to lead to intense photothermal conver-
sions.[109] Breaking and reducing symmetry as well as creating 
hollow structures can effectively broaden the LSP peaks. NPs 
with higher symmetry, such as spheres, cubes, and triangular 
plates, exhibit higher and sharper absorption peaks.[103] Simi-
larly, for a given size of NP, the plasmon energy changes with 
the variation in shapes in the following order: triangles ≈ cubes 
< decahedra < icosahedra < octahedral, following the general 
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Figure 8. Shape-driven tunability for LSP responses. A–C) LSP responses of Au NRs with various ARs: (A) Comparison of Cabs for Au NRs with AR 
being 3 and 5; contour maps for absorption (B) cross-section and (C) efficiency as a function of AR and incident wavelength for the longitudinal mode. 
Reproduced with permission.[32] Copyright 2019, ACS. D) Calculated spectra of heating power and the corresponding contours of resonant heat power 
density for four same-sized Au NPs with various ARs. Reproduced with permission.[102] Copyright 2009, AIP. E) Absorption spectra of Au nanostars 
with increasing spike length ls. Reproduced with permission.[32] Copyright 2019, ACS. F–I) Scattering spectra and geometry of a single nanoshell with 
various asymmetries: (F) experimental results from polarization-dependent dark-field microspectroscopy; (G) Environmental scanning electron micros-
copy (ESEM) images; (H) numerical results via FEM simulations; and (I) the corresponding simulated geometries. Reproduced with permission.[104] 
Copyright 2009, ACS.
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trend expected for highly anisotropic to sphere-like NPs.[101] 
More direct observation for the effects of reduced symmetry for 
nanostructures on their LSP responses is shown in Figure 8F–I.  
By controlled reshaping of an individual Au nanoshell, the 
transformation of its plasmonic properties, in particular, the 
splitting of plasmon modes and the onset of electroinductive 
plasmons are displayed.[104]

Numerical studies on the heating effects indicate that small, 
flat, elongated, or sharp NPs appear to be much more efficient 
heaters than massive nanostructures.[102] This result is attrib-
uted to the fact that the incident photons can penetrate more 
easily into the thinner and smaller NPs to allow more plas-
monic metals to get involved in heating.

3.2.3. Coupling Effects

Furthermore, LSP responses can also be flexibly tailored via 
manipulating coupling effects not only from adjacent NPs, but 
also from interactions with the supporting substrates or other 
surrounding media.

Interparticle coupling effects can be exploited to broaden 
and enhance light absorption via careful arrangement of the 
NP assemblies. Dimers, for example, i.e., two adjacent NPs 
separated by a nanogap, allow for the generation of strongly 
enhanced localized electric field in the gap and also remark-
able photothermal effects, resulting from the effective coupling 
of SPs excited on each NP (Figure  10A).[115,116] Similar assem-
blies include hexamers,[117] heptamers,[118] nanoarrays,[14] nano-
chains,[119] vesicular/clustered gold vesicle (GV),[120] etc. Notably, 
the optical and thermal responses of this type of NP assemblies 
are highly sensitive to the number of NPs involved, the gap dis-
tance, and the direction of the incident light, together with the 
size and shape of each NP. This provides great flexibility to tune 
the LSPs coupling, thus achieving the most desired responses. 
For instance, Au NPs hierarchically assembled into vesicle 
architectures wrapped with a vesicular membrane allow the 
LSP peaks to extend to NIR region and yield a very high pho-
tothermal conversion efficiency due to ultrastrong plasmonic 

coupling between adjacent Au NPs (Figure 10B–D).[120] In this 
design, both the parameters of NP assemblies and the hollow 
interior play important roles in the enhanced absorption and 
photothermal conversion. Furthermore, it has also been dem-
onstrated that plasmonic NPs organized into ordered arrays 
with spacing comparable to the light wavelength can produce 
even greater field enhancement and higher-quality resonance 
by exploiting short- and long-range interactions, compared to 
that of random NP clusters.[121,122]

A supporting substrate for plasmonic nanostructures may 
also distinctively alter their LSP responses by promoting the 
coupling and hybridization of plasmon modes,[123,126,127] and/or 
trapping photons via multiple scattering.[128,129] In general, for a 
NP deposited on a substrate, the substrate breaks and reduces 
the symmetry of the photon scattering and thus leads to the 
shifting, broadening, and splitting of the original LSP peaks of 
the NP.[123] For a plasmonic NP placed adjacent to substrates 
with various geometries, the coupling strength of SPs between 
them depends on the permittivity of the substrate. The metallic 
substrates often induce strong coupling effects; however, the 
dielectrics lead to weaker interactions where the LSP of the NP 
couples only to its image of surface charges. Moreover, the con-
tact surface area between the NP and the substrate is also sig-
nificantly important as it affects the hybridized state of plasmon 
modes, with larger hybridization induced by a larger contact 
area (Figure  10E–G). In case of a nanocube, a nearby dielec-
tric mediates an interaction between bright dipolar and dark 
quadrupolar modes, resulting in the generation of bonding and 
antibonding hybridized modes.[123] On the other hand, well-
designed substrates as porous or hierarchical structures can 
trap photons via promoting multiple scattering, thus further 
enhancing the light absorption.[128,129]

In case of the heating effects, both localized and uniform 
temperature distribution can be achieved by controlling the 
total number of NPs, their relative distances, and the illumina-
tion conditions. The substrates/surroundings also significantly 
affect the final temperature distribution of plasmonic NPs, as 
they control how fast the LSP-induced heat can transfer and 
how far it can penetrate externally.[125,130] A general trend is 
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Figure 9. Exploration of intraparticle coupling to tune LSP responses of nanostructures: A) an energy-level diagram describing the plasmon hybridiza-
tion in metal nanoshells resulting from plasmon coupling between the spherical core and the cavity, B,D) experimental (blue) and calculated (red) 
extinction spectra for elementary nanostructures of the nanomatryoshka for the cases of (B) strong coupling and (D) uncoupled plasmons, and  
C) scanning electron microscopy (SEM) images of the four-layer concentric nanoshell. Reproduced with permission.[105] Copyright 2019, AAAS.
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that the higher the thermal conductivity of surroundings, the 
lower the transient temperature of the plasmonic nanostruc-
ture (Figure 10I). In this way, both the localized and collective 
heating effects can be completely utilized for the desired pur-
poses by designing NP assemblies and/or thermal manage-
ment realized via substrate engineering.

3.3. Combined Designs and Plasmonic Metamaterials

In real applications, a hybrid design that freely combines the 
abovementioned basic strategies is often adopted to achieve 
more desired performances. Irrespective of the way the mate-
rials and nanostructures are engineered, the ultimate objec-
tive is to achieve mutual coupling and overlapping of more 
resonant modes, and thus to both enhance and broaden the 
absorption performance. For instance, it has almost become 
a universal strategy to use plasmonic NPs with hybrid mate-
rial designs,[131,132] wide-distributed sizes,[133,134] and/or various 
shapes[135] to achieve ultrabroadband absorption. These NPs sup-
porting LSPs at selected wavelengths can be either suspended 
in solutions[136,137] or assembled on supporting substrates,[138,139] 
enabling ultrabroadband solar absorption and highly efficient 
photothermal conversion for targeted applications.

Another typical example is metamaterials, i.e., artificially struc-
tured materials with unit cells much smaller than the light wave-
length of interest, which are termed meta-atoms.[140] These meta-

materials enable significant flexibility in manipulating EM waves, 
producing new functionalities transcending those of natural mate-
rials.[48] However, plasmonic metamaterials offer higher flexibility 
by exploiting the highly tunable SPs. With respect to the utiliza-
tion of solar energy, plasmonic metamaterials can be elaborately 
crafted to enable near-perfect broadband solar absorption[141–143] as 
well as spectrally selective thermal emission[144–148] favored.

