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ABSTRACT

Across a broad spectrum, photonics facilitates thermal management by manipulating electromagnetic waves in energy devices,
enhancing energy production and efficiency. The light-matter interaction should be explored not only from the perspective of
their individual heating/cooling functions but also for their mutual utilization. Here, we review recent advancements in ther-
mal management strategies from a photonic structures viewpoint, presenting the comprehensive strategy that spans heating and
cooling. We focus on strategically designed photonics, considering material properties that interact with the long-wave infrared
spectrum at wavelengths from 8 to 13 um, which are optimized for thermal emissions, and utilize the ultraviolet-visible-near in-
frared spectrum of the solar irradiance band for photothermal heating. Furthermore, exploring the potential for utilizing multiple
wavelengths simultaneously forms the basis of a comprehensive photonics design strategy that leverages a broad spectrum of wave-
length bands. This review evaluates the role of photonics in temperature control, thermoelectric generation, steam production,
photocatalytic reactions, and radiative cooling, concluding with a discussion of the challenges and future directions in photonics
for energy systems, highlighting the importance of a deep understanding of these interactions to maximize their potential.

1 | Introduction and extending their lifespan [6]. This exploration highlights the

role of photonic interactions within energy systems, emphasizing

In photonic designs for energy devices, the manipulation and
confinement of light play crucial roles in enhancing energy gen-
eration and conservation [1-5]. The interplay between light and
matter significantly improves the efficiency of heating and cool-
ing applications, which are vital for boosting device performance

the manipulation of electromagnetic waves and their consequen-
tial impact on device functionality [7-8]. The profound capability
of solar energy to swiftly meet global energy demands accentu-
ates the importance of understanding electromagnetic inter-
actions with Earth's atmospheric conditions [9-10]. Targeting
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specific wavelength bands, particularly from ultraviolet (UV) to
visible to near infrared (NIR) spectrum, unveils opportunities
to optimize energy capture and utilization [11-12]. Additionally,
a transparent window in the long-wave infrared (LWIR) of
8-13um within Earth's atmosphere presents a pathway for pas-
sive cooling [13-16]. This spectral region, characterized by mini-
mal atmospheric radiative emissions and aligning with the peak
thermal radiation of a black body at approximately 300K as de-
fined by Planck’s law, enables efficient heat dissipation through
radiative emission, providing a natural and energy-efficient cool-
ing mechanism for terrestrial devices [17-19].

The adoption of integrated technologies that synergistically
combine cooling and heating functionalities is crucial for
advancing high-efficiency thermal management systems
[20-21]. Rather than relying on isolated wavelength bands
for specific thermal effects, cutting-edge photonic strategies
seek to enhance overall performance by coordinating multiple
light-matter interactions across the spectrum. The scope of
photonic applications extends beyond the simple use of indi-
vidual wavelength bands for heating and cooling [12, 22-27]. It
involves the strategic manipulation of material properties and
device architectures to enhance thermal management. For
instance, Li et al. [28] enhanced the photothermal response
by optimizing the thickness of a Bi,Te, thin film on copper,
which minimized heat loss from radiation and convection,
thereby achieving a heating effect of 317°C under standard
sunlight conditions. Meanwhile, Tang et al. [29] demonstrated
a smart window that adaptively adjusts temperature using
materials that alter their emission and visible-NIR transmis-
sion characteristics based on the ambient temperature. These
advancements underscore the necessity for a comprehensive
understanding of light-matter interactions across various elec-
tromagnetic wavelengths to design effective energy systems.

This review offers a comprehensive examination of thermal
management systems considering a broad spectrum of wave-
lengths. The discussion commences with the introduction of
optically tunable materials and their mechanisms, followed by
categorized potential applications segmented by their purpose
in utilizing electromagnetic waves. This includes photothermal
absorption (UV, visible, NIR) and thermal radiation, along with
LWIR applications. Each category is explored regarding heat
management techniques and recent innovations in the field.
This examination aims to delve into these interactions, explor-
ing theoretical foundations and practical applications to pave the
way for next-generation photonic energy devices that are effi-
cient and adaptable to environmental and operational demands.

