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of monolithic silicon/perovskite solar cell 
has achieved over 29%.[13,14] Alternatively, 
photothermal conversion is another way to 
utilize solar energy and has drawn dramati-
cally increasing attention due to the easily 
achievable large conversion efficiency (usu-
ally larger than 50%) for the applications 
in thermal catalysis,[15–18] water evaporation 
and desalination,[19–27] bacterial killing,[28] 
as well as thermal-responsive sensors.[29–31] 
Photothermal conversion of solar energy 
refer that solar energy is first converted 
into heat and then heat energy is utilized to 
achieve the desired destinations,[15,16,28,31–34] 
such as water purification, desalination, 
electric power generation, catalysis conver-
sion, bacterial killing, and actuators. Thus, 
photothermal conversions of solar energy 
can be supplementary to PV-based tech-
nology in solar energy conversion and are 
deemed to be extremely important to clean 
energy production.[19,35,36]

Very recently, photothermal-derived applications have 
attracted many researchers’ interests and great efforts have 
been taken to expand the application fields and increase the 
conversion efficiency based on solar energy conversion.[29,37–44] 
Among all the applications, photothermal water evaporation for 
desalination and water purification has attracted the most atten-
tion, owning that freshwater can be directly produced by only 
using solar energy and it can address the freshwater shortage 
challenge for many countries.[27,32,33,45–53] However, the research 
focusing on other applications has attracted less attention 
than photothermal water evaporation, which should also be 
taken equally important attention for making the most of solar 
energy. For example, photothermal catalysis for H2 generation 
and CO2 reduction can be applied to convert solar energy into 
chemical energy under high concentrated solar intensity, but 
the efforts are still far from enough. Although photothermal 
electric power generation can show a solar-to-electricity con-
version efficiency exceeding 7% under 38 Sun,[54] its conver-
sion efficiency remains very low under low concentration solar 
intensity, such as 1 Sun or ambient conditions. Thus, the trade-
off between efficiency, costs, and practicality should be consid-
ered in future works. In addition, photothermal bacterial killing 
technology has proved that it can be efficiently used for killing 
bacteria under solar light illumination,[28] but whether it can be 
applied for human or animal wound treatment still needs to be 
discussed. Furthermore, solar energy can also cause thermally 
sensitive objects to reversibly change the physical properties for 
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1. Introduction

In the coming era of “Carbon Peak and Carbon Neutrality,”[1,2] 
it is particularly important to develop new energy technologies 
with low cost, environmental friendliness, and industrial scale to 
replace the traditional fossil fuels,[2–6] which are widely considered 
to cause greenhouse effect and frequent extreme weathers. Solar 
energy is a kind of energy that never be worried about being run 
out and can be readily available for every country.[7,8] Therefore, 
it is the most promising alternative to fossil energy compared 
to nuclear energy,[9] wind energy,[10] and blue energy.[11] Among 
the solar energy conversion technologies,[12] silicon-based photo-
voltaic (PV) solar cell has been commercialized and the efficiency 

© 2022 The Authors. Advanced Sustainable Systems published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and  
reproduction in any medium, provided the original work is properly cited.
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photothermal sensing.[29,55–57] Research on this application is 
also rare and more efforts should be paid in this area. Photo-
thermal deicing technology is still in its infancy, because the 
related research only has been investigated in the laboratory 
and ignored practical operating conditions.[58–62] For example, 
icing risks will usually happen at car windows, power lines, and 
airplanes, and how to solve them under low temperature and 
poor solar intensity still need further investigation.

In this review, we mainly concentrate on the material types for 
photothermal conversion mechanisms, the necessary require-
ments for high-performance photothermal light absorbers and a 
series of photothermal applications based on solar energy con-
version (Figure 1). First, four types of fundamental mechanisms 
of solar-driven photothermal conversion have been summarized, 
including non-radiative relaxation of semiconductors, plasmonic 
heating of metals, thermal vibrations of organic molecules 
and multiple interactions of micro/nanostructured materials. 
Besides, some complicated material systems will contain two or 
three combined basic mechanisms. Second, we discussed the 
essential requirements for high-performance solar-driven photo-
thermal materials, such as excellent light trapping performance 
in broadband (especially in the whole solar spectrum), suitable 
heat conduction, low heat emission, and high multi-level stability 
(anti-corrosion, anti-bacterial, and anti-high temperature). Then, 
the state-of-the-art progress for photothermal conversions of solar 
energy is introduced in detail, mainly including photothermal 
water evaporation and desalination, photothermal catalysis, 
photothermal electric power generation, photothermal bacterial 
killing, photothermal sensors, and photothermal deicing. At last, 
we summarize the whole review and give the viewpoint on the 
opportunities and challenges faced by the future development 
of photothermal conversion based on solar energy and light 
absorbers. This review presents a broad scope of photothermal 
applications, offers a comprehensive understanding on the 
photo thermal conversion of solar energy and provides a guide-
line for better design and fabrication of photothermal materials.

2. Basic Mechanisms of Solar-Driven 
Photothermal Conversions

Conversion of solar energy into other forms of energy is urgently 
needed to address the global energy issues.[63,64] It can be real-
ized by different conversion processes, such as PV effect,[4,65–67] 
photochemical transformation,[68–70] photoelectrochemical pro-
cess,[71–73] photothermal conversion.[18,27,33] Among these pro-
cesses, photothermal conversion is a straightforward way to 
harvest solar energy for solar storage and conversion,[27] which 
allows it to derive a series of applications, such as water evapo-
ration and purification, desalination, electric power generation, 
bacteria-killing, catalysis, sensors, and so on. The photothermal 
effect, also the so-called photo-induced thermal effect, is pro-
duced by absorbing solar light and then releasing heat with 
the materials. These materials can be both organic materials 
(conjugated polymers, dyes, and macromolecules) and inorganic 
materials (such as carbon-based materials, semiconductors, and 
plasmonic metals). Based on different thermal release mecha-
nisms of light interaction with matter, we classify these materials 
into four groups as shown in Figure 2:[24,27,33,74,75] 1) Non-radiative 
relaxation of semiconductors; 2) plasmonic heating of metals;  
3) thermal vibration of organic molecules; 4) multiple interac-
tions of micro/nanostructured materials.

2.1. Non-Radiative Relaxation of Semiconductors

Semiconducting materials convert solar energy into heat by 
absorbing the photon energy larger than their bandgaps, so 
that electrons in the valence band (VB) are able to be excited to 
the conductive band (CB). Next, excitation-state electrons and 
holes are produced in the CB and VB, respectively. Then, the 
excitation-state electrons and holes relax to the corresponding 
edges of CB and VB. As a result, the solar energy is successfully 
converted into heat, as shown in Figure 2a. However, radiative 
recombination of the excited carriers (electrons and holes) in 
direct bandgap will lead to photothermal performance loss by 
releasing photons. In addition, the reflection of light with a 
wavelength smaller than the band edge will also lead to low photo-
thermal conversion efficiency. Usually, by heteroatom doping 
or vacancy concentration regulation, the cutoff wavelengths of 
semiconducting materials can move toward long wavelength 
(redshifts) and even till the optical bandgap disappear.