Fundamentally, realization of an efficient solar absorber 
should simultaneously meet the demands of effectively 
absorbing light and then confining its energy inside the mate-
rial. For any opaque material, maximization of its absorption 
requires elimination of the reflectance as much as possible. 
The reflection can be minimized by achieving the “imped-
ance matching” with the free space,[149,150] which can be accom-
plished via making lattices,[151] gratings,[152,153] cavities,[72,154–156] 
or other nanostructures[157,158] to trap the air inside. In this way, 
the effective impedance of nanomaterials such as metals and 
semiconductors can be significantly reduced. However, for 
planar multilayered metamaterials, an antireflection layer is 
often required to reduce the reflection.[159] On the other hand, 
resonant excitations such as SPs enable strong confinement of 
the incident light energy inside or around the nanostructures. 
Plasmonic metamaterial absorbers based on NPs assembled 
on/in porous substrates, cermet-based multilayers, metal–insu-
lator–metal (MIM) structures, and other similar structures are 
all typical examples, which are further discussed in detail in the 
following sections.
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Figure 10. Coupling-driven tunability of LSPs and related heating effects. A) Coupling between Au dimer: a,b) temperature distribution as a function of 
light wavelength and gap distance; c) sketch of the dimer; d) electric near-field intensity; and e) the corresponding temperature field. Reproduced with 
permission.[115] Copyright 2010, ACS. B–D) Interparticle coupling effects of Au clusters: (B) measured absorptance spectra and SEM images of GV; (C) 
temperature rise; and (D) photothermal conversion efficiency. Reproduced with permission.[120] Copyright 2013, Wiley. E–G) Coupling of an Ag cube 
with substrates: (E) normalized scattering spectra of Ag cube in vacuum (black) and on a glass substrate (red); (F) the corresponding electric field 
amplitude at two scattering peaks in (E); (G) schematic illustration of the substrate-mediated energy level interaction. Reproduced with permission.[123] 
Copyright 2011, ACS. H) Calculated temperature profiles of Ag NP arrays arranged in a square lattice with various lateral distances. Reproduced with 
permission.[124] Copyright 2020, ACS. I) Effects of surrounding media on the LSP-induced temperature distribution of the ten-particle chain. Reproduced 
with permission.[125] Copyright 2010, APS.
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Following the light absorption, the photothermal conversion 
in plasmonic absorbers can be tailored via nanostructure-medi-
ated thermal management. For example, a broadband perfect 
plasmonic absorber based on a trench-like thin metallic struc-
ture demonstrated superior photothermal performance, where 
the heat was effectively conducted through the continuous metal 
film, while barely dissipated via radiation in the MIR regime.[160]

4. Nanothermometry

The capability to measure local temperature changes in nano-
materials is critical for understanding the basic properties of 
thermoplasmonics. This calls for nanothermometry with suffi-
ciently high spatial, temporal, and thermal resolutions.

Till date, substantial advances have been made to develop 
such a capability, and the reported techniques fall into the fol-
lowing three categories: contact techniques mainly based on 
scanning microscopy or microthermocouple technique (e.g., 
scanning thermal microscopy (SThM), etc.), noncontact optical 
techniques (e.g., IR thermography, Raman spectroscopy, ther-
moreflectance, interferometry, etc.), and semicontact techniques 
based on various luminescent NPs (e.g., organic dyes, pro-
teins, quantum dots, nanodiamonds, and lanthanide-ion-doped 
NPs).[161] Each technique has not only its own unique strengths, 
but also distinct weaknesses. For example, SThM provides high 
spatial resolution (≈10 nm) and high sensitivity (≈10 mK);[162,163] 
nonetheless, it is often invasive and enables temperature detec-
tion only on the surface. Besides, it requires slow scanning to 
produce a thermal image and needs complicated equipment 
as well as rigid measuring conditions such as high vacuum, 
making it difficult for utilization in practical applications. By 
contrast, noncontact optical methods can be remotely used 
and often allow for the extraction of thermal information from 
not only the surface, but also inside the sample. This is par-
ticularly important for systems in biomedical, chemical catal-
ysis, and other applications where nanoheaters are immersed 
in aqueous solutions. They often depend on the temperature-
induced changes in the inherent properties of the materials or 
surroundings including the refractive index, density, viscosity, 
phase transitions, etc. However, they suffer from diffraction-
limited spatial resolution, for which IR microscopy is within 
a few micrometers (Figure  11). Although it is possible to use 
UV light to increase the spatial resolution to ≈100 nm, further 
overcoming the diffraction limit requires other radically dif-
ferent approaches. For instance, by operating in the near field, 
the scanning near-field optical microscopy enables to achieve a 
spatial resolution down to ≈10 nm, determined by the tip size, 
through probing the thermally driven fluctuating EM evanes-
cent fields.[164] For the last category, the luminescent-NP-based 
nanothermometry depends on the characteristic response to 
temperature, originating from their molecular-, atomic-, and 
even electronic-scale dynamics, which are phenomenologically 
measurable via various optical indicators, e.g., peak position, 
emission intensity, polarization anisotropy, lifetime, electron 
spin resonance, and optically detected magnetic resonance.[165] 
These techniques also enable remote sensing but require that 
the nanomaterial must be located in the illuminated area. 
Besides, their spatial resolution is also determined by the  

wavelengths of the light applied, just the same as the noncon-
tact optical methods, and thus is also diffraction-limited due to 
the far-field detection in most cases. Therefore, apparently, all 
these techniques have their own features relying on the meas-
uring principles and should be carefully selected for a specific 
application. One can find more detailed guidance by referring 
to several special reviews.[161,165–167]

The field of nanothermometry is still nascent, but rapidly 
evolving. A recent trend involves the development of tech-
niques that enable high-temperature measurements as well 
as ultrahigh temporal resolution. Both are critical to under-
standing the nonlinear thermo-optical properties and ultrafast 
thermal dynamics in thermoplasmonics, and also indispensable 
to studying related dynamics such as the fast spatiotemporal  
distributions of heat generation and dissipation involved in 
practical biological, chemical, and physical applications. Lantha-
nide-doped inorganic nanomaterials, e.g., Yb3+–Tm3+-codoped  
YVO4,[168] Yb3+–Nd3+-codoped La2O3,[169] etc., have shown sig-
nificant potential to enable high-temperature measurements 
at temperatures above 1000 K, due to their weak thermal 
quenching effects at elevated temperatures. The use of time-
domain thermoreflectance along with optical thermoreflectance 
imaging technique has recently managed to study the optical 
and thermal dynamics of plasmonic nanostructures with a spati-
otemporal resolution in the nanometer–nanosecond regime.[170] 
Currently, some techniques have been applied in real-life situa-
tions; nonetheless their use is not extensive yet. Undeniably, a 
lot more systematic explorations are still demanded to carefully 
test these techniques under diverse conditions to guarantee 
their robustness and to facilitate them toward standardization.

5. Solar-Driven Thermoplasmonic Applications

As mentioned in Section 3, by finely tailoring their thermoplas-
monic responses, it is possible to design nanostructures capable 
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Figure 11. Typical thermal resolution versus spatial resolution for various 
thermometry techniques with sub-micrometric resolution. Reproduced 
with permission.[161] Copyright 2018, Elsevier.
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of interacting with the entire solar spectrum and beyond, thus 
deriving versatile and optimized solar energy applications.[171] 
Herein, the recent progress of solar-driven applications 
including solar evaporation, photothermal catalysis, and solar 
thermophotovoltaic (STPV) systems, where thermoplasmonics 
plays a critical role, are mainly focused upon.

5.1. Plasmon-Enhanced Solar Evaporation

Solar evaporation provides a promising platform for diverse 
applications such as seawater desalination,[157,172,173] distilla-
tion,[174] power generation,[157] wastewater treatment,[175,176] etc., 
to address the serious global challenges of water scarcity and 
energy production.[177,178] Till date, various integrated solar 
evaporation systems have been developed, in which solar irra-
diation can be efficiently absorbed and converted into heat, 
which is then utilized to generate steam. Tremendous research 
efforts have been devoted to exploring materials and nanostruc-
tured designs to obtain efficient solar absorbers. Two types of 
materials are commonly adopted: carbon-based and plasmonic 
materials. The former include carbon black,[179] graphite,[180] 
graphene oxides,[181] and many others[20] that enable broadband 
strong absorption attributed to their π–electron interband tran-
sitions and inherent black color. By contrast, plasmonic nano-
structures have attracted tremendously growing attention due 
to their highly controllable performance.

In general, these plasmonic absorbers can be arranged into 
two systems, namely, volumetric (Figure  12A,B) and interfa-
cial (Figure 12C) types. A volumetric system is often based on 
nanofluids, a type of colloidal suspension with plasmonic NPs 
stably dispersed inside water followed by its in situ heating. 
In this system, the design of single plasmonic NP is critical to 
enable broadband absorption. However, this approach inevi-
tably results in bulk heating that leads to the increase in the 
heat loss and decrease in the solar-to-vapor conversion effi-
ciency. In this context, an interfacial system stands out as it 
avoids bulk heating by localizing both the heat and evaporation 
at the water–air interface. It often involves large quantities of 
plasmonic NPs assembled on/in a variety of substrates that 

assist the improvement of both solar absorption and thermal 
management. Herein, recent advances in plasmonic absorbers 
are presented in terms of single NP designs as well as NP 
assemblies with substrates, and the related major challenges 
for future developments are summarized.