2 | Fundamentals of Photonic Platforms for
Energy Devices

2.1 | Earth's Environmental Dynamics: Heating
and Cooling Mechanisms

In this section, we briefly overview examples of the light-matter
interactions facilitated by photonic platforms, focusing on their
implications for energy production and conservation within
Earth's environmental conditions. We examine instances where
photonic technologies are deployed for both heating and cooling

applications. Earth, situated within the habitable zone, achieves
a delicate equilibrium between the heat from solar radiation
and the cold of outer space, thus maintaining life-supporting
temperatures [30]. Figure 1a provides a schematic depiction of
sunlight traversing from the sun to Earth, triggering a photo-
thermal effect. Significantly, although the energy Earth receives
from the sun is just a minuscule fraction—one 2.2 billionth—of
the sun's total radiative output, it still amounts to approximately
173,000 terawatts [31]. Remarkably, the solar energy reaching
Earth in merely 1h could meet the global energy demands for
an entire year [32]. Utilizing this solar radiation as a primary
energy source in thermal devices can greatly enhance both en-
ergy production and conservation, underscoring the pivotal role
of photonic integration in advancing environmental manage-
ment and sustainable development strategies [33-34]. In con-
trast, Figure 1b presents a scenario utilizing radiative cooling,
a passive strategy that exploits the LWIR spectrum to effectively
emit heat toward space, where the temperature is around 3K
[35-38]. This method leverages the vast coldness of outer space
to dissipate heat, thereby facilitating thermal management by
reducing temperatures on Earth [39-42]. By significantly reduc-
ing temperatures without relying on electricity, this method of-
fers a viable and sustainable solution for thermal management
across diverse sectors. Figure 1c illustrates sky transmission
aligned with the AM 1.5 global solar spectrum, noting that solar
irradiance mainly covers the UV-visible-NIR spectral range,
whereas sky transmission is optimized between approximately
8 and 13 um [43-45].

2.2 | Photonic Platforms to Regulate
Thermal Energy

Figure 1d demonstrates how the photonic design can manip-
ulate both the absorption of solar radiation and the emission
of heat radiation into space, effectively managing the device's
thermal characteristics. Moreover, heat exchange is influ-
enced by the interactions between light and matter and exter-
nal environmental factors [46]. The transfer of thermal energy
between materials is governed by temperature gradients and
manifests through three primary mechanisms: conduction
[47-48], convection [49-51], and radiation [52-54]. Thermal
conduction typically occurs within a material or between ad-
joining objects, as heat spontaneously moves from regions of
higher temperature (the light absorber) to those of lower tem-
perature (the heat transfer object) [55]. Thermal convection
pertains to heat transfer prompted by fluid movement [56].
Thermal radiation transpires across all materials through
electromagnetic waves, irrespective of any medium, as gov-
erned by the Stefan-Boltzmann law, where the emitted energy
scales with the fourth power of the object's temperature [57].
An object emitting thermal radiation based on its temperature
concurrently absorbs radiation from the environment, result-
ing in a net energy exchange between warmer and cooler en-
tities [30]. Therefore, the strategic selection of photothermal
materials and their environmental context is essential for tar-
geted photothermal applications. Figure 1le,f elaborates on the
diverse thermal and photonic strategies required for effective
heating and cooling, highlighting the necessity for optical
structures to integrate multiple elements to proficiently man-
age thermal properties intricately.
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FIGURE 1

| Overview of earth environment and strategies of photonics-driven energy saving and generation. (a) Schematic illustrating the con-

version of solar radiation to heat via the photothermal effect. (b) Schematic depicting the emission of thermal radiation from Earth to the ultracold
temperatures of space. (c) Transmittance of the Earth's atmosphere (top) and solar irradiance (bottom). (d) Conceptual illustration of a photonic struc-
ture integrated onto energy devices, facilitating heating and cooling functions. (e, f) Representative strategies for heating (e) and cooling (f) in energy
devices. (g) Thermal energy-assisted applications utilizing photothermal energy for steam generation (top) and photocatalytic reactions (bottom).
(h) Integration of radiative cooling structures to enhance photovoltaic device efficiency. (i) Mutual function of heating and cooling for temperature

modulation (left) and thermoelectric devices (right).