For example, crystalline silicon (c-Si) has been often used 
as a light absorber, because it has a suitable bandgap for 
solar energy harvesting. c-Si as a typical semiconductor has a 
bandgap of 1.12  eV, corresponding to a cutoff wavelength of 
1110 nm. When it is used as a light absorber for photothermal 
conversion, only the energy beyond 1110 nm can be efficiently 
utilized. Cheng  et  al. reported that c-Si with high concentra-
tion boron atom doping and surface nanostructures can make 
the optical bandgap disappear, leading to the whole solar spec-
trum’s absorption in the range from 300 to 2500 nm with high 
absorption of 98.9%.[34] In another case, TiO2 as a typical wide 
bandgap material (≈3.2 eV) has a cutoff wavelength of 388 nm 
(ultraviolet light) and can only take advantage of a very lim-
ited range of solar energy. However, by introducing oxygen 
vacancies, the white TiO2 powder changed into a black TiO2 

Figure 1. Schematic diagram of the scope of this review on solar-driven 
photothermal conversion.
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one.[51,76–79] Accordingly, its cutoff wavelength is transferred 
from ultraviolet light into infrared light. As a result, the light 
absorption of oxygen-vacancy-rich TiO2 is highly enhanced, 
which enables a wide range of applications.[80–82]

2.2. Plasmonic Heating of Metal Nanostructures

Metallic plasmonic nanoparticles, such as gold, silver, alu-
minum, and platinum nanoparticles, have a high concentration 
of free electrons within the metals.[26,27,52,83–85] When the collec-
tive oscillation of the free electrons is driven coherently by the 
oscillating electric field of light, the localized surface plasmon 
resonance (LSPR) phenomenon will occur on the surface of 
these metals, leading to enhanced radiative scattering of and 
absorption of resonant light. In addition, near-field enhance-
ment and hot carrier generation can also result from the decay 
of the collective oscillations. All these depend on many factors 
such as particle size, form, composition, and dielectric envi-
ronment.[86,87] The relaxation of the enhanced absorption in 
a non-radiative way by releasing thermal energy, is called the 
plasmonic photothermal effect. The exact mechanism of the 
plasmonic photothermal effect can be understood like that:  
the excited electrons at a higher energy level (hot electrons) 
have a limited lifetime and will release the absorbed energy 
through electron–electron and electron–phonon scatterings and 
then dissipate energy in the surroundings by phonon–phonon 
relaxation process.[26,27] During this process, solar energy is con-
verted into heat (Figure 2b). Nanoparticles and nanostructures 
have a large cross section of absorption which allows the inter-
action with the light on a large scale, thus, metallic plasmonic 

nanoparticles with a strongly LSPR effect are promising candi-
dates for solar energy conversion by the photothermal process.

Zhou  et  al,[88] reported a kind of gold plasmonic absorber 
fabricated by a physical vapor deposition method in a manner 
of self-assembly in an anodized aluminum oxide mask. The 
transparent AAO mask turns black and this plasmonic light 
absorber presents a light absorption of about 99% in the range 
from 400 nm to 10 µm, enabling strong photothermal conver-
sion ability. As a result, the efficiency of solar steam genera-
tion exceeds 90% under 4  kW  m−2 solar intensity using the 
gold plasmonic light absorber. However, gold is a kind of noble 
metal and it is expensive for solar steam generation. Consid-
ering this, Xu  et  al,[89] developed a cheaper nickel (Ni) nano-
structure as the light absorber. The plasmonic light absorber 
can achieve absorption as high as ≈95% in the wavelength 
range from 200 to 1500 nm, which can be totally used for solar 
steam generation. By using the Ni plasmonic absorber for solar 
steam generation, the evaporation rate remarkably enhanced to 
≈2.3 times compared with the control experiment.

2.3. Thermal Vibration of Organic Molecules

Some polymer materials and organic small molecule mate-
rials can efficiently convert photon energy into heat through lat-
tice relaxation.[40,90–92] The mechanism of these kinds of organic 
materials is similar to that of semiconductors.[23,26,27] Such 
materials usually appear to be black or dark in color. In a typical  
photothermal conversion process (Figure 2c), The materials with 
abundant conjugated π bonds absorb the photon energy, and the 
electrons subsequently are excited from the ground state π orbit 

Figure 2. Solar-driven photothermal mechanisms of different light absorbers. a) The illustration for heat production from non-radiative relaxation in 
narrow bandgap semiconductors. b) The illustration for heat production from localized heat in plasmonic metals. c) The illustration for heat production 
from molecule vibrations in organic materials. d) The illustration for heat production from multiple interactions in micro/nanostructured materials.
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(highest  occupied molecular orbital, HOMO) to a higher excited 
π* orbit (lowest unoccupied molecular orbital, LUMO). On one 
hand, heat will be released when excited electrons relax to the edge 
of LUMO energy level by lattice relaxation; on the other hand, 
when the incident photon energy matches a possible electron tran-
sition within the organic molecule, the excited electrons will come 
back to the HOMO energy level, leading to the heat release.

Chen  et  al,[92] designed a kind of organic-small-molecule 
photothermal material (CR-TPE-T) with strong π–π stacking 
in the solid state, which showed a broadband absorption in the 
wavelength range from 300 to 1600  nm. By lattice relaxation, 
the materials behaved with an excellent photothermal conver-
sion efficiency of 72.7% under the intensity of 800  mW  cm−1 
using an 808 nm laser. In addition, integrating CR-TPE-T with 
porous polyurethane as a solar steam evaporator, it showed a 
high solar-to-vapor efficiency of 87.2% under 1 Sun intensity. 
Zhang  et  al,[93] developed polypropylene-polyethylene dioxy-
thiophene-polypyrrole (PP-PEDOT-PPy) double-shell textile as a 
light absorber for solar and thermal energy harvesting. The flex-
ible photo-thermoelectric device obtained a voltage of 536.47 µV 
under infrared light. This shows a potential for energy supply 
in smart wearable electronic devices.

2.4. Multiple Interactions of Micro/Nanostructured Materials

Micro/nanostructured materials include black carbon-based 
materials, black silicon, black GaAs, and other black mate-
rials.[21,31,34,52,53,94–99] Generally, bulk materials tend to have 
a limited emissivity. For example, a graphite sheet without 
micro/nanostructures has an emissivity of ≈0.85, which is not 
beneficial for solar energy harvesting.[26] Therefore, in order to 
improve light absorption of bulk materials, different micro/
nanostructured materials, such as graphene, carbon nanotube, 
black silicon, and black GaAs nanostructures are put forward. 
The basic principle is to increase the times of reflections, refrac-
tions, and scatterings within the nanostructures, as presented 
in Figure  2d.[26,33] In this principle, incident photon energy is 
greatly trapped in the nanostructures and almost no photons 
are able to escape from them. Finally, the absorbed photon 
energy is released into the environment by heat radiation.

Ren  et  al,[21] developed a hierarchical graphene foam for 
highly efficient photothermal conversion. By reducing the 
reflection and transmission of the incident photons, the hier-
archical graphene foam can achieve a high absorption for effi-
cient solar-thermal energy conversion. While common graphene 
foam without hierarchical nanostructure shows a large portion 
of reflection and transmission, leading to a low absorption of 
incident light. When the hierarchical graphene foam is used for 
photothermal solar steam generation, it can obtain a maximum 
solar-thermal conversion efficiency as high as 93.4%. Wu et al,[61] 
reported a kind of superhydrophobic candle soot for photo-
thermal deicing. The self-assembly hierarchical candle soot 
increased the optical path length and enabled the excellent light 
trapping property. Under 1 Sun irradiation for 5 min, the sur-
face temperature of the hierarchical candle soot was increased 
to 53 °C, where no ice can exist above the environmental tem-
perature of –50  °C. Cheng  et  al,[99] developed a 3D  Ag hybrid 
plasmonic nanostructure for photo-thermoelectric conversion. 