5.1.1. Single Nanoparticle Designs

For single plasmonic NP design, strategies including utiliza-
tion of hybrid materials and/or elaboration of nanostructures 
are commonly adopted. For instance, nanofluids based on Au@
SiO2 core–shell NPs exhibited a higher efficiency than those 
based on carbon particles, due to the LSP-enhanced photo-
thermal conversion. By further breaking the structural sym-
metry, the Janus NPs exhibited full-spectrum absorption due 
to the effective SP coupling among elementary geometries.[182] 
Besides, hollow mesoporous plasmonic nanoshells (HMPNs) of 
Ag/Au bimetallic system were systematically explored to yield a 
higher vapor generation rate than their solid-core counterparts 
(Figure 13A), due to the enhanced intracoupling effects, mini-
mized scattering, and improved vapor dynamics.[183] Moreover, 
2D MXene such as Ti3C2Tx was also recently explored to synthe-
size hyperstable nanofluids.[98,184] The thin-layered Ti3C2Tx NPs 
exhibited better photothermal performance than their multilay-
ered counterparts due to both the SP coupling between flakes 
separated by tiny distance and the tip effect of its hexagonal 
shape.[184]

In case of nanofluids, the broadband solar absorption was 
achieved by blending a mixture of NPs with different SP reso-
nances across the solar spectrum, such as blending of Au NPs 
with different NP sizes[133] or shapes,[135] and different material 
composites including Au/TiN,[71] Au/Ag,[185] etc.

Localized heating effects mediated by LSP can also be utilized 
to improve the energy conversion efficiency in plasmonic nano-
fluids. Although explanations regarding the underlying mecha-
nisms for plasmonic-NP-mediated vapor generation have been 
debated over the past few years, this kind of volumetric absorbers 
can work in either a nonequilibrium or equilibrium manner 
relying on the degree to which the heat can be localized.[187]  
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Figure 12. The schematic illustration for different evaporation systems: A) classical nanofluid based on plasmonic NPs; B) bubble-flow-driven nano-
fluid to enhance absorption, while reducing the usage of NPs; and C) interfacial evaporation based on plasmonic NP assemblies deposited on porous 
substrates.
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For the former, the suspended plasmonic NPs enabled the 
confinement of heat in the space very near the particle–liquid 
interface in a nonequilibrium manner. In this case, the NP 
gets heated up to a temperature sufficient to nucleate a vapor 
bubble locally, while the surrounding bulk water remains cold. 
For instance, the SiO2 shell of the plasmonic Au@SiO2 core–
shell NPs can help to localize the heat and yield a significantly 
higher photothermal conversion efficiency than that of carbon 
particles, due to less heating of the bulk liquid.[188] Further-
more, microscopic mechanisms have also been explored.[188,189] 
For the latter, NPs rapidly reach thermal equilibrium with 
the surrounding water, and the vapor is generated as a direct 
result of the increase in the bulk temperature.[187] Experimental 
results indicated that the LSP excitation of a single Au nanow-
rench could result in the superheating of water to about 600 K 
before bubble formation,[190] which distinctively differed from 
the colloidal Au NP solution where collective heating effects 
dominated and led to the boiling of the solution exactly at the 
boiling point. Noteworthy, several factors should be carefully 
determined to achieve these two distinct heating conditions 
including the absorption and scattering properties of the NPs, 
the NP concentration, the incident light power intensity, and 
others (Figure 13B,C).

Next, the change of surroundings can also distinctively alter 
the overall photothermal performance of these volumetric 
absorbers. For example, introduction of dynamic bubbles into 
plasmonic nanofluids, termed as bubbly flow nanofluids,[191–193] 
can further improve the steam generation. These bubbles can act 

as optical scattering centers that extend the path of incident light 
and thus increase the absorbed solar flux. The results showed a 3 
times higher evaporation rate for Au-NP-based nanofluids with a 
very low concentration than that of pure water (Figure 13D).[193] 
Better performance can be expected by increasing the light 
intensity, NP concentration, and gas flow rate.

When it comes to the interfacial system, single NP design 
is also significantly important. Numerous plasmonic NPs with 
well-designed nanostructures, including black Ag nanostruc-
tures,[138] Au nanotrepangs,[194] Au flowers,[107] Ag–polydopa-
mine core–shell NPs,[195] etc., have been demonstrated. How-
ever, to localize both the heat and evaporation at the water–air 
interface, these NPs have to be appropriately assembled on/
in substrates, together with thermal insulators, to yield higher 
evaporation efficiencies.

5.1.2. Nanoparticle Assemblies with Substrate Designs

In the interfacial system, plasmonic NPs are often carefully 
assembled on/in porous substrates to act as solar absorbers, 
with a porous thermal insulator integrated beneath to reduce 
conductive heat loss downward (Figure  12C).[196] The entire 
system is made lightweight to enable self-floating on the water/
air interface and thus the interfacial evaporation. Till date, 
solar-to-steam efficiencies higher than 90% have been success-
fully achieved by exploring new materials and nanostructured 
designs.[197,198]
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Figure 13. Plasmonic NP designs for volumetric evaporations. A) Schematic illustration of HMPN for enhanced solar vapor generation and the under-
lying mechanisms. Reproduced with permission.[183] Copyright 2016, ACS. B,C) The light-scattering properties of plasmonic-NP-based nanofluids: 
(B) schematic representation of the multiparticle optical interactions that help promote the scattering and/or absorption of incident photons; (C) 
experimentally obtained (left) and Monte Carlo simulated (right) scattered light as a function of NP concentration. Reproduced with permission.[186] 
Copyright 2014, ACS. D) Photos for the as-designed bubbly flow nanofluid system and size distributions for the bubble swarm, bubble generator, and 
Au NPs. Reproduced with permission.[193] Copyright 2020, Elsevier.
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Similar to the volumetric system, coupling effects of LSPs 
can also be effectively employed to enhance the solar absorp-
tion. The plasmonic NPs with distributed sizes and/or various 
shapes have been assembled into aggregates, porous, or even 
more complex structures.[197,199] For instance, Au and Ag NPs 
with different sizes were, respectively, deposited on both the 
top surface and sidewalls of a 3D porous template to form 
plasmonic absorbers (Figure  14A,B).[129,139] These self-assem-
bled plasmonic NPs enabled the individual LSP modes to 
overlap and hybridize with each other, resulting in broadband 
absorption and strong collective heating effects. Moreover, the 
3D porous template also plays an important role in enhancing 
absorption via strong internal trapping effects, which leads 
to significant increase in the optical path lengths as well as 
reduction in reflection due to the relatively low effective refrac-
tive index (Figure  14C).[200,201] In this case, ultrabroadband 
(300–2500  nm) and near-perfect absorption (>95%) were 
achieved, and thus highly efficient desalination (≈90%) was 
also attained.

Significant research attempts have also been made for 
exploring new plasmonic materials, optimizing assembled 
NPs, and improving porous evaporation structures. For mate-
rials, Al NPs have been adopted to alternate noble metals to 
reduce cost and to improve stability due to the thin oxidation 
passivation layer;[128] semiconductor crystals such as CuS NPs 
have been investigated due to their near-IR absorption and 

easy fabrication;[202] and TiN has also been explored due to its 
low cost and high-temperature stability. For instance, a scal-
able ultrathin solar absorber based on TiN nanocavity arrays 
with thickness down to 250  nm was fabricated that yielded a 
solar absorption of 90% and an evaporation efficiency of ≈76% 
at 14 suns.[203] This kind of quasi-2D metasurface enables to 
minimize the amount of required material and maximize the 
heat power density within the ultrathin absorbers themselves, 
thus reducing the material cost while promoting rapid thermal 
and evaporation dynamics that boost the system efficiency.[203] 
However, for the substrate design, the pore sizes, wettability, 
and density are all important factors to be considered. Artifi-
cial porous materials including carbon cloths,[175] foams,[204] 
aerogels,[194] polymers,[205] papers,[206] etc., and natural materials 
with inherent microchannels and low thermal conductivity, 
e.g., wood,[207] bamboo,[208] etc., have been adopted to allow for 
good water transport and heat localization. The latter is crucial 
for interfacial evaporation under low optical concentration, for 
which the realization necessitates four structural characteristics 
including absorption across the solar spectrum, thermal insu-
lation, hydrophilic behavior, and interconnected pores.[209] For 
example, a plasmonic interfacial absorber based on 3D wooden 
lotus flowers decorated with plasmonic (Ag@polydopamine 
(PDA) core–shell) NPs was recently demonstrated to achieve a 
light absorption of 98.65% within 280–2500 nm and a solar-to-
vapor efficiency of 97.0% under 1 sun (Figure  14D).[195] In this 
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Figure 14. Demonstrations of solar-driven interfacial evaporation systems: A–C) Au NPs densely deposited in 3D porous substrate: (A) schematic 
illustration and (B) SEM image of the fabricated evaporation structure; (C) schematics showing the underlying mechanisms;[129] D) 3D wooden lotus 
flowers decorated with plasmonic Ag@PDA core–shell NPs: a) photographs of the fabricated 3D wooden flowers; b–d) the underlying mechanisms; 
e) SEM images of NPs deposited on the flower surface; f) heat distribution and localization via thermal IR camera; and g,h) measured absorption and 
evaporation rate. Reproduced with permission.[195] Copyright 2020, Elsevier.
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case, a thermal insulator made of polyethylene foams was also 
inserted beneath the wooden flower, which enabled thermal 
concentration and thus continuous evaporation. This thermal 
concentration concept paves the way to design a solar-driven 
evaporation system without optical concentrators, which might 
lead to significant decrease in the cost of interfacial steam gen-
eration systems.[131,210]

Though promising as it is, further research efforts are still 
required to be devoted to improve the efficiency under one sun, 
namely, eliminating the optical concentrators to make this tech-
nology more cost-effective. Other challenges toward practical 
applications include the integration of this interfacial evapora-
tion system in commercial cycles, operation under transient 
and real working conditions, long-term stability of the material, 
nanostructures, and systems, all of which require further sys-
tematic explorations.