2.3 | Energy Devices Integrated With Photonics

This section explores the representative cases of photonics
within energy devices, illustrating how advanced optical tech-
niques are applied to enhance efficiency and functionality. For
example, Figure 1g demonstrates a strategy that leverages solar
energy absorption to generate high temperatures, which facil-
itates water desalination [58-60] or enhances the reactivity of
catalysts [61-63]. This approach strategically maximizes light

absorption to optimize thermal energy, while minimizing heat
losses due to radiation and convection to maintain the highest
possible temperature. Figure 1h presents an example of using
radiative cooling to prevent performance degradation in solar
cells caused by high temperatures, thereby achieving highly ef-
ficient photovoltaic (PV) devices [64-66]. Figure 1i shows how
these two thermal management strategies can be mutually uti-
lized to implement switchable temperature control systems and
thermoelectric devices [67-70].
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In addition to conventional heating and cooling devices, emerg-
ing photonic strategies have explored radiative warming and
spectral engineering for infrared camouflage. Radiative warm-
ing leverages the infrared opacity of the atmosphere to retain
thermal radiation near the surface, offering passive heating solu-
tions particularly suitable for cold environments [71]. Radiative
camouflage, by contrast, involves suppressing thermal emission
in atmospheric transparency windows while selectively emitting
in non-atmospheric bands, enabling reduced infrared visibility
for thermal imaging applications [72-74]. These approaches ex-
pand the landscape of photonics-driven thermal management,
with implications in building insulation, defense technologies,
and intelligent thermal coatings.

3 | Photothermal Energy Conversion

To maximize platform efficiency through effective photother-
mal conversion, evaluating the device's light absorption and
heat generation characteristics is crucial [75]. This requires con-
sidering physical models that describe light harvesting, light-to-
heat conversion, transfer, and dissipation to achieve the desired
cooling or heating performance. In this section, we present fun-
damental equations for photothermal conversion.

3.1 | Light Harvesting and Light-to-Heat
Conversion

This review focuses on enhancing the performance of thermal
management devices that utilize the solar spectrum as a light
source. Absorptance, which quantifies the fraction of incident
solar radiation captured by a material, is crucial in this context.
It is defined as the fraction of an incident photon's energy ab-
sorbed by a material. The total solar absorptance of a material
is determined by integrating its spectral absorption across the
solar spectrum [76].

With the solar spectral irradiance distribution of the standard
AM 1.5 solar spectrum at an incident angle 6, the total solar ab-
sorptance A(0) of the device can be expressed as follows [77-78]:

[ 1= R0, 4) — T(0, HIP(O, 2) dA
A(f) = —= @

[ P2y da

where P(4) represents the wavelength-dependent radiation
power, and A, (~2.5um) and A, (~0.3um) define the solar
spectral range of the incident light. R(6, 4) and T(6, 4) stand
for the total reflectance and transmittance of the devices at the
wavelength A, respectively.

The photothermal effect is a fundamental phenomenon in
light-matter interactions, where a material's temperature rises
due to light harvesting. Light-to-heat conversion efficiency var-
ies across materials, primarily due to differences in electronic
structures and band gaps that determine their response to radia-
tion. A detailed discussion of these mechanisms will be provided
in the next section (Sections 4.1-4.3). Here, the focus is solely
on the heat flux generated during the light-to-heat conversion
process. Conversion efficiency is not determined by its ability

to absorb light, but by how effectively it converts that absorbed
light into thermal energy. This quantifies the proportion of ab-
sorbed energy that is transformed into heat rather than being
lost through radiative emission. The photothermal conversion
efficiency of devices, #, is expressed as follows [79-80]:

Q _cmAT
E pst

@

where Q is the generated thermal energy by the thermal man-
agement device, E denotes the total solar energy input. ¢ and m
correspond to the specific heat capacity and mass of the pho-
tothermal material of the device, respectively. AT indicates the
temperature increase of the material. p refers to the power den-
sity of the light source, while s and ¢ represent the radiation area
and time, respectively. For solar heating applications, materials
must exhibit high absorptance across the solar spectral range
while minimizing reflectance and transmittance to maximize
energy capture and conversion into heat (see Section 4) [81].
This ensures efficient photothermal performance, particularly
for applications requiring rapid and effective heat generation.
Conversely, cooling systems should be designed to minimize
absorptance within the solar spectrum, thereby reducing par-
asitic heat gain and enhancing radiative cooling efficiency (see
Section 2.1) [82]. Achieving an optimal balance between light
absorption and heat dissipation is essential for tailoring photo-
thermal materials to specific thermal management applications
[68, 81]. Future advancements in material engineering, includ-
ing nanostructured surfaces [83], thermochromic materials [70],
and electrochromic material [84], could further improve light-
harvesting efficiency and heat conversion performance.

3.2 | Heat Transfer

Once solar light is absorbed by a photothermal material of the
devices, its photon energy undergoes conversion into thermal
energy through a light-to-heat transformation process [75]. The
generated heat is subsequently transferred to adjacent lower
temperature materials or dissipated into the surrounding envi-
ronment. Thus, heat transfer constitutes a crucial step in a pho-
tothermal conversion system. The thermal movement energy
between materials occurs due to temperature gradients, which
drive the process through three primary mechanisms: conduc-
tion, convection, and radiation.

Thermal conduction describes heat transfer within a solid or be-
tween adjacent materials in direct contact. In a photothermal
system, heat spontaneously moves from a high-temperature re-
gion, such as a light-absorbing surface, to a cooler region, such
as a heat transfer medium. This process follows Fourier's law
and can be expressed as follows [77, 85]:

Qcond = % (T - Tdev) (3)

where k is the thermal conductivity of the photothermal mate-
rial, s is the surface area involved in heat transfer, L is the con-
duction length of the light absorber, and T,., and T represent the
steady-state temperatures of the heat transfer medium and the
light absorber, respectively.
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Thermal convection involves heat transfer through fluid move-
ment, such as air and water. The heat energy transferred from
the heat source to the fluid is described by [79-80]:

Qcony =hs ( T- Tsur) 4

where h is the heat transfer coefficient, which is the reciprocal
of thermal resistance. The value of & is influenced by the fluid's
physical properties and the thermohydraulic conditions of the
system. T, is the surrounding fluid temperature.
Lastly, thermal radiation does not require a medium for heat trans-
fer, unlike conduction and convection. This mechanism involves
the emission of electromagnetic waves, where the emitted ther-
mal radiation is proportional to the fourth power of the object's
temperature, as described by the Stefan-Boltzmann law. When
an object emits thermal radiation, it also absorbs radiation from
its surroundings. The net thermal radiation exchange between a
heated object and its cooler environment is given by [30, 86]:
Qua=¢0s(T*—T2 ) ®

env

where ¢ represents the emissivity, ¢ is the Stefan-Boltzmann
constant, and T, denotes the ambient temperature.

The efficiency of heat transfer is governed by both the intrinsic
properties of the photothermal material and its surrounding
environmental conditions. The three heat transfer mecha-
nisms discussed above provide fundamental approaches to
optimizing thermal management. Ultimately, designing ap-
propriate photothermal device structures and optimizing their
interaction with surrounding media are critical for achieving
the desired thermal management performance in energy ap-
plications [87].

4 | Light-Matter Interactions for Heating and
Cooling

Thermal management devices with photothermal heating and
radiative cooling enable high efficiency of light-matter inter-
action by material composition and surface structure engi-
neering (Figure 2) [30, 40, 43, 88-89]. For heating applications,
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maximizing light-to-heat conversion efficiency requires mate-
rials with high solar absorptivity [90]. This section explores
the material properties of metals [91-93], semiconductors
[94-95], and organic polymers [96-99] that facilitate heat
generation through light-matter interactions. Additionally,
radiative cooling is a passive cooling technique that dissipates
heat by emitting MIR radiation [100], unlike conventional
cooling methods that consume energy and release waste heat
to the surroundings. We examine cooling strategies that pro-
mote heat dissipation [101], IR reflection with surface struc-
ture [30], and enhance IR emissivity of molecules across IR
wavelengths [102].