The reported light absorber showed a maximum absorption 
>99% across the solar spectrum and the absorption ability was 
highly dependent on the structural height of the 3D structure, 
which verified that a high 3D structure would cause more times 
of reflections and thus gained a better light absorption perfor-
mance. As a result, the high structure light absorber showed the 
best solar energy conversion performance.

2.5. Hybrid Mechanism of Other Materials

In order to meet the demand for practical applications, many 
hybrid materials with hybrid mechanisms have been devel-
oped. Generally speaking, hybrid mechanisms consist of two or 
two more fundamental mechanisms are mentioned above. For 
example, Huang et al,[90] developed one super-robust photothermal 
liquid metals@polymer core-shell material, which consists of plas-
monic heating and thermal vibration of organic polymer mecha-
nism during the heat production process. Zhang et al,[51] presented 
that the nanostructured silicon with gold nanoparticle deposition 
for photothermal conversion includes three fundamental mecha-
nisms of non-radiative relaxation below the cutoff wavelength, 
plasmonic heating, and multiple interactions within the nano-
structures in the wavelength range from 200 to 1700 nm. Li and 
his co-workers reported that Ti3C2 MXene with a characteristic 
absorption peak at ≈800 nm can show a nearly light-to-heat effi-
ciency of 100%,[100] which possibly referred to plasmonic heating 
and multiple interactions within the nanostructures.[74]

3. The Fundamental Requirements for  
Solar-Driven Photothermal Materials
Solar-driven photothermal materials are promising platforms 
for addressing global energy challenges and environmental 
issues. Solar energy mainly focuses on the wavelength range 
from 300 to 2500 nm (Figure 3a), which occupies over 98% of 
solar energy. Therefore, as an excellent light absorber, it should 
achieve a high absorption in this range for solar energy conver-
sion. At the same time, the reflection and transmission should 
approach zero. In addition, low heat emission is necessary to 
assure high photothermal conversion efficiency. Ultimately, 
suitable heat conduction will benefit heat transfer and boost 
photothermal conversion performance.

3.1. High Absorption with Broadband

High solar absorptance is the essential requirement and pre-
requisite. The solar absorptance can be defined as:[24,75,89]
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∫
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where A, R, and T stand for absorptance, reflectance, and 
transmittance, respectively, Ssolar is the wavelength-dependent 
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AM 1.5 G solar spectrum, λ1 and λ2 are the integration beginning 
wavelength and end wavelength, respectively. According to this 
equation, by decreasing reflectance and transmittance, the solar 
absorptance can be enhanced. The maximum capability of photo-
thermal conversion of one light absorber depends on its ability of 
the solar absorption. Therefore, it is necessary to apply different 
strategies based on different mechanisms to improve the solar 
absorptance of the broad band.[24,26] In this review, photothermal 
conversion is based on solar spectrum, thus the beginning wave-
length λ1 should be as small as possible, such as 300 nm, and the 
final wavelength usually is 2500 nm. In this range, solar energy 
can be efficiently absorbed by the light absorber.

3.2. Suitable Heat Conductivity of the Absorber

Suitable heat conduction of the light absorber is one of the key 
factors for directly photothermal conversion efficiency.[24,33,56] 
After the light absorber absorbs the solar light, the solar energy 
is transferred into heat by a photothermal process. The heat 
will be released mainly by heat conduction to a lower tempera-
ture object and heat radiation to the surrounding. The former 
directly decides the thermal transfer efficiency, while the latter 
will depend on the aims, for example, if the heat radiation is 
waste, the heat conductivity should be as small as possible. If 
the heat radiation is useful, the absorber should have a high 
conductivity to quickly release heat. The heat transfer of the 
light absorber can be defined as:[24,75]

=
−( )2 1q kA

T T

L
 (2)

where q represents the amount of heat transfer by conduction, 
T2 and T1 are the steady temperatures of the light absorber and 
heat transfer object, respectively, k is the thermal conductivity 
of the light absorber, A is the area of the heat transfer, and L is 
the thickness of the light absorber. Thus, Equation (2) offers effi-
cient paths to regulate heat transfer, such as picking up a suit-
able conductivity light absorber, enhancing heat transfer contact 
area, decreasing heat transfer thickness, and increasing the tem-
perature differences (T2 − T1). For interfacial heating-based water 
evaporation and interfacial reaction, it is preferred to keep heat 
localized on the surface, and thus the heat conduction should be 
as low as much. For volumetric heating-based water evaporation 

and bacterial killing, heat should be transferred to the bulk water 
in time, so the heat conductivity should be high. In short, a rea-
sonable thermal conductive material can be selected for photo-
thermal applications according to desired purposes.

3.3. Low Emission of the Light Absorber

Low heat emission of the light absorber is another require-
ment for efficient photothermal conversion. It is well known 
that all objects will produce heat emission by releasing infrared 
electromagnetic waves. As is mentioned above, heat emission 
will cause heat loss and thus leading to lower solar energy con-
version. In order to improve the solar energy conversion effi-
ciency, the related thermal management technologies should be 
applied to reduce the heat loss, such as surface coating tech-
nology. Creating a lower emissivity surface layer on the light 
absorber while the light absorption performance is not affected, 
the solar energy conversion efficiency will be expected to be 
enhanced.

3.4. High Stability of Light Absorber

For the promising practical applications of photothermal-based 
technologies, high stability of the light absorber is also a nec-
essary requirement,[33] in addition to the excellent broadband 
absorption, suitable thermal conduction, and low heat emis-
sion. The stability includes many aspects,[26,33] for example, 
1) chemical stability: the chemical compositions will not be 
changed during the photothermal conversion process; 2) struc-
ture stability: the structure should keep stable during the long 
term cyclic temperature fluctuations with high resistance to 
light corrosion and/or solution corrosion; 3) optical stability: 
the reflection, transmission, and especially absorption should 
not be affected during the photothermal conversion processes.

4. Solar-Driven Photothermal Applications

4.1. Photothermal Water Evaporation and Desalination

Photothermal water evaporation has gained extensive atten-
tion because the readily available solar energy can be utilized to 

Figure 3. a) AM 1.5 G solar spectrum. Reproduced with permission.[33] Copyright 2019, Elsevier. b)The schematic illustration of heat generation, 
conduction, and emission processes with the light absorber.
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treat different water sources (seawater, wastewater, and unpuri-
fied water) with highly efficient, environmentally friendly, and 
cost-effective to obtain fresh water, salts, and high energy water 
vapor for electric power generation.[26,45,81,82,92,97,101,102] For this 
type of application, the main challenges lay in finding suitable 
absorbers or absorber systems with high light absorption and 
fast heat transfer and water transport abilities to achieve high 
photothermal conversion efficiency, and a lot of theoretical and 
experimental studies have been concentrated on such issues.