5.2. Plasmonic Photothermal Chemistry

Light and heat are important physical quantities that control 
chemical transformations. The rate constant K of most chem-
ical reactions follows the Arrhenius law: K ∝ exp(−Ea/RT), 
where T is the temperature, Ea denotes the molar activation 
energy, and R is the gas constant. The use of plasmonic nano-
structures can boost the reaction rates due to the increase in 
the local temperature, along with the optical near-field enhance-
ment and hot-carrier generation.[211] These functionalities make 
plasmon-enhanced photothermal catalysis very attractive and 
drive its growth into an extensive research area, as it can con-
tribute to nanoscale synthesis, clean energy production, and 
many other useful fields.

Thermoplasmonics mainly studies the photoinduced local-
ized/collective heating in plasmonic materials, and in this 
sense, hot-carrier effect is indeed not the process of interest 
in this review. However, for plasmonic photothermal catalysis, 
Ozin and co-workers stated that hot carriers and the heating 
effect contributed synergistically to the enhanced overall 
reaction rate, with both mechanisms playing a vital role to 
various degrees depending on the operating system.[212] 
Gascon and co-workers also included both mechanisms into 
the study scope of plasmonic photothermal catalysis and con-
sidered that it arose from the combination of both thermo- 
and photochemical contributions of nonradiative plasmon 
decay.[213] The fact is that these two mechanisms are so tightly 
entangled that distinguishing them from each other has 
become one of the most challenging research hotspot in this 
field,[73,214–216] as they occur on timescales broadly overlap-
ping with the time constants of typical chemical reactions.[124] 
This is also the reason why the field of plasmonic hot-carrier 
chemistry experienced heated debates regarding the actual 
underlying mechanisms even after decades of extensive activ-
ities.[21] For these reasons, the remaining part of this section 
is divided into the following two parts: the first part briefly 
introduces thermoplasmonic-assisted synthesis where often 
plasmonic heating is the targeted process. The second part 
aims at plasmon-enhanced photothermal catalysis toward 
solar energy utilization, where both mechanisms may play a 
dominant role.

5.2.1. Thermoplasmonic-Assisted Synthesis

Thermoplasmonics plays an important role in photothermal 
chemistry because it provides controlled nanoscale thermal 
environments. Compared to regular heating techniques such 
as using a hot plate, the most distinct advantage of this plas-
monic heating is that it offers spatial confinement that enables 
precise control over the growth, assembly, and patterning of 
nanomaterials. Besides, this localized heating can yield a large 
temperature rise under moderate illumination intensity, which 
potentially makes the process more energy efficient by avoiding 
bulk heating. Moreover, it may also contribute to improving the 
catalytic activity of some plasmonic NPs, which is often temper-
ature-dependent. All these merits offered by thermoplasmonics 
render it a promising approach for the synthesis of advanced 
materials with tailored functionalities, giving rise to the field of 
thermoplasmonic-assisted synthesis. The potential of this field 
has already been highlighted in numerous literature studies, 
where the chemical growth reactions could be selectively trig-
gered with high spatial resolution.[217,218]

For instance, plasmonic-assisted chemical vapor deposi-
tion (PACVD) enables site-specific heating of the substrate 
with light and spatially controlled growth of targeted nano-
materials by using plasmonic metal NPs as both catalysts and 
nanoheaters. This approach was first reported in 2006 and 
demonstrated the micropatterning of PbO and TiO2 on glass 
substrates coated with Au NPs by using a focused low-power 
laser.[217] Then in 2007, PACVD with a subdiffraction resolution 
was also successfully achieved and demonstrated highly spatial 
and temporal control over the growth of semiconductor (Si, Ge) 
nanowires and CNTs by locally heating the Au catalysts with 
light in room-temperature chambers.[218] This local heating 
strategy has been demonstrated to be several orders of magni-
tude (>105) more energy efficient compared to the conventional 
CVD tools where the entire chamber/substrate is heated.[218] 
Thereafter, this technique developed very rapidly and extended 
to one-pot synthesis of nanomaterials in the liquid phase.[219,220] 
Very recently, the conformal growth of semiconducting shells, 
including CeO2, ZnO, and ZnS, around plasmonic NPs with 
different morphologies was demonstrated in the liquid phase 
by exploiting the LSP-mediated local temperature gradients.[220] 
The shell growth was well-controlled with tunable chemical 
compositions and thickness down to approximately nanom-
eter scale.[220] Notably, even though photoinduced plasmonic 
localized heating is often the targeted process in these ther-
moplasmonic-assisted syntheses, other mechanisms such as 
the electric and magnetic dipole resonance and hot carriers 
may also contribute to the catalytic growth of these NPs. Dis-
tinguishing among all these possible activation mechanisms 
is always a challenging task, but can definitely be realized via 
elaborated approaches. For instance, by using appropriate 
experimental approaches together with FDTD simulation, the 
transfer of interband holes to ascorbic acid was identified as 
the major mechanism that limited the growth rate of the Ag 
shell in the synthesis of plasmon-assisted Au@Ag core@shell 
nanorods.[221] Another picture to use thermoplasmonics is to 
drive physical phase transformations such as melting, welding, 
etc., of nanomaterials to achieve subdiffraction nanofabrica-
tion. For instance, plasmonic NPs with arbitrary morphologies 
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can be reshaped into nanospheres by reducing their sharpness, 
such as the gradual rounding of Au triangular NPs,[222] as these 
sharp points are often the spots where the LSP-induced thermal 
hotspots locate and the melting initiates. Besides, self-limited 
nanowelding of Ag nanowires was achieved at the junction 
points by utilizing this highly localized heating, which yielded 
a size resolution down to ≈50  nm.[223] These techniques offer 
alternative nanofabrication methods to the currently employed 
expensive electron beam lithography (EBL) and focused ion 
beam (FIB) due to the scaling-up potential.

However, it is difficult to use solar energy as the light source 
in these syntheses, because monochromatic lasers are often 
required, with a wavelength coinciding with the required LSP 
resonance, a highly focused spot size, and a well-controlled 
intensity, to ensure precise thermal control. Therefore, more 
emphasis is put on plasmon-enhanced photothermal catalysis 
toward solar energy utilization in the following section.

5.2.2. Solar-Driven Plasmonic Photothermal Catalysis

Photocatalysis that directly converts solar irradiation into chem-
ical products has been extensively studied in various applica-
tions such as water splitting,[106,224] CO2 conversion,[225,226] 
pollutant degradation,[227] etc. However, traditional photocata-
lysts such as semiconductors and metal complexes generally  
suffer from low efficiency due to their limited light absorption 
and rapid electron–hole pair recombination.[23] Plasmonic 
NPs have recently emerged as promising complements due 
to their aforementioned fascinating functionalities. Besides, 
plasmonic catalysis enables catalysis of reactions under condi-
tions much milder than those involved in traditional thermal 
catalysis, thus avoiding the exorbitant energy requirements. 
In this sense, plasmonic photothermal catalysis synergistically  
combines the photo- and thermo-chemical contributions of 
sunlight. Given these features, it is thus necessary to develop 
efficient plasmonic nanocatalysts with well-designed archi-
tectures to harness the full potential of photothermal conver-
sion. These plasmonic photothermal catalysts should meet 
several requirements including a strong and full-spectrum 
light absorptivity, an efficient generation and separation 
of hot carriers, and a high capacity for heat generation. In 
the following section, strategies to design plasmonic pho-
tothermal catalysts are outlined in terms of single catalysts 
with hybrid architectures and assembled catalysts with hierar-
chical constructions.