Importantly, radiative cooling performance strongly depends
on minimizing heat gain from solar radiation. Although MIR
emission is critical for dissipating heat, effectively reflecting or
scattering incoming solar radiation significantly contributes to
the thermal capability. In this section, we specifically focus on
material properties that facilitate such solar-band reflectivity
or scattering. Various structural approaches enhancing solar
reflection and scattering performance are comprehensively ad-
dressed in Section 5.

4.1 | Plasmonic Localized Heating in Metal

Metal nanoparticles exhibit strong light absorption and efficient
light-to-heat conversion through localized surface plasmon res-
onance (LSPR) [103-104]. This phenomenon arises from the
coherent oscillation and excitation of free electrons within the
nanostructure upon light irradiation. Subsequently, hot elec-
trons are generated as they interact with lower-energy electrons
through inelastic Coulombic scattering (Figure 2a) [105]. This
process occurs after lattice heating, which leads to phonon
generation [106]. Enhancing the photothermal effect can be
achieved using nanoparticle dimers [107-108], where plasmonic
coupling concentrates the electric field in the gap [109], boost-
ing heat generation. Alternatively, complex nanoparticles with
asymmetric geometries or material composition enable broad-
band absorption, further enhancing photothermal efficiency
[110-111]. These plasmonic structures have demonstrated solar
absorptance above 0.98 and photothermal conversion efficien-
cies near 90% [110].

4.2 | Nonradiative Heating in Semiconductor

Nonradiative heating in semiconductors refers to the energy
transfer between molecules without light emission, result-
ing in heat generation (Figure 2b) [112]. The absorption of
semiconductors in the UV-visible region is governed by the
generation of free carriers, which depends on the band gap
[113]. When photons with energy greater than the band gap
are absorbed, electron-hole pairs are generated. These excited
carriers then relax to the band edge, releasing excess energy
as heat through the thermalization process [77]. Compared
to metals, semiconductors have lower free carrier concentra-
tions, but this can be enhanced by doping or vacancies, im-
proving light absorption and photothermal efficiency [77, 114].
These modifications increase nonradiative recombination,
enhancing heat generation. Additionally, narrow band gap

semiconductors further boost efficiency by absorbing most
solar photons above the band gap.

4.3 | Thermal Vibration of Polymer

Certain organic polymers exhibit strong light absorption and
efficient heat generation through lattice vibrations. While
typical carbon bonds (C—C, C—O, and C—H) have large en-
ergy gaps between o and o* orbitals that are difficult to excite,
loosely bound 7 electrons can be easily promoted from 7 to 7*
orbitals under low-energy irradiation [115-116]. 7—7* transi-
tions can occur more readily under visible or NIR, enabling
efficient light absorption with lower energy photons. When
incident photon energy matches an electronic transition,
electrons are excited from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) (Figure 2c) [117]. After excitation, these electrons
return to the ground state by transferring their energy into
lattice vibrations (thermal vibrations) through vibration-elec-
tron coupling. This nonradiative relaxation process effectively
converts the absorbed optical energy into heat. Additionally,
conjugated and doped polymers reduce the HOMO-LUMO
energy gap, facilitating easier 7—n* electronic transitions and
improving overall efficiency in converting absorbed photons
into heat [117-118].

4.4 | Heat Dissipation by Surface Phonon
Polaritons

One mechanism involved in radiative cooling for MIR emis-
sion and parasitic heat reflection is surface phonon polari-
tons (SPhPs), which arise from resonant interactions between
photons and the optical phonon modes associated with polar
materials (Figure 2d) [101, 119]. Specifically, materials pos-
sessing polar bonds, such as Si—O (in SiO, [101]) or Si—C (in
SiC [120]), exhibit distinctive resonance effects at certain
MIR wavelengths due to the strong coupling between incident
photons and vibrational modes of their polar lattice struc-
tures. This resonance selectively enhances emissivity within
a narrow spectral range, enabling precise spectral control of
thermal radiation. Importantly, SPhPs occur selectively in ma-
terials exhibiting polar bonding characteristics. In contrast,
non-polar materials such as carbon black exhibit high emis-
sivity primarily through broadband intrinsic absorption and
scattering mechanisms. Carbon black, for instance, owes its
high emissivity to its disordered, porous, and graphitic micro-
structure, rather than resonance-based polaritonic coupling.
Thus, the spectral selectivity offered by SPhP-based materi-
als provides unique advantages in designing radiative cooling
structures capable of targeted emission within specific atmo-
spheric windows.