In the past few years, photothermal water evaporation along 
with desalination has gone through huge advances based on 
water vapor production from liquid water with the assistance of 
solar light. The pioneering work of using a plasmonic absorber 
with strong light absorption for photothermal water evapora-
tion was reported by Zhu’s group.[32] The aluminum-based 
plasmonic absorber has three key features (Figure 4a,b): a) The 
porous anodic aluminum oxide (AAO) membrane works as the 
support and extends the optical path length for multiple reflec-
tions to improve absorption efficiency. b) Close-packed alu-
minum nanoparticles attached inside the AAO strongly interact 
with incident light for enhanced resonance absorption. c) A thin 
aluminum layer on the top of AAO can efficiently stop the light 
from penetrating the AAO membrane. These features make an 
aluminum-based plasmonic absorber achieve a light absorption 
as high as over 96% in the range from 400 to 2500  nm. The 
high efficiency and broadband absorption, strong LSPR, and 
efficient heat transfer lead to the high photothermal conver-
sion efficiency of over 90% (Figure  4c) under 6  kW  m−2 and 

a sharp decrease in salinity to meet the drinking water standard 
defined by World Health Organization (WHO). Similarly, Hu’s 
group[103] reported that 3D mesoporous wood was decorated by 
metal nanoparticles to form plasmonic wood (Figure  4d). The 
plasmonic wood shows an outstanding light absorption perfor-
mance (≈99%) in the range from 200 to 2500 nm (Figure 4e), 
which was caused by the LSPR effect of the metal nanoparti-
cles and waveguide effect within the wood microchannels. 
The unique 3D mesoporous plasmonic wood with micro-
nanochannels can effectively offer water transport channels 
and localized heat on the surface of metal nanoparticles. As a 
consequence, the 3D plasmonic wood can obtain a good photo-
thermal conversion efficiency of 85% under 10  kW  m−2 illu-
mination (Figure  4f). It also showed an excellent stability for 
6 days when applied for photothermal water evaporation. Dif-
ferent from the previous two works, Schaaf’s group presented 
a 3D silver-based plasmonic absorber that was prepared on a 
glass substrate using the metastable atomic layer deposition 
combined with physical vapor deposition.[52] The optimized 
3D silver-based plasmonic absorber exhibited a high absorption 
of 96.4% in the wavelength range from 200 to 2500  nm due 
to the strong LSPR effect of the silver nanoparticles and mul-
tiple scatterings within the nanostructures (Figure 4h). When it 
was applied for the bottom-heated-based water evaporation, the 
water evaporation rate was remarkably improved to 7.12 times 
under 1 kW m−2 compared with that without solar illumination 
(Figure  4i). These findings highlight that it is of great signifi-
cance to integrate 3D nanostructures with metal nanoparticles 

Figure 4. Photothermal water evaporation. a) The experimental set-up for photothermal desalination. b) Schematic illustration for water evaporation 
within the Al/AAO nanochannels. c) Photothermal water evaporation efficiency under different solar intensities. Copt means optical concentration. 
(a–c) Reproduced with permission.[32] Copyright 2016, Springer Nature. d) Top-view SEM of plasmonic wood. e) Absorption spectrum of Pb plasmonic 
wood. f) Evaporation efficiency of Pa plasmonic wood under different solar intensities. (d–f) Reproduced with permission.[103] Copyright 2017, Wiley-VCH.  
g) TEM images of 3D Ag plasmonic absorber. h) Absorption spectrum of 3D Ag absorber under different conditions. i) Mass change curves with 
increasing time, which were used to calculate the efficiencies. (g–i) Reproduced with permission.[52] Copyright 2021, Elsevier.
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to enhance solar energy harvesting and it also offers guidance 
for plasmonic light absorbers design when it is used for photo-
thermal water evaporation.

4.2. Photothermal Catalysis

Photothermal catalysis can be usually understood as occurrence 
or acceleration of the catalytic reaction by the support of photo-
thermal effect. The catalyst systems can be also used as photo-
thermal conversion agent to increase the reaction temperature 
by converting solar energy to thermal energy, so that the reac-
tion can be activated or reaction kinetics can be accelerated just 
like the situation in thermocatalysis.[15,16,75,104–106] In addition to 
the photothermal effect, some semiconducting and plasmonic 
catalysts also possess a synergetic effect of generated charge 
carriers by photon excitation, for example excited electrons and 
holes with semiconductors and hot electrons with plasmonic 
nanostructures, which sometime even plays the dominant role 
for the improvement of catalytic performance.[106,107] Nowadays, 
it is a new trend to develop new catalyst systems by rational 
design and taking the advantage of the synergy between both 
photothermal effect and generated charge carrier effect.[106–108] 
These processes are different from the photo-electrocatalysis 
process, which mainly depends on efficiently photogenerated 
electron–hole separation for promoting chemical reactions. 
This is also distinct from thermal catalysis, which tends to 
occur at a high temperature without solar illumination and the 
chemical reactions was driven by temperature.[18,109] During 
the photothermal catalysis process, solar energy can be used 
to destroy the chemical bonds to degrade organic pollutants. 
At the same time, it also can generate new chemical bonds 
for energy storage in hydrogen (H2),[16] carbon oxide (CO),[35] 
methane (CH4),[110] and so on. Therefore, photothermal catal-
ysis can be an alternative or complementary method to thermal 
catalysis and photo-electrocatalysis, and provide an effective 
and promising path for addressing energy crisis and environ-
mental problems.

4.2.1. Photothermal Catalysis for H2 Generation

H2, as a clean energy source, is promised to reduce environ-
mental issues due to no pollution gas emission and “green 
house” gas emission during its usage process. Photothermal 
catalysis for H2 production is an effective method to produce 
H2 using solar light and suitable catalysts. Sourav Rej et al.[111] 
reported that TiN-Pt nanohybrids included a TiN core and mul-
tiple Pt nanocrystals attached to the TiN surface (Figure 5a), 
which can be used as a catalyst for H2 production under the 
solar light based on a synergistic effect from both plasmonic 
hot electrons and photothermal heating.[113] It is noted that an 
apparent quantum yield of hot electron-caused H2 production 
from NH3BH3 can achieve 120% under the resonant wave-
length at 700 nm (Figure 5b). Experimental results (Figure 5c) 
indicated that the synergistic effect of hot electrons and col-
lective-heating contribution can enhance the activity of TiN-Pt 
nanohybrid up to ≈11 times under 10 kW m−2 than under dark 
condition.

Huang and his colleague[44] also reported the low-temperature 
H2 evolution from NH3BH3 via photothermal dehydrogenation. 
They prepared Ti2O3 nanoparticles (Figure  5d) as the photo-
thermal catalyst by reducing TiO2 nanoparticles using CaH2. 
By introducing oxygen vacancies, the Ti2O3 totally turned black, 
allowing a broadband absorption in the whole solar spectrum 
(Figure 5e). As-prepared black Ti2O3 nanoparticles showed good 
chemical stability and narrow bandgap and also exhibited a fast 
H2 generation from NH3BH3 at ambient temperature. Further-
more, when CuCl2 was applied as the promoter, the H2 produc-
tion yield under 1 kW m−2 at 70 °C could achieve the same level 
under 9 kW m−2 (Figure 5f), indicating that it can be potentially 
used in hydrogen energy vehicles based on the related fuel cell 
technologies. However, current works only concentrate on one 
application for H2 production.