Single Catalyst with Hybrid-Architecture Design: Importantly, 
the material and structural designs of single nanocatalysts 
direct the physical properties underlying the photothermal 
effect. Plasmonic metals such as Au,[228] Ag,[229] Cu,[54] Al,[230] 
etc., can drive photothermal catalytic processes by offering dual 
functions, i.e., both plasmonic and catalytic. For instance, it 
was demonstrated that Au NP catalysts effectively favored the 
steam reforming of ethanol when illuminated with a low-power 
laser, where the plasmonic heating provided the necessary heat 
for the reaction that resulted in local vapor generation over 
them.[231] In this pioneered study, the underlying mechanism 
was clarified by visualizing and monitoring the evolution of 
bubbles.[231] Besides, Au core/porous shell NPs were synthe-
sized, which demonstrated higher catalytic efficiency than other 
reported Au nanostructures due to the highly porous shell and 
hollow structures that enabled LSP-mediated enhanced absorp-
tion and improved transport of hot electrons.[232] However, this 
type of single-component plasmonic catalysts suffer from draw-
backs such as limited light absorption, poor tunability, etc., and 
are suitable for only a very few chemical processes.[233]

By contrast, a hybrid configuration offers advantages with 
respect to the optical, electronic, structural, and chemical prop-
erties of the two materials, instead of just one.[212] For instance, 
the combination of plasmonic NPs with traditional catalysts 
integrates the photon-harvesting and catalytic abilities into 
single multifunctional architecture, and thus diversified sur-
face chemistry and reactivity are not achievable for single-com-
ponent nanostructures. One versatile strategy of this hybrid 
design is the antenna–reactor (A–R) complexes,[233–235] in which 
the plasmonic NPs act as nanoantennas to enhance the light 
absorption, and thus promote the transfer of both hot carriers 
and heat to the active sites on the reactors. Interestingly, this 
strategy is a highly modular one such that both the plasmonic 
antenna and catalytic reactor can be tailored by varying the 
compositions and/or nanostructures.[235] Several examples of 
the possible hybrid architectures are illustrated in Figure  15, 
where the catalytic reactors can be placed close to (e.g., hetero-
metallic dimers), adhered to (e.g., multicomponent heterostruc-
tures), or even wrapped around (e.g., core–shell heterostruc-
tures) the plasmonic nanoantennas. Both the components can 
be separately tuned by their sizes, shapes, relative positions, 
and even distributed densities, thus the desired catalytic perfor-
mance can be achieved.

In general, the A–R hybrid designs have shown catalytic 
efficiencies much higher than those of their single-component  
counterparts. For instance, bimetallic plasmonic catalysts 
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Figure 15. Schematic showing plasmonic photothermal catalyst designs.
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based on multiple small-Pd-island-decorated Al NCs were 
synthesized to drive catalytic hydrogen dissociation (HD) 
(Figure  16A–C).[233] The plasmonic Al antenna enhanced the 
local light absorption, promoted the hot-carrier-induced desorp-
tion, and aided in heating the active surfaces on the Pd reactor, 
thus leading to HD almost two orders of magnitude higher 
than that of the pristine Al NCs.[233] Besides, Pd-decorated Au-
nanorod-end heterostructures were synthesized to catalytically 
drive Suzuki coupling reactions, where the contributions of 
plasmonic photocatalysis and photothermal heating were ascer-
tained to the reaction yields (Figure 16D,E).[236]

Although singling out the dominant mechanism for a spe-
cific reaction remains a challenging task, some clues can still 
be outlined to design these plasmonic nanocatalysts toward 
enhanced photothermal conversion. Regardless of the domi-
nant mechanism, materials with delicate architectures enabling 
broadband near-unity solar absorption are expected to promote 
both the hot-carrier and heat generation, and thus lead to opti-
mized photothermal catalytic performance. For instance, photo-
thermal catalysts based on In2O3−x/In2O3 heterostructures were 
synthesized to drive the photothermal reverse water gas shift 
reaction under ambient conditions with 100% selectivity.[237] 
By controlling its nonstoichiometry degree, the nanocatalyst 
achieved full-spectrum strong solar absorption due to its black 
color and high surface area and thus provided an excellent 
photothermal performance. The strong local heating in the 
In2O3−x/In2O3 heterostructure effectively catalyzed the thermo-
chemical hydrogenation of CO2; while the LSP-induced hot car-
riers promoted the photochemical reduction of CO2. These two 
beneficial effects synchronously worked and resulted in this 
excellent catalytic performance. In this sense, design strategy 
benefiting the improvement of the light absorption may accord-
ingly contribute to the optimization of the photothermal catal-
ysis, which can be realized by exploiting the size-, shape-, and 
coupling-driven tunability of LSPs.[238]

A hybrid architecture composed of materials with large 
inherent loss may contribute significantly to enhancing the 
photothermal conversion and related catalytic activity. For 
instance, a model system was proposed by depositing a cata-
lytic shell with a large ε2 (e.g., Pt) on a core plasmonic NP with 
a significantly lower ε2 (e.g., Ag), which aimed at controlling 
the energy flow for catalytic processes.[239] The introduction of 
a 1.2 nm thick Pt shell onto an Ag cube core led to significant 
enhancement in the light absorption property and directed 
the selective dissipation of LSP energy through these Pt sites, 
due to its larger inherent loss. It was further postulated that 
this selective LSP-induced energizing of the Pt active sites ulti-
mately led to the selective heating of the most-abundant reac-
tion intermediate (CO) on the catalyst surface, which finally 
resulted in elevated reactions rates.[239]

Hybrid architecture designs favoring localized heating, such 
as core–shell structures by enwrapping plasmonic NPs with 
thermal insulators, are expected to benefit the improvement of 
the photothermal catalytic activity. Materials with high porosity 
and large surface areas such as metal–organic frameworks 
(MOFs) or covalent organic frameworks (COFs) are particularly 
desirable. In general, their porous structures possess very high 
specific surface areas featuring enriched catalytic active sites 
and intermolecular interaction. Besides, they often exhibit low 
heat conductivity and are inherently structurally predesignable 
for targeted catalytic reactions. All these merits make them 
unique for this hybrid catalyst design. For instance, Au&Pt@
zeolitic imidazolate framework (ZIF) hybrid nanocatalysts 
were synthesized for CO2 hydrogenation, with Pt nanocubes 
and Au nanocages encapsulated in a ZIF-8.[114] The Au nanoc-
ages enabled LSP-enhanced light absorption and photothermal 
conversion, and Pt nanocubes provided catalytic active sites, 
while the MOFs functioned as thermal insulator to generate 
high local temperatures. Consequently, the catalytic activity of 
Pt nanocubes was greatly improved and the required reaction  
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Figure 16. Hybrid antenna–reactor configurations. A–C) Al–Pd heterodimers: (A) schematic illustration; (B,C) SEM images of Pd-decorated Al NCs. 
Reproduced with permission.[234] Copyright 2016, ACS. D,E) Pd-NP-decorated Au nanorods: (D) schematic illustration and (E) SEM image. Reproduced 
with permission.[236] Copyright 2013, ACS. F) transmission electron microscopy (TEM) image of Au/end-CeO2 nanostructures. Reproduced with per-
mission.[243] Copyright 2019, ACS. G–I) Core–shell structural designs: (G) schematic representation; (H) SEM and TEM (inset) images of Ag@SiO2/Pt 
heterostructures. Reproduced with permission.[244] Copyright 2017, ACS. I) SEM and TEM (inset) images of Cu7S4@ZIF-8 NPs. Reproduced under the 
terms of the CC BY license.[240] Copyright 2016, The Authors. Published by The Royal Society of Chemistry.
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temperature was largely reduced.[114] Besides, a MOF-shell-
encapsulated Al NC heterostructure (Al NC@MIL-53) was 
recently demonstrated to increase the catalytic efficiencies of 
both the hydrogen–deuterium exchange and reverse water–gas 
shift reactions.[60] Similar structures including hierarchical Cu7S4  
hollow microspheres coated with ZIF-8 (Figure 16I),[240] Au–Ni 
alloy@MIL-101,[241] Au(Pd)@porphyrin-containing homochiral 
covalent organic framework (CCOF)–CuTPP,[242] etc., have also 
been explored. This approach can be universally extended to 
combine any plasmonic NPs or A–R complexes with MOF/COF 
shell layer, and thus it shows tremendous potential to benefit 
various photothermal chemical reactions.[184] From the appli-
cation perspective, it is expected that this strategy can be used 
to construct a localized high-temperature environment under 
industry-favored ambient conditions, thus facilitating the prac-
tical conversion of solar energy to chemical energy.

The interfacial property of these A–R heterostructures is very 
crucial in determining the photothermal conversion because it 
dictates the transport of both heat and hot carriers. The forma-
tion of interfaces between two materials can improve the separa-
tion and lifetime of photogenerated carriers; however, the interfa-
cial state including the surface defects, roughness, disorders, etc., 
strongly impacts the phonon transport and thus the interfacial 
thermal conductivity.[245] In this respect, it is necessary to improve 
the control over the interfacial properties when designing plas-
monic catalysts. Semiconductor–metal heterocatalysts with 
Schottky junctions, such as Au/end-CeO2 nanostructures 
(Figure  16F),[243] Au-NP-loaded hierarchical hollow porous TiO2 
spheres,[246] etc., have been synthesized to suppress the recom-
bination of charge carriers and thus improve the related catalytic 
efficiencies.[173,243] In these designs, good alignment of the Fermi 
level of the plasmonic NPs with the bands of the semiconduc-
tors should be established to allow efficient carrier injection.[247] 
On the other hand, reduced thermal conductivity can be achieved 
by increasing the boundary scattering of carriers, which thus 
increases local temperature gradients at nearby active sites. How-
ever, recently obtained ultrafast spectroscopy results indicated 
that the extraction of one type of carriers (e.g., holes) resulted in 
a lower thermalization temperature and thus lower peak energy 
of the other type (e.g., electron).[248] Similarly, decreasing the size 
of the plasmonic component renders it efficient nanoheaters due 
to both the enhanced absorption and reduced thermal conduc-
tivity; nonetheless, it leads to poor charge carrier separation due 
to spatial confinement. An overall strategy should be considered 
when designing and optimizing plasmonic photothermal cata-
lysts, as improving one property might negatively impact other 
properties. For instance, it has been demonstrated that a detailed 
balance of local field enhancement, scattering, and absorption 
for each component had to be struck in core@shell/satellite 
(Ag@SiO2/Pt) catalysts to achieve optimal catalytic performance 
(Figure 16G,H).[244] Thus, it is of great significance to understand 
how the number, size, distribution, and other aspects of the 
nanoheaters and reactors influence both the catalytic activity and 
selectivity for a particular product. This is a very challenging task 
in terms of both experimental implementation and mechanism 
interpretation, due to these diverse effects that synergistically 
contribute to the observed catalytic performance.