4.5 | Periodic Structure of the Device

Photonic devices with periodic structures play a crucial role
in radiative cooling by selectively controlling light absorption,
emission, and reflection (Figure 2e) [30]. Micro resonators, also
known as optical microcavities, are a type of photonic structure
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that confines and manipulates light within a small space, en-
abling precise spectral control of thermal radiation [121]. This
depends on their size [122], shape [123], and refractive index
[124], which determine their optical response and interaction
with incident light. Various photonic structures, including peri-
odic arrays [122], diffraction gratings [125], conical pillar arrays
[126], Fabry-Pérot cavity [127], multilayer pyramidal nanostruc-
tures [128], and dielectric resonators [129], are employed to reg-
ulate heat dissipation into the atmosphere. For example, spoof
surface plasmon polaritons (sSPPs), realized through subwave-
length periodic patterning on conductive surfaces, represent a
class of engineered surface modes that fall under this structured-
emitter category [130]. These geometrically defined dispersion
modes enable narrowband mid-infrared thermal emission and
are particularly valuable for designing compact and spectrally
tunable radiators [131]. These structures can be tuned in terms
of their dimensions and material composition to achieve high
reflectivity across the solar spectrum while maximizing their
emittance in the MIR range, optimizing their radiative cooling
performance [100].

4.6 | IR Emissions of Molecules

Broadband IR emission is primarily governed by the vibra-
tional and rotational transitions of chemical bonds or functional
groups within materials (Figure 2f) [102]. The bending and
stretching vibrations of organic molecular bonds typically occur
in the spectral range of 400-4000cm™ (2.5-25um) [102], with
specific absorption features such as C=0 (5.8 um) [132], C—O
(7.7-10um) [133], and C—H (7.8-14.5um) [133]. To minimize
parasitic heat absorption, functional groups that emit within the
atmospheric transparency window (8-13 um, in Section 2), such
as F—C—F (~8.4um) [134], —CF, (9um) [135], Si—C (13.5um)
[136], and Si—O—C (8.7-10.5um) [137], should be preserved
to enhance cooling efficiency [138]. Additionally, as discussed
in Section 3.2, thermal emission increases with temperature,
meaning that higher device temperatures lead to more effective
radiative cooling [139].

5 | Strategies for Energy Saving and Generation

5.1 | Reconfigurable Photonics for Temperature
Regulation

Radiative thermal management technologies such as radiative
cooling and solar heating are crucial for leveraging thermal ra-
diation between space and the sun to conserve energy. Radiative
cooling employs the cold temperatures of outer space (approxi-
mately 3K) as a heat sink, enabling cooling without energy con-
sumption by applying principles from Planck's law, which states
that all physical bodies emit electromagnetic waves [140-143].
This method is particularly effective because of an atmospheric
window between 8 and 13 pm, where electromagnetic waves can
pass effectively, allowing objects on Earth with an ambient tem-
perature of around 300K to efficiently absorb and emit radiation
[40, 139]. Solar energy, which constitutes 99.9% of Earth's sus-
tainable energy, also plays a vital role in zero-energy thermoreg-
ulation through efficient radiative solar heating. However, the
passive nature of these technologies can lead to inefficiencies,

such as unwanted cooling in winter or excessive heating in
summer, necessitating additional energy use, especially under
dynamically changing climate conditions [21, 144]. To address
these limitations, Figure 3a illustrates that switchable radia-
tive thermal management technologies have been developed.
Across various applications spanning a broad spectral range,
multiple materials enable switchable light-matter interactions
[149-150], including swelling [151-155], carrier pumping [156],
thermochromic [157-158], and electrochromic mechanisms
[104, 159-161]. These materials facilitate the transition between
sub-ambient cooling and above-ambient heating by modifying
optical properties in the solar or IR wavelength regions, thereby
improving thermal management efficiency with minimal en-
ergy consumption.