In order to enhance the solar energy conversion efficiency, 
Gao et al.[112] presented a novel photothermal catalytic (PTC) gel 
for both freshwater and hydrogen generation. The PTC gel was 
prepared by decorating TiO2/Ag nanofibers into chitosan with 
special freezing technology and freezing-drying. The reported 
3D PTC gel (Figure 5g) has a hydrophobic interface to ensure 
fresh water and H2 cogeneration. The 3D PTC gel showed a 
broadband absorption larger than 90% in the range from 250 to 
2500 nm (Figure 5h). Its PTC H2 production rate was remark-
ably enhanced under the full solar spectrum than under the 
solely UV light due to the obvious PTC effect. Furthermore, the 
PTC gel showed a good H2 production stability (Figure 5i). In 
addition, the PTC gel can achieve a freshwater yield of up to 
about 5 kg m−2 under natural solar light illumination in 1 day. 
In short, integrating broadband light absorbers with co-catalysts 
can greatly enhance the H2 yield based on photothermal catal-
ysis using solar energy. Besides, developing multi-functional 
light absorbers is highly demanded for promoting solar energy 
conversion efficiency.

4.2.2. Photothermal Catalysis for CO2 Reduction

Owning to increasing global fossil fuel consumption, CO2 
concentration in the air has been rising during the past years, 
leading to a series of environmental problems, such as global 
warming and extreme weather.[63,117] Photothermal catalysis 
for CO2 reduction based on solar energy is one of the most 
promising strategies to tackle these issues. Most recently, Cai 
and his colleagues[114] reported a supra-photothermal catalyst 
nanostructure inspired by the “greenhouse” effect. The pre-
pared photothermal catalyst showed an excellent CO2 reduc-
tion performance compared with traditional ones. The catalyst 
(Figure 6a) included several nickel nanocrystals wrapped by a 
porous silica (Ni@p-SiO2), which was thought to be beneficial 
for CO2 reduction. Under the 2.8  W  cm−2 illumination, the 
Ni@p-SiO2 can exhibit the best photothermal performance 
than the other two catalysts (Figure  6b). In addition, the local 
temperature of Ni@p-SiO2 was also the highest than those of 
Ni-based ones without SiO2 shell. The authors believed that 
the excellent heat insulation and infrared shielding effect of 
silica resulted in the supra-photothermal CO2 reduction perfor-
mance. As a result, the Ni@p-SiO2 photothermal catalyst can 
achieve a CO2 conversion rate as high as 0.344  mol  g−1  min−1 
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under 2.8 W cm−2 illumination (Figure 6c). Besides, it also per-
formed good stability for ten cycles and had an excellent CO 
selectivity as high as 90%.

Song et al.[115] showed a series of Fe-based photothermal cat-
alysts (Fe, Fe3C, Fe3O4, C@Fe3C, and Fe@Fe3C) prepared by a 
facile reduction reaction and carbonization treatment with Fe3O4 
as the precursor. Figure 6d is the representative high-resolution 
TEM picture of Fe3C. Under the 2.05 W cm−2 illumination, the 
surface temperature of Fe3C gradually raised to 310  °C after 
half an hour, while Fe3O4 could achieve 350 °C within the same 
period (Figure 6e). Interestingly, during the photothermal catal-
ysis for 12 h, Fe3O4 showed almost 100% selectivity for CO gener-
ation in the whole period, while the selectivity for hydrocarbons 
generation of Fe3C was gradually increased from ≈38% to nearly 
97.5% (Figure 6f). Meantime, it also presented that the selectivity 
could be regulated by adjusting the contents of the precursor 
during the treatment process.

Zhang et al.[116] reported a kind of silicon nanowire array with 
cobalt as the catalyst and silica as the coating (SNA@Co@SiO2, 
Figure  6g) for photothermal CO2 catalysis with almost 100% 
absorption in the whole solar spectrum. Figure 6h is the time-
dependent temperature curves of different Si-based samples. 
Obviously, SNAs@Co5 min demonstrated the best photothermal 
conversion performance and achieve the biggest surface tem-
perature of 250 °C under 25 kW m−2 illumination. By control-
ling the sputtering time of Co, the photothermal performance 
of SNAs@Co5 min was further optimized to SNAs@Co15 min 
(Figure  6i). However, the stability of SNAs@Co15 min was still 
unsatisfactory. To further improve the stability, silica was coated 
on the catalyst. Experimental results indicated that the stability 
of SNA@Co@SiO2 was enhanced while the selectivity for CO 
production was a little decreased.

Fu and co-workers[110] reported almost 100% selectivity 
for CO2 reduction to CH4 was achieved using broadband 

Figure 5. Photothermal catalysis for H2 generation. a) TEM image of TiN−Pt photothermal catalyst. b) Absorption spectrum of TiN−Pt and corre-
sponding apparent quantum yield (AQY). c) H2 production rate under different solar intensities. (a–c) Reproduced with permission.[111] Copyright 2020, 
American Chemical Society. d) TEM image of Ti2O3 nanoparticles. e) Absorption spectrum of Ti2O3 particles with different scales. (d–f) Reproduced with 
permission.[44] Copyright 2020, Wiley-VCH. f) Hydrogen generation under different conditions using Ti2O3 nanoparticles. g) Optical photo of PTC gel 
catalyst. h) Absorption spectrum of the different samples. i) Hydrogen generation rate of suspension system with or without stirring. (g–i) Reproduced  
with permission.[112] Copyright 2020, Wiley-VCH.
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Rh/Al  nanoantenna photothermal catalyst and high-concen-
trated solar energy. The catalyst was prepared by a simple 
solvothermal method and the structure of Rh/Al can be seen 
in Figure  6j, where ultrafine Rh nanoclusters with several 

nanometers adhered on the Al nanosphere. Figure 6k exhibits 
the sample surface temperature was changed by the solar 
intensity and the highest temperature could reach ≈700  °C at 
the solar intensity of 11.3 W cm−2. Figure 6l demonstrates that 

Figure 6. Photothermal catalysis for CO2 reduction. a) TEM image of Ni@p-SiO2-30. b) Photothermal performances of Ni@p-SiO2-30, Ni@SiO2-
Al2O3, and Ni NCs. c) CO2 conversion rates under different solar intensities. (a–c) Reproduced with permission.[114] Copyright 2021, Springer Nature. 
d) TEM image of Fe3C nanocrystal. e) Photothermal performances of Fe3C and Fe3O4. f) Selectively catalyze CO2 to CO or CH of Fe3C and Fe3O4. 
(d–f) Reproduced with permission.[115] Copyright 2020, American Chemical Society. g) TEM image of SNAs@Co15 min@SiO2. h) Photothermal perfor-
mances of SNAs@Co15 min, SNAs@Co25 min, SNAs@Co35 min, and SNAs@Co45 min. i) CO2 conversion rates under different photothermal catalysts. 
(g–i) Reproduced with permission.[116] Copyright 2021, Wiley-VCH. j) TEM image of the Rh/Al nanoantenna catalyst. k) Photothermal performances of 
Rh/Al nanoantenna catalyst under different solar intensities. l) CO and CH4 production rates under different solar intensities and their corresponding 
selectivity. (j–l) Reproduced with permission.[110] Copyright 2021, American Chemical Society.
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photothermal catalysis CO2 methanation could show almost 
100% selectivity under different solar intensities at 50 °C. These 
research results offer the idea concept that rational design of 
broadband photothermal catalyst is beneficial for CO2-to-fuel 
conversion.