Assembled Catalysts with Hierarchical Construction: Plasmon-
mediated photothermal catalysts can drive chemical reactions 

under milder conditions, providing valuable platforms for 
large-scale solar-driven photothermal chemical processes once 
well assembled. The way that these nanocatalysts are assem-
bled directly affects the light absorption, photothermal conver-
sion, and overall catalytic performance.

One major concern when considering large-scale assembled 
catalysts is how to increase the overall solar energy harvesting. 
For black photothermal catalysts enabling full-spectrum absorp-
tion, the light penetration capability in the catalysts is restricted 
by their high-optical absorption strength, which thus limits the 
locations of active sites to within micrometers of the catalyst 
surface.[212] By arranging these catalysts into nanostructured 
2D metasurface, the solar energy harvesting can be greatly 
enhanced, attributed to the strong LSP-mediated energy con-
finement that enables customized ultrathin plasmonic-based 
layers (≈100 nm) to absorb most energy of the solar spectrum. 
For instance, thin films of refractory plasmonic TiN cylindrical 
nanocavities manufactured via scalable process were employed 
for high-temperature heterogeneous catalysis, yielding a broad-
band absorption of 95% across the solar spectrum and a high 
local temperature of above 600  °C under moderately concen-
trated solar irradiation (Figure  17A,B).[249] The effective cou-
pling between the cavity and LSP modes of the TiN nanofur-
naces together with the optical loss of TiN was confirmed as the 
main mechanism underlying this excellent photothermal prop-
erty. Despite the advantages of this type of 2D nanostructured 
thin film system in terms of enhancing solar energy harvesting, 
it necessitates the use of very large photoreactors that would 
be highly demanding in land use if enlarged to the industrial 
scale.[212]

In this sense, 3D hierarchical structures, such as macropo-
rous foam monoliths, aerogel, gel, and other nanostructures 
with ordered or random pores, would be more preferable to 
have these photothermal catalysts assembled. Since their 3D 
porous hierarchical constructions provide an ideal platform 
to allow for the customization of catalytic, optical, thermal, 
and mass transport properties. For instance, a 3D porous pho-
tothermal catalytic (PTC) gel has recently been engineered 
with TiO2/Ag nanofibers assembled to drive concurrent pho-
tothermal-enhanced solar desalination and photocatalytic 
hydrogen generation (Figure 17C).[250] In this design, the open 
3D porous PTC gel enabled these photothermal catalysts to be 
directly exposed to light, thus circumventing the possible light-
shielding effects of upper NPs and poor light penetration in 
the suspension systems. Besides, the aligned pores of the gel 
system not only offered an anisotropic thermal conductivity 
that warranted an effective confined interfacial heating, but 
also provided direct vapor and gas pathways that significantly 
enhanced the resultant yields. Importantly, this configuration 
offers an exemplified model system for hierarchical design to 
simultaneously achieve excellent optical and catalytic perfor-
mance as well as multiscale heat and mass transport manage-
ment capability. More notably, by complementing nanoscopic 
localized plasmonic heating with macroscale thermal confine-
ment simultaneously, the photothermal conversion was largely 
optimized.

Noteworthy, when photothermal catalysts are assembled into 
large arrays, overheating or even damage of the nanostructures 
caused by collective heating effects may become troublesome.  
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This is an important issue that must be considered for any 
large-scale thermoplasmonic applications. Very recently, by 
supporting the 3D A–R nanocatalysts on an insulating sub-
strate within the antenna gap while the antenna maintained 
direct contact with an underlying thermal conductor, this issue 
was successfully eliminated.[251] Consequently, large nanoscale 
thermal gradients were achieved by maintaining large local 
temperature rises in the confined reactor, while minimizing the 
temperature rise of the surrounding antenna.[251] This nano-
structure-mediated thermal management strategy is expected 
to be useful for applications such as small-volume, high-
throughput chemical processes.

The plasmon-enhanced photothermal catalysis described 
herein provides an attractive opportunity to harvest and convert 
solar energy, and thus store it in the form of chemical energy. 
However, many challenges posed by the design and synthesis 
of nanocatalysts, underlying structure–activity relationship, 
light and heat management in large-scale assemblies, photore-
actor engineering, process optimization, etc., still remain to be 
tackled carefully.

5.3. Solar Thermophotovoltaic

STPV has attracted tremendously growing interest due to their 
very high theoretical solar-to-electricity conversion efficiency of 
85%,[252] which is about 2 times higher than the counterpart of 
standard PV cells known as Shockley–Queisser limit (≈41%). 
The low efficiency for the latter stems from the dispersed solar 
photon energy. This result is attributed to the fact that only 
bandgap energy contributes to the generation of electron–hole 
pairs, with the above-bandgap excess energy dissipating into 

heat while below-bandgap energy being totally lost. Multi-
bandgap PV cells were proposed to overcome this efficiency 
limit; nonetheless, they turned out to be expensive and the 
heating problem remained unsolved.[253] In this context, TPV 
emerges as a promising alternative because of its capability to 
enable full-spectrum solar absorption and it also eliminates the 
heating issue by harvesting and converting all solar photonic 
energy into heat.

In general, a TPV consists of the following three key com-
ponents: a solar absorber that converts solar energy into heat, 
a thermal emitter that emits heat as IR radiation, and a PV cell 
that converts the IR emission into electron–hole pairs, which 
are then captured to produce current (Figure  18). The key to 
obtaining an efficient TPV lies in the implementation of a 
solar absorber capable of strong broadband solar absorption 
and a thermal emitter allowing narrowband emission that ena-
bles spectral match with the PV bandgap. In both cases, plas-
monic nanomaterials can play an important role. Notably, the 
working temperature of TPV is determined by the bandgap of 
PV cells with a low value in the range of about 0.8–1.1  eV.[21] 
This requires the emitter temperature to be between 1000 and 
2000 K, which significantly restricts the choice of possible 
materials. Besides, this high operating temperature also exerts 
higher demands on solar absorbers in TPV than those in evapo-
ration, because radiative heat loss becomes dominant and thus 
has to be minimized toward improved efficiency. At this point, 
selective solar absorbers are more desirable than the blackbody-
based ones because they enable both broadband solar radiation 
(250–2500  nm) absorption and thermal radiation suppression 
within longer wavelengths (>2500 nm) at high temperatures.[254]

This section focuses on the recent advances on various selec-
tive absorbers/emitters toward TPV applications (Figure  19), 
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Figure 17. Typical assembled hierarchical structures of plasmonic photothermal catalysts. A,B) Thin-film system: (A) SEM images showing top and 
cross-sectional views of TiN nanofurnaces; (B) absorption spectra of TiN nanofurnaces. Reproduced with permission.[249] Copyright 2020, ACS.  
C) 3D porous PTC photothermal gel for concurrent solar vaporization and hydrogen generation: a) schematic illustration of the working principles 
for the designed PTC gel; b–e) distinct advantages of heat and mass transport properties of this PTC gel over traditional suspension systems; f) TEM 
image of TiO2/Ag nanofibers; and g–i) SEM images of the fibrous wall of the PTC gel and its aligned microchannels. Reproduced with permission.[250] 
Copyright 2020, Wiley.
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including cermet-based multilayers,[256,257] MIM configura-
tions,[258,259] and alternating insulator–metal–insulator (IMI) 
multilayer stacks.[260,261] Notably, the design strategies for light 
absorption also apply to thermal emission according to Kirch-
hoff’s law,[262] except for the goal toward narrowband IR emis-
sion of the latter. In contrast to selective emitters for TPV, an 
opposite concept involves the design of selective emitters with 
nearly no absorption (total reflection) across the solar spectrum, 
but high absorptivity/emissivity within the IR transparency 
window of the atmosphere (8–13 µm). This gives rise to the rev-
olutionary passive daytime radiative cooling (PDRC) techniques 
and application prospects in energy-efficient buildings, smart 
textiles, water harvesting, device cooling, etc.[263] PDRC harvests 
the coldness of the universe by exploiting the balance of radia-
tive heat flow, thus achieving effective daytime subambient 
cooling. Various selective emitters with engineered photonic 
structures such as the polymer-coated fused SiO2 mirror,[264] 
hierarchically designed polymer nanofiber-based film,[265] hier-
archical-morphology metafabric,[266] etc., have been fabricated, 
all of which exhibit excellent PDRC performance. For more 
detailed information, one can refer to literature studies.[263,267]