5.1.1 | Adaptive Photonics via Phase
Transition Materials

Recent advancements in radiative thermal management have
introduced temperature-adaptive coatings and smart window
technologies for efficient all-season thermal regulation. As
shown in Figure 3b, Tang et al. [29] experimentally demon-
strated a temperature-adaptive radiative coating for household
thermal management by lowering the phase-transition tempera-
ture of W.V,_ O, to approximately 22°C. Below this transition
temperature, the material remains in an insulating state, en-
abling a heating mode. When the temperature exceeds the tran-
sition point, its metallic properties enhance absorption, enabling
radiative cooling.

Another approach, based on phase-change materials (PCM), in-
troduced a smart window system designed for energy-efficient
building applications with tunable emissivity in the atmospheric
window (Figure 3c) [145]. This system, utilizing a W-doped
VO,-Polymethyl methacrylate (PMMA)/spacer/low-E stack, of-
fers scalable and solution-process-based thermal modulation to
adapt to varying climatic conditions. The smart window mod-
ulates both NIR transmittance and heat emissivity to regulate
indoor temperatures. During summer, it blocks NIR radiation,
strongly emits LWIR radiation, and allows visible light to pass
through. In winter, both NIR and visible light enter the room
while heat radiation is suppressed, effectively maintaining in-
door warmth.

5.1.2 | Electro-Optic Tuning of Solar Absorption
and Thermal Radiation

Sui et al. [146] enhanced the emissivity in LWIR modulation
of an electrochromic device (ECD) by incorporating Pt into
the working electrode (Figure 3d). Unlike prior studies where
Cu particles were sparsely distributed on bare graphene, the Pt
modification reduced adsorption energy, leading to a denser and
more uniform Cu deposition. This structural refinement im-
proved electromagnetic wave reflection, achieving the highest
reported emissivity modulation in LWIR (74%-85%) among ther-
mochromic and electrochromic thermal management devices
(Figure 3e). The radiative thermal management performance of
the device was evaluated by estimating annual energy savings
across 15 cities, with reductions ranging from 5 to 60 MBtu. The
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findings demonstrated that dynamic radiative thermal man- developed a bi-layer phase change material-enhanced radiative
agement is particularly effective in climates with significant cooler (PCMRC) (Figure 3f) for adaptive temperature regula-
daily and seasonal temperature fluctuations. Yang et al. [147] tion. During the day, the PCM layer absorbs excess heat from
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FIGURE3 | Active photonics for temperature management. (a) Schematic of spectrum intensity control based on reconfigurable photonics across

wavelength bands. (b) Temperature-adaptive radiative cooler utilizing W,V,_ O, that actively alternates between insulating to retain warmth and ra-
diating to cool. Reproduced with permission: Copyright 2021, American Association for the Advancement of Science [29]. (c) Thermochromic smart
window based on VO,, designed to regulate between insulation for warmth and radiative cooling. Reproduced with permission: Copyright 2021,
American Association for the Advancement of Science [145]. (d) Schematic of emissivity control using an in situ ion-deposition method. Reproduced
with permission: Copyright 2023, Springer Nature [146]. (¢) Emissivity variation corresponding to the state of Cu-ion deposition and its impact on
cooling performance. Reproduced with permission: Copyright 2023, Springer Nature [146]. (f) Phase change material-based control of emissivity and

adjustment of solar absorptance. Reproduced with permission: Copyright 2023, American Chemical Society [147]. (g) Electrochemical doping and

dedoping for emissivity control. Reproduced with permission: Copyright 2024, Springer Nature [148].

the radiative cooling (RC) layer, and at night, it releases stored
heat. This process achieved an average temperature reduction
of 6.3°C during the day and a 2.1°C increase at night, enabling
both cooling and warming effects. Meanwhile, electrochemical
doping can also modify the complex refractive index with low
power consumption. Kuang et al. [148] demonstrated broad-
band emissivity tuning by more than 0.38, controlled through
the electrochemical tuning of poly(3,4-ethylenedioxythiophene)
(PEDOT) redox states (Figure 3g). When the device was turned
off in a low-conducting state, the normalized reflectance gradu-
ally increased over approximately 20 min, stabilizing at an inter-
mediate value (50% of the total reflectance range). Additionally,
Li-doped WO, has shown a remarkable emissivity modulation
(Aemax~0.76), further highlighting the potential of electrochro-
mic materials as promising candidates for tunable thermal man-
agement systems [162].

Notably, the final reflectance state depended on whether the de-
vice was left unbiased from a high- or low-conductivity state,
indicating an optical memory effect. This property not only en-
ables low-power operation but also allows modulation of specu-
lar IR reflectance and thermal emissivity by approximately 40%
with a low electrical bias of £1.5V, making it one of the most
efficient IR-tunable materials.

5.2 | Thermoelectric Generation via Temperature
Control

A solid-state thermoelectric generator (TEG) employs the Seebeck
effect to convert temperature gradients into electrical power, offer-
ing mechanical stability, scalability, and durability [163]. Efforts to
enhance TEG performance focus on increasing the temperature
difference between its hot and cold ends, typically through heat-
ing or cooling (Figure 4a). Solar energy, Earth's primary thermal
source, is extensively utilized for heating in passive TEG systems,
with SA-based devices efficiently converting solar energy into elec-
tricity. For cooling, space at a chilly 3K provides a natural source,
enabling surfaces facing the sky to emit thermal radiation and
reach subambient temperatures through radiative cooling. This
process aids in passive electricity generation when integrated into
a TEG. To overcome the limited temperature difference in passive
RC-TEDs, researchers have developed RC-SA-TEDs, which com-
bine solar absorbers and radiative coolers. Initially, Zhao et al. [164]
proposed a vertically stacked RC-SA-TED. Later, Zhang et al. [169]
demonstrated a sandwich-type TED (SA-TEG-RC) that achieved
24 h electricity generation, though partial shielding reduced its
efficiency. Gao et al. [170] addressed this by reversing the struc-
ture (RC-TEG-SA), enhancing both cooling and the temperature

gradient. To further mitigate shielding issues, Liao et al. [165]
introduced a lateral configuration (SA-TEG-RC), placing the
solar absorber and radiative cooler side by side. This lateral setup
achieved temperature gradients exceeding 10°C between the ab-
sorber and cooler components, generating thermovoltages greater
than 60mV under moderate solar irradiance (~400Wm™2) [165].
Wang et al. [171] took this a step further by integrating a green-
house structure (RC-TEG-GH), which stabilized the temperature
difference and enhanced the TED's performance for continuous
energy harvesting (Figure 4b). Experimental data demonstrated
that the system enabled fully passive, all-day power generation
with an output of 90.74mW m~2 [171].

5.2.1 | Bio-Inspired Dual-Mode TEGs

Han et al. [166] developed a stretchable dual-mode TEG with zebra
stripe-like radiation modulators, forming alternating cooling
and heating regions to enhance the in-plane temperature gradi-
ent (Figure 4c). By integrating passive daytime radiative cooling
(PDRC) and solar heating, the device enabled continuous 24-h
electricity generation, achieving a 24°C temperature difference
during the day and 2.8°C at night. The device demonstrated power
outputs of ~0.003 to 40mW/m? with strong mechanical durability,
highlighting its potential for scalable renewable energy systems.
To achieve large-area implementation, Figure 4d presents scal-
able radiation-modulated thermoelectric fabrics for efficient ther-
mal energy harvesting [167]. By optimizing the coverage ratio of
a poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)
fiber membrane on carbon nanotube (CNT)-based arrays, these
fabrics enhanced thermal-to-electrical conversion, achieving a
37K temperature gradient under 1-sun irradiation and an output
voltage density of 6.67V/m? at 800 W/m?, demonstrating feasibility
for large-scale solar thermoelectric applications.

5.2.2 | Wearable TEGs

Wearable TEGs utilizing