4.3. Photothermal Electric Power Generation

Apart from PV electric power generation,[12,67] electric power 
could also be produced through the photo-thermoelectric effect 
in which solar energy is utilized by combining light absorber 
and thermoelectric modules. Generally, a photo-thermoelectric 
conversion process includes that: 1) the light absorber absorbs 
the solar light and converts it into heat, resulting in a high 

temperature surface on the light absorber; 2) the back side of 
thermoelectric modules is against the solar light and it will 
achieve a low surface temperature; 3) the temperature differ-
ence (ΔT) between the high temperature and low temperature 
will form a driving force and the force will drive thermoelectric 
modules to generate electricity.

Photo-thermoelectric power generation technology can be 
widely applied in wearable electronics and micro-electronic 
chips due to low voltage and small electricity outputs. 
Ho’s  group reported a flexible and thermal insulative organic 
light absorber sponge for electric power and water vapor cogen-
eration. The sponge consisted of carbon nanotubes/cellulose 
nanocrystal coating and a porous polymer support. Figure 7a 
presents the SEM picture of the light absorber and the inset 
was the optical image. Obviously, its appearance was totally 

Figure 7. Photothermal electric power generation. a) SEM image of CNT/CNC@PDMS sponge and the inset is the digital photo (scale bar: 1 cm). 
b) light trapping performance of CNT/CNC@PDMS sponge. c) Photo-thermoelectric conversion results under different solar intensities. (a–c) Repro-
duced with permission.[39] Copyright 2019, Wiley-VCH. d) Optical photo of black silicon with 120 min etching time. e) Light trapping performance of black 
silicon with 120 min etching time. f) Photo-thermoelectric conversion results with different samples under different solar intensities. (d–f) Reproduced 
with permission.[34] Copyright 2021, American Chemical Society. g) SEM image of PEDOT:PSS/Te NW (90 wt% Te NWs) films. h) Absorption perfor-
mance of different Te NW content of PEDOT:PSS/Te NW films. i) Photo-thermoelectric conversion results for different Te NW content of PEDOT:PSS/
Te NW films. (g–i) Reproduced with permission.[118] Copyright 2021, American Chemical Society.
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dark, leading to a high light trapping performance (Figure 7b). 
Under the different solar intensities (Figure  7c), the thermo-
voltage output gradually increased and the maximum steady 
voltage (≈240  mV under 5  kW  m−2 illumination) was high 
enough to power a calculator. But under the real environment 
(1 kW m−2, AM 1.5 G), the steady voltage was only about 50 mV, 
which was unsatisfactory for many practical usages.

Cheng et al.[34] prepared an ultra-black silicon nanostructure 
(Figure  7d) with excellent light absorption property for high-
performance photo-thermoelectric conversion. The optimized 
black silicon exhibited a super low reflection (Figure 7e). When 
the black silicon light absorber was assembled with thermo-
electric modules for photo-thermoelectric generation, it could 
achieve a steady voltage of ≈64  mV (Figure  7f) under AM  
1.5 G illumination, which showed a performance rise rate of 
28% compared with the former work. To further simplify the 
photo-thermoelectric device, Liu and his colleagues[118] inte-
grated the light absorber with thermoelectric material into one 
device for photo-thermoelectric power generation. As-prepared 
poly (3,4-ethylenedioxythiophene): poly(styrenesulfonate)/Te 
nanowires (PEDOT: PSS/Te NW) can be seen in Figure 7g. The 
sample with 100% Te concentration showed a highest broad-
band absorption in the 300–1100  nm (Figure  7h) and also a 
highest power density of ≈6 µW cm−2 (Figure 7i). To conclude, 
photo-thermoelectric power is a promising solar energy conver-
sion technology, but many efforts should be made to improve 
the solar-to-electricity efficiency, because the efficiency remains 
still very low based on photo-thermoelectric conversion under 
AM 1.5 G illumination.[34,90,91]

4.4. Photothermal Bacterial Killing

Photothermal bacterial killing is distinct from photocatalytic 
bacterial killing,[7,119] which uses photo-induced strong oxida-
tion groups to destroy the cell membrane for killing bacteria 
to death. It is based on chemical reactions and can be cata-
loged as a chemical method. Photothermal bacterial killing is 
referred that the protein of the bacterial is destroyed when it 
suffers from a high temperature under solar illumination, 
which is based on a physical method.[119] Therefore, the photo-
thermal bacterial killing can be an efficient water treatment for 
improving water quality to decrease health risks and also can 
provide a reference for photothermal cancer therapy.

Photothermal bacterial killing as a highly efficient, green, 
and sustainable technology has been extensively studied due 
to its great importance for human health. Here, we choose the 
three-representative works as the indicators. In the year 2019, 
Pan  et  al.[120] reported a cost-effective and stable photothermal 
membrane for photothermal anti-bacterial application. By 
adjusting the precursor (NH4)2S2O8 concentration, the samples’ 
surface gradually turned totally black (Figure 8a). The light trap-
ping performance was thus increased and the reflection can be 
reduced to below 5% in the whole range from 200 to 1500  nm 
(Figure 8b). When the photothermal membrane was employed for 
bacterial killing under 4.5 kW m−2 illumination, the bacterial con-
centration remarkably decreased to a safe value and it could not 
be observed anymore by the naked eyes after culture (Figure 8c), 
which was thought to be almost no threat to mankind health.

Zhao  et  al.[121] demonstrated a Co2.67S4-based photothermal 
membrane that could be applied for photothermal anti-bacterial 
and water evaporation simultaneously. The Co2.67S4 nanoparticles  
(Figure  8d) and Co2.67S4-based photothermal membrane were 
prepared through the facile solvothermal method and vacuum-
filtration method, respectively. The prepared Co2.67S4-based 
photothermal membrane exhibited a high absorption of ≈95% 
in the 200–2500 nm region (Figure 8e). To examine the photo-
thermal anti-bacterial performance of the Co2.67S4-based mem-
brane, a kind of Escherichia coli widely existed in wastewater 
was used as the model. As shown in Figure 8f, the Final-PTFE 
(Co2.67S4-based) membrane with light irradiation could cause all 
E. coli death while the sample without photothermal membrane 
didn’t influence the E. coli growth. In addition, the Co2.67S4-
based photo thermal membrane could also achieve a photo-
thermal conversion efficiency of 82% for water evaporation 
under 2 kW m−2 radiation. One step further, Qu et al.[41] reported 
a more effective Au/Ti3C2 photothermal membrane with a 
higher photothermal water evaporation efficiency of 83.6% and 
a faster sterilization rate. By exfoliating Ti2C3 from Ti2AlC3, fol-
lowed by reduction Au on Ti2C3 and vacuum-filtration, Au/Ti2C3 
photothermal membrane (Figure 8g) was prepared. It showed a 
broadband absorption in the 200–2500 nm region (Figure 8h). 
When applied as the photothermal membrane, it can lead  
bacterial death to about 7 orders of magnitude decrease in  
10 or 20 min (Figure  8i). Furthermore, the stability of the  
Au/Ti2C3 photothermal membrane can remain pretty good 
during water evaporation. Above all, these researches provide 
the direction toward developing multifunctional, broadband, 
stable, and low-cost photothermal materials to improve the 
water quality by effectively harvesting solar energy in future.