5.3.1. Multilayer Stacks Based on Plasmonic Cermets

One typical type of selective absorber is based on cermets, i.e., 
metal–ceramic composite film, in which plasmonic NPs are 
embedded in a ceramic matrix. They are multilayered stacks 
with one- or double-layered cermets sandwiched between 
a bottom IR reflective layer and a top antireflection layer 
(Figure  18A). In this configuration, the plasmonic NPs in the 

cermet are mainly responsible for the broadband absorption, 
due to the excitation of LSPs and the effective coupling between 
adjacent NPs, together with their intrinsic absorption.[268] Thus, 
the optical responses of this absorber can be flexibly tailored 
via manipulating LSP-induced effects of these plasmonic NPs 
in the cermet layer and also by varying the thickness of both the 
antireflection and IR reflective layers.[268,269]

A large variety of cermets, consisting of plasmonic metals 
including Au, Ag, Al, Cu, W, Ta, Mo, etc., as metallic compo-
nents and ceramic materials such as SiO2, AlN, Al2O3, Si3N4, 
SiC, HfO2, etc., as the dielectric matrix, has been explored.[270,271] 
However, noble metals tend to get oxidized or even melt under 
such a high temperature condition, and nanostructured struc-
tures make them more vulnerable due to the size effects. In 
this case, a dielectric coating may help to address this issue and 
thus improve the thermal stability. For instance, Au nanostruc-
tures coated with a thin layer of alumina have been reported 
to withstand temperatures of above 800  °C at ambient atmos-
pheric conditions.[272]

For higher-temperature TPV applications, refractory plas-
monic materials are more preferred. Metals such as W, Ta, 
and Mo and transition metal nitrides such as TiN and ZrN 
are among the most promising candidates (Figure  5C).[64] For 
example, a solar absorber based on cosputtered W–SiC ultrathin 
refractory nanocomposite was fabricated,[274] which yielded a 
full-spectrum solar absorption of 95.45% and a thermal emit-
tance below 5%. The high absorption was ascribed to the cou-
pling of LSPs in the self-formed W nanoclusters, together with 
the intrinsic absorption of SiC.[274] Very recently, an all-ceramic 
selective absorber was developed via spontaneous assembly of 
colloidal TiN NPs into an ultrathin film on a TiN mirror, with 
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Figure 19. Nanostructured designs for high-temperature TPVs: A) typical selective absorbers of double-cermet-based multilayers; B) plasmonic meta-
material absorbers based on MIM configurations; and C) monolithic planar selective absorber/emitter based on alternating insulator–metal–insulator 
(IMI) multilayers. Schematic showing SPP modes in (B, C) are redrawn from literature study.[255]

Figure 18. Schematic illustration of TPV and key components with the desired performance.
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a top SiO2 antireflection layer (Figure  20).[273] It exhibited a 
full-spectrum near-perfect absorption (95%) and a low thermal 
emission (3% at 100  °C) at MIR, which was attributed to the 
synergistic coupling between the in-plane LSPs of NPs and out-
of-plane Fabry–Pérot resonance of the NP film and the reflector. 
Moreover, the proposed absorber exhibited excellent thermal 
stability and yielded a photothermal efficiency of about 86% 
under 1000 K.

5.3.2. Metal–Insulator–Metal Metamaterials

MIM configurations have also been widely investigated as TPV 
absorbers.[141,275–277] As a typical type of plasmonic metamaterial 
absorbers (PMAs), MIM configurations often consist of a top 
periodic metallic “meta-atom” layer deposited on a middle insu-
lator layer and a bottom reflective layer. The SPP modes in this 
MIM configuration with the topmost continuous metal film are 
schematically displayed in Figure  19B.[255] When the topmost 
continuous metal film is patterned into periodic “meta-atoms,” 
LSPs in these subwavelength nanostructures as well as strong 
intra- and intercoupling effects can be flexibly manipulated 
to achieve the desired performance.[258] Herein, “M” in MIM 
stands for a more general concept that includes all materials 
with metallic properties. Tremendous research attempts have 
been made to explore various combinations of materials and 
“meta-atom” designs for targeted applications.[259,278,279]

For instance, a refractory plasmonic absorber based on TiN/
SiO2/TiN configuration with the topmost “meta-atom” layer pat-
terned as square rings was fabricated, which yielded an average 
absorption of 95% from visible to NIR region (Figure 21A).[68] 
This good performance stems from both the intra- and inter-
coupling of LSPs in and between the symmetric square ring 

unit cells, together with the intrinsic absorption of TiN. Simi-
larly, a MIM-based integrated absorber/emitter for TPV was 
designed, which consisted of hexagonally packed W doughnuts 
(hexarings) placed on AlN/W layers. A broadband solar absorp-
tion of over 85% ranging from 0.3 to 2.18 µm and a thermal 
emission of 100% at 2.18 µm were achieved (Figure  21B).[280] 
The mechanisms also involve the combination of LSP-mediated 
absorption enhancement in the near-IR region and the high 
intrinsic loss of W in the visible region. The hexaring structure 
induces intraparticle coupling of LSPs due to its hollow feature 
and more easily tends to achieve perfect impedance matching 
with air. Moreover, magnetic dipole oscillations also get excited 
between the topmost patterning layer and the ground W layer 
to induce zero reflectance and complete absorption.

Many other “meta-atoms” with various structures including 
gratings,[282,283] crosses,[260,284] pyramids,[141,285] etc., have also 
been explored to improve the absorption in TPV. Furthermore, 
hybrid strategies can also be applied for achieving mutual over-
lapping and coupling of more resonant modes to broaden the 
absorption spectrum.[149] Figure  21C displays that a PMA has 
been recently explored via patterning the topmost metal layer 
into a collection of multiple cubes, cylinders, and cross-resona-
tors with different sizes, thus achieving near-perfect broadband 
absorption.[281]

5.3.3. Alternating Insulator–Metal–Insulator Multilayer Stacks

IMI structure, with subwavelength layer thickness, is another 
common configuration for absorbers/emitters used in TPV. 
The SPPs can be excited at both sides of the middle metal 
film that are coupled to generate new symmetric and antisym-
metric modes (Figure  18C). In this case, the symmetric mode 
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Figure 20. The optical response of the all-ceramic selective absorber and the underlying mechanism: A) schematic showing the nanostructures; B) 
measured absorption spectrum of the selective absorber compared with the corresponding simulated results; C) comparison of the absorption spectra 
of the TiN NP film in the trilayer absorber with that of isolated NP film; and D) electric field distributions at different wavelength regions. Reproduced 
with permission.[273] Copyright 2020, Wiley.
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exhibits stronger field localization compared with the antisym-
metric mode,[255] thus resulting in higher light absorption and 
energy concentration within specific spectral ranges. Therefore, 
the SPP modes can be manipulated by optimizing the thick-
ness of each layer to enable selective absorption/emission. In 
this configuration, both the selective absorber and emitter are 
monolithically integrated on a planar substrate made of refrac-
tory plasmonic metals (Figure 18C). For instance, a monolithic, 
planar, and spectrally selective absorber/emitter consisting of 
thin-film W sandwiched by yttria-stabilized zirconia layers was 
fabricated. When integrated with a narrow-bandgap (0.67  eV) 
GaSb cell, the light-to-electricity conversion efficiency of 23% 
was achieved.[256] A similar design was obtained using Mo and 
HfO2 coatings.[257] This simple design can be easily fabricated 
and it is helpful for the device to remain thermally stable.

The capacity of thermoplasmonics to manipulate light and 
heat at the nanoscale also offers inspiration to design other con-
figurations for high-temperature TPVs. For instance, photonic 
crystals based on refractory plasmonic metals as monolithic 
absorbers/emitters[286,287] and near-field TPV by bringing the 
emitter and PV cell in the subwavelength distance,[288,289] have 
been explored. For the latter, materials supporting surface polar-
itons in the IR ranges, e.g., polar dielectrics such as SiC, SiO2, 
etc., and 2D vdW materials such as graphene, hexagonal boron 
nitride (h-BN), etc., hold great promise as potential candidates 
to further boost the overall efficiency of near-field TPVs.[290,291] 
Although significant progress has advanced and a record-high 
efficiency of up to 29.1% has been demonstrated so far,[292] it is 
still far below the theoretical capability. Further research efforts 
are required in terms of reducing parasitic thermal losses in PV 
cells, which can improve the thermal stability of both materials 
and devices and aid in the development of innovative PV cells 
with narrower bandgaps, and so on.