4.5. Photothermal Sensors

Different from above-mentioned applications, photothermal 
sensors are referred devices that the physical property such 
as electrical resistance changes induced by the photothermal 
effect.[29–31] Usually, the thermistor is a kind of temperature 
sensor based on the thermal-sensitive resistor. When it is inte-
grated with a light absorber, and placed under the solar light, 
the light-caused heat will influence its resistance, which can be 
easily measured according to the changed electric signals. In 
addition, photothermal actuators can be also constructed,[55,122] 
to convert solar energy into motion energy.

Besides, Xiang  et  al.[30] presented a series of cost-effective 
short-wave infrared sensors (Figure 9a) prepared by wet-method 
colloidal gold nanorods. The response wavelength ranges of 
these sensors are from 900 to 1300 nm (Figure 9b). Under the 
illuminations, the assembled hybrid gold nanorods @ thermistor 
(Figure 9c) showed a remarkable photo-induced resistance drop, 
reflecting the electric signal change in Figure  9c. However, it 
only referred to a narrow band response.[77–79] To address this 
challenge, Xiong and her colleagues[29] presented a broadband 
photodetector (Figure  9d) that integrated a reduced graphene 
oxide (rGO) layer with a thermistor. By wrapping rGO film 
onto a polydimethylsiloxane (PDMS) layer, the sample exhib-
ited a broadband light absorption in 200–1300  nm (Figure  9e), 
resulting in an excellent photothermal performance. Under 0.8 
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Sun, the device gained a high responsivity of 176.9 V W−1 with 
a long response-recovery time of about 80 s (Figure  9f). These 
findings will with no doubt expand the scope of applications of 
photothermal conversions of solar energy.

4.6. Photothermal Deicing

Freezing on the surface of objects sometimes will cause incon-
venience and potential safety risks for daily life.[59,61,62] There-
fore, it is necessary to develop new methods to address these 
issues. Compared with energy-consuming methods and envi-
ronmentally unfriendly ones, photothermal deicing technology 
can make up for the above shortages, which only applies solar 
energy and photothermal materials. During the deicing pro-
cess, the photothermal material absorbs the solar energy and 
causes a higher temperature surface, then the heat will be 
spontaneously delivered to the ice, causing its melt.

Photothermal deicing technology by solar energy is not only 
environmentally friendly and cost-effective, but also can solve 
a variety of safety hazards to our daily life, such as freezing 
car window will lead to poor eyesight, freezing stairs are easy 
to cause falling down, and so on. Wu et  al.[61] demonstrated a 
candle soot-based hierarchical nanostructured photothermal 
material by placing a glass on the candle flame (Figure 10a) 
and some simple modifications (Figure 10b). When the sample 
with ice was placed under the solar light (Figure 10c), the light 
absorber (Figure 10c,d) absorbed the solar energy and converted 
it into heat. Then, the heat was delivered to the ice and led to 
its melt. Finally, the melted water rolled off the superhydro-
phobic surface. This self-clean photothermal material enables 
its high-efficiency deicing without contaminants under solar 
light. Susmita Dash and his coworkers[62] proposed a novel 
photothermal trap using solar energy for photothermal deicing. 
Their photothermal trap included three layers: insulation layer, 
heat spread layer, and light absorber. The achieved maximum 

Figure 8. Photothermal bacterial killing. a) Optical images of different concentrations of polypyrrole-modified membranes. b) Their corresponding 
optical performances. c) Bacterial killing effect of pristine and polypyrrole-modified membranes. (a–c) Reproduced with permission.[120] Copyright 2019, 
The Royal Society of Chemistry. d) TEM image of Co2.67S4 nanoparticles. e) Optical properties of Co2.67S4 nanoparticles on PTFE substrate. f) Bacterial 
killing effects under different conditions. (d–f) Reproduced with permission. Copyright 2019, American Chemical Society. g) Cross section SEM images 
of 3.42% Au/Ti3C2/PF sample. h) Absorption spectrum of 3.42% Au/Ti3C2/PF and Ti3C2/PF samples. i) Bacterial killing effect of different kinds of germs 
under ≈2 Sun intensities. (g–i) Reproduced with permission.[41] Copyright 2021, American Chemical Society.
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surface temperature was used to evaluate the deicing efficiency 
under the solar illumination. To explore the practical appli-
cation possibility of the photothermal trap, outdoor perfor-
mance (Figure  10e) tests were conducted on a cold but sunny 
day (solar intensity is about 600 ± 100  W  m−2). Figure  10f is 
the time-dependent temperature curves of the photothermal 
trap (red line) and a reference of the aluminum surface. In 
the same time period, the photothermal trap had a higher 
surface temperature (37  °C) than the reference (11  °C). As a 
result, the ice on the photothermal trap was melted and slit off 
while the other kept the same as previous (inset in Figure 10f). 
Figure  10g is the real-time ice removal effect with the photo-
thermal trap and the reference. Obviously, the ice on the photo-
thermal trap can be totally removed with solar light after 5 min. 
The presented photothermal deicing surfaces exhibit signifi-
cant impacts on solving potential risks in our daily life for the 
human community.

5. Conclusions and Outlook

For solar energy based on photothermal conversion, four fun-
damental principles (non-radiative relaxation of semiconduc-
tors, plasmonic heating of metallic nanostructures, thermal 
vibration of organic molecules, and multiple interactions of 
micro/nanostructured materials) and hybrid mechanisms 
of thermal releasing are summarized regarding on dif-
ferent types of photothermal materials. These photothermal 
materials should have excellent light trapping performance, 

suitable heat conduction, low emission, and high stability 
simultaneously, so that they can utilize solar energy as much 
as possible and have the potential to practical applications. 
The details of preparation methods, the thermal releasing 
type, broadband absorption range, and application fields of 
photothermal materials are summarized in Table 1. Most 
broadband photothermal materials have the unique advan-
tages that enable them with strong light absorption in broad-
band range, that is, the whole solar spectrum and possess the 
excellent heat conduction performance that allow them to 
transfer heat to the thermally sensitive mediums, resulting in 
broad ranges of application prospects. In this review, we com-
prehensively summarized the state-of-the-art photothermal 
applications for solar energy conversion, including photo-
thermal water evaporation and desalination, photothermal 
catalysis for H2 generation and CO2 reduction, photothermal 
electric power generation, photothermal bacterial killing, 
photothermal sensors, and photothermal deicing. These 
solar energy conversion technologies offer new opportunities 
for development of cost-effective, environmentally friendly, 
highly efficient, and sustainable photothermal converters that 
work only in sunlight and ambient conditions. While more 
efforts in both, fundamental research and practical applica-
tions, should be taken to further improve the performance, 
reduce the costs, and extend the usage lifetime of photo-
thermal converters.