6. Challenges and Future Perspectives

Plasmonic materials and nanostructures with well-designed 
SPs and thermal responses have shown great potential for 
diverse applications in the solar energy field. This is attributed 

to the high energy concentration that allows for miniaturization 
of solar harvesting devices, the generated hot carriers enabling 
high efficiency of solar-to-electricity/chemical energy conver-
sions, and the controllable heat generation that derives more 
diversified utilization.[7] Although great scientific achievements 
have been made in the past decades, several major challenges 
still need to be addressed to allow all these technologies to be 
effectively used in large-scale implementations. Undeniably, 
ongoing efforts are warranted in terms of both fundamental 
research and practical explorations to strike a balance among 
requirements for the overall efficiency, long-term stability, scal-
ability, and cost-effectiveness at every level from materials, 
nanostructure engineering, to system integration (Figure 22).

6.1. Fundamental Research

A complete physical picture for mechanisms involved in ther-
moplasmonics still remains to be created, such as nonequi-
librium plasmonics involving ultrafast dynamics of both hot 
carriers and thermalization. Comprehensive understanding 
of the ultrafast dynamics of hot carriers, i.e., their excitation, 
relaxation, and transfer in materials is the key to extracting 
or converting them.124 The latter is closely related to the final 
lattice thermalization, where the electron–phonon interac-
tion matters. For plasmonic photothermal catalysts, the more 
efficient and accurate design, such as presence of numerous 
active sites on single catalysts, often roots in the clearer theo-
retical insights into the structure–reactivity relationship. The 
contributions from the thermal and nonthermal mechanisms 
remain to be disentangled for specific plasmon-driven reactions 
toward better performance.[73,124,214,216] On the other hand, the 
LSP-induced heating of NPs has been shown to enable boiling 
of water in both evaporation and catalytic systems.[188,231] How-
ever, the fundamental understanding of energy flux for the 
phase change at this scale still remains unclear.[7] Besides, 
the nonlinear thermo-optical effects in thermoplasmonics 
remain relatively ill-explored. Undeniably, a lot more system-
atic research efforts on this topic can be beneficial for system 
optimization in the future plasmonic-based thermal reactors or  
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Figure 21. Metamaterial solar absorbers based on MIM configuration. A) Absorption spectrum of the three-layer TiN metamaterial absorber compared 
with simulated results, with insets illustrating the schematic of the nanostructure and SEM image of the as-fabricated absorber. Reproduced with 
permission.[68] Copyright 2014, Wiley. B) Comparison of absorption spectra for plasmonic metamaterial absorbers with various top metal unit cells, 
with insets showing the schematic of the W hexa-doughnut-based nanostructure. Reproduced with permission.[280] Copyright 2017, AIP. C) Simulated 
absorption spectra for the transverse electric (TE) and transverse magnetic (TM) mode of the proposed MIM superabsorber structure shown in the 
inset. Reproduced with permission.[281] Copyright 2018, Wiley.
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absorbers/emitters in different temperature regimes. Robust 
nanothermometry with a spatiotemporal resolution in nanom-
eter–picosecond region remains to be developed and is expected 
to serve as an indispensable tool to clarify these issues.

This incomplete physical image also challenges the ability 
of researchers to construct efficient theoretical models capable 
of describing the diverse phenomena in thermoplasmonics. 
Classical frameworks of both EM and thermodynamics along 
with (semi)empirical constitutive parameters including mate-
rial permittivity, heat capacity, heat conductivity, etc., are no 
longer eligible because the spatial scale approaches the atomic 
level.[14,41,118] In this context, ab initio understanding in mod-
eling nonequilibrium plasmonics is necessary and highly 
desirable to unravel these ultrafast dynamical processes at the 
atomic scale.300 Besides, multiscale models are further required 
to explore mutual interactions such as electron–phonon scat-
tering and heat transport between realistic systems. Therefore, 
a combination of modeling approaches, i.e., the atomistic ab 
initio methods, molecular dynamics, and semiclassical optical/
thermal models will be promising to provide integrated infor-
mation from atomistic scale to larger-scale systems. This will be 
particularly important when studying hybrid design strategies 
with different materials and nanostructures.

6.2. Further Improvement in Efficiency and Long-Term Stability

Despite steady progress, the overall energy conversion effi-
ciency of these solar systems requires further improvements. 
Nanostructured-mediated thermal management can be system-
atically explored to further reduce heat losses and thus increase 
the system efficiency regardless of solar concentration.[197] Deep 
insights into the coupling of solar absorption, photothermal 
conversion, heat/mass transport, and many other dynamic pro-
cesses involved in evaporation/catalysis systems are also ben-
eficial for system optimization. Methods to further increase the 
efficiency of TPV may lie in either recycling photons via spectral 
engineering or by exploiting the near-field tunneling effects of 
thermally stimulated photons. Besides, one development trend 

of these thermoplasmonic-based solar applications involves the 
multienergy coproduction in a standalone hybrid system attrib-
uted to the involvement of diverse energy conversions. In this 
way, the system efficiency together with the solar energy utiliza-
tion ratio can be further increased through cascade utilization 
of energy. Many innovative concepts, including the concurrent 
solar desalination and catalytic hydrogen generation,[250,173] 
simultaneous production of fresh water and electricity,[20,107] 
integration with thermal energy storage technologies,[293] etc., 
have been demonstrated.

Long-term stability of currently used devices and systems 
requires further study to achieve longer lifecycles when exposed 
to solar irradiation and solution immersion/high temperature 
conditions. To this end, a better understanding of the degrada-
tion mechanisms in nanostructures, such as fouling issues in 
various solution environments and the diffusion of dielectric 
grains under high temperatures, is highly desirable.[198,294] At 
the system level, it would be valuable to test its stability in the 
long run under transient and real working conditions. Notably, 
realizing multienergy coproduction in a hybrid system is ben-
eficial, but calls for higher demands on the system stability as 
more volatile working conditions are often involved.

6.3. Scalability and Cost-Effectiveness toward Large-Scale 
Implementation

Cost-effectiveness and scalability are the other two key factors 
for the commercialization of these technologies. Given the cur-
rently explored systems, the expenses remain prohibitively high 
for large-scale installations. First, the material cost remains 
high especially when noble metallic nanostructures are 
adopted. Second, the costly nanofabrication processes such as 
EBL and FIB are often required to realize elaborate nanostruc-
tured designs including metasurface, photonic crystals, etc. 
Third, optical concentrators with the solar-tracking systems are 
often required to achieve highly concentrated solar irradiation 
and high temperature, which surges the capital cost. Finally, 
related land use, system operation, maintenance, etc., may  

Figure 22. Schematic illustration of overall consideration of the large-scale implementation of the solar-driven thermoplasmonic-based applications.
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further increase the entire process life-cycle cost. Despite some 
interfacial evaporation systems have yielded high evaporation 
efficiencies under one sun via thermal concentration, which 
resulted in significant reduction in the cost by avoiding the use 
of optical concentrators.[131,210] More attempts are still required 
to be made to cut down the cost of materials, improve the nano-
fabrication, and favor the system integration, and to ensure the 
scalability of every component and step. For instance, the mate-
rial cost can be significantly reduced by replacing noble metals 
with inexpensive materials, such as Al, TiN, etc., or recycling 
materials via centrifugation or magnetization.[295,296] However, 
previous and current studies provide very limited information 
about the cost of the designed materials and/or nanostructures 
as well as the estimated manufacturing scalability, making it 
very difficult to evaluate the commercial potential of these tech-
nologies. More attentions should be paid on this aspect and fur-
ther insights will benefit the entire solar energy field.

6.4. Exploration of New Materials and Structural Designs

These three applications have benefited tremendously from 
various materials and nanostructured designs. However, their 
large-scale implementations require further material and 
structural innovation. New materials featuring favorable ther-
moplasmonic properties together with long-term stability, cost-
effectiveness, abundance, easy access and process, etc., should 
be highly addressed and fundamentally employed. Low-dimen-
sional materials such as graphene, with gate-tunable SPs in the 
IR range and very high thermal conductivity, offer new chan-
nels for heat transport and active thermal control;[297,298] While 
2D MXenes, such as Ti3C2Tx and a large family of members, 
have demonstrated intrinsically excellent spectral selectivity and 
photothermal conversion, which can avoid costly post-nano-
fabrication process and is quite promising for solar thermal 
applications.[299] For structural designs, bionics may provide 
inspiration for revolutionary innovations. Nanofabrication 
techniques will continue to play a key role in order to realize 
all these elaborated designs. In this sense, thermoplasmonic-
assisted synthesis or fabrication may serve as a powerful tool.

Though further research developments are desired, the 
intrinsic advantages of thermoplasmonics imply that it can not 
only optimize the harvesting and conversion of solar energy, 
but also facilitate clean energy production and emission reduc-
tion, thus contributing to the achievement of the national tar-
gets toward carbon peak and carbon neutrality.
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