For instance, at first, the development and reasonable selec-
tion of novel materials with high broadband absorption, suit-
able heat conduction, and low emission as the light absorbers 

Figure 9. Photothermal sensors. a) Schematic illustration of Au-NR/thermistor device to harvest solar energy for sensing. b) Absorption spectrum 
of Au NRs in water. c) Normalized photo-responsive curves with/without Au NRs under the illumination of a 0.5 mW laser (λ = 1.5 µm). Applied 
bias is 1 V. (a–c) Reproduced with permission.[30] Copyright 2018, Wiley-VCH. d) Schematic illustration of the PDMS encapsulated rGO film structure. 
e) Absorption spectrum of rGO and rGO + PDMS. The inset is the possible light absorption mechanism. f) Photo-responsive curves of rGO/PDMS 
composite film under different solar intensities. (d–f) Reproduced with permission.[29] Copyright 2021, Elsevier.
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are critically significant for high photothermal conversion effi-
ciency. A big challenge for high photothermal conversion effi-
ciency is the lack of natural materials to allow for broadband 
absorption of solar energy. As a result, it is very difficult to 
achieve high solar conversion efficiency, which has been a bar-
rier to the normal development of this area. Different strategies 
regarding on different thermal releasing mechanisms are pro-
posed to improve the light trapping performance. For example, 
defect engineering including vacancies and doping can be 

adopted to produce defect energy level to enhance light absorp-
tion in semiconductor materials; metal nanoparticles with a 
strong LSPR effect can be attached to the special support with 
hierarchical structures to achieve a totally black surface; More 
π–π stacking should be introduced to cause more light absorp-
tion in organic materials; micro/nanostructured materials can 
extend the optical path length and thus increase the times of 
reflection and transmission with the structure, leading to strong 
absorption in a wide range; some other materials and hybrid 

Figure 10. Photothermal deicing. a) Fabrication of candle soot absorber on a candle flame. b) Silica and PDMS coating on the candle soot surface. 
c) Deicing mechanism of superhydrophobic candle soot surface under the light illumination. d) High light trapping performance and superhydro-
phobicity enabled by the hierarchical structures. (a–d) Reproduced with permission.[61] Copyright 2020, National Academy of Sciences of the USA. 
e) Photothermal experiments outdoor. Aluminum surface (left) and photothermal trap (right). f) Temperature change curves for aluminum surface 
and photothermal trap under the solar intensity ≈0.6 Sun. g) Deicing comparison for aluminum surface and photothermal trap. (a–d) Reproduced with 
permission.[62] Copyright 2018, American Association for the Advancement of Science.
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Table 1. The state-of-art literatures on the mechanisms, absorptance, and absorption ranges for different photothermal applications based on solar 
energy conversion.

Materials Mechanismsa) Absorptance Absorption range [nm] Photothermal applicationsb) Ref.

Ag/AgBr/CsPbBr3 M+S ∼ 300–1000 CH4 reforming [15]

Ni/TiO2 M+S ∼ 200–1000 N2 reduction [16]

rGO/PDMS C 92% 200–1300 photodetector [29]

Al nanoparticles M ∼89% 400–2500 WE + desalination [32]

Black silicon S 98.9% 300–2500 Electric power [34]

Au/Ti3C2 M+C ∼ 200–2500 WE + BK [41]

Cu2O/g-C3N4 S ∼ – CO2 reduction [42]

PPy O ∼ 200–2000 photodetector [43]

Ti2O3 S ∼ 300–1800 H2 [44]

H1.68MoO3 S >95 300–2500 WE + desalination [45]

3D graphene C ∼97% 200–2500 WE + desalination [47]

CuS M 94%–95.5% 290–1400 WE [48]

Au@silicon M+S ∼98% 200–1700 WE+ electric power [51]

Black silver M 99.5% 200–2500 WE [52]

Black silicon S 98.7% 300–2500 WE [53]

Candle soot C ∼99% – deicing [61]

Ni PCs M ∼95% 250–1500 WE [89]

Liquid metals/polymer M+O 96.9–99.3% 330–2100 Electric power [90]

PU+CR O ∼95% 300–1600 WE [92]

PP-PEDOT-PPy O ∼ – Electric power [93]

Pd-wood M >99% 250–2500 WE + desalination [103]

Rh/Al M ∼ 300–1200 CO2 reduction [110]

TiN−Pt M ∼ 400–1000 H2 [111]

Ni/SiO2 M ∼98% 200–2250 CO2 reduction [114]

PTC gel S+M >90% 250–2500 WE [112]

Fe3O4/Fe3C S+C ∼ 200–2500 CO2 reduction [115]

Si@Co@SiO2 S+M 98% 250–2500 CO2 Reduction [116]

PEDOT:PSS/Te S+O ∼ 300–1100 Electric power [118]

PPy O ∼95% 200–1500 BK [120]

Co2.67S4-PTFE S ∼95% 250–2500 WE+BK [121]

Wood/CoO C+S ∼75% 300–1000 H2 [123]

Black TiO2 S ∼ 250–2500 WE [124]

HNb3O8/PAM S+O 90% 250–2500 WE [125]

TiN M ∼ 300–1400 CO oxidation [126]

Mxene-textil C ∼ – BK [127]

polymer porous foam (PPy) O 90% 200–2500 WE [128]

CS aerogel C ∼97% 250–2500 WE [129]

Wood-PPy C+O >90% 300–2500 WE [130]

Pt/Au/TiO2 M+C+S ∼ 200–900 WE+PD [131]

CNT/PEI/MCE C ∼ 500–2500 WE+BK [132]

Carbon sponge C ∼ – WE+ electric power [133]

Black bamboos C 97% 250–2500 WE [134]

Te nanoparticles S ∼90% 300–2000 WE [135]

Co–Cu–Mn M+S ∼ – CO2 reduction [136]

AlCrWTaNbTiN M ∼93% 0–11000 ∼ [137]
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materials can also combine two or three above mentioned strat-
egies to boost solar light absorption. In addition, the suitable 
thermal conduction of photothermal materials is also of great 
significance for high solar conversion efficiency. In that case, 
the excellent light absorber will absorb solar light and the trans-
ferred heat can be as much as possible to be used for interfacial 
water evaporation and desalination, electric power generation, 
catalysis, bacterial killing, and sensors. It is also necessary for 
the light absorber with low heat emission to ensure high solar 
energy conversion efficiency.

Second, multi-level stability regarding on illumination, water, 
acid, salts, base, thermal, and bacteria are highly demanded for 
realistic photothermal operations. The robust stability of pho-
tothermal converters is also a large challenge when operating 
them in realistic circumstance, such as high concentration solar 
intensity, river water, seawater, acid, base, high temperature, and 
so on. Extensive attention has been paid to the maximum photo-
thermal conversion efficiency, while very limited research was 
focused on the photothermal converter in real operation condi-
tions. The usage lifetime of photothermal converters directly 
decides whether they can be used in reality or not and thus  
stability is quite important. More work should be conducted to 
study and improve the stability of their practical applications, such 
as studying the influence of surface chemistry on stability and 
developing anti-corrosion (light and chemistry corrosion) materials.

Third, the development of earth-abundant photothermal 
materials should be more focused to reduce the cost barrier 
for extensive commercial applications. Though noble metal 
nanoparticles with broadband light absorption can show excel-
lent photothermal water evaporation, electric power generation, 
catalysis for chemical energy production, and bacterial killing 
performances, they are very rare on the earth and costly, which 
can be the biggest obstacle to the practical commercial appli-
cations. Alternatively, some light absorbers have also been 
developed with nanoparticles of earth-abundant metal ele-
ments, such as Fe, Ni, and Al, and demonstrated promising 
solar energy harvesting performance. Therefore, more attention 
should be paid to these cost-effective elements

Furthermore, fabrication technologies with large-scale, con-
trollable parameters and low cost are also highly needed to 
be applied for promoting the realistic application. It can be 
expected that the further development and commercialization 
of the diverse photothermal technologies for solar energy con-
version will play an important role and have big significance on 
global sustainability.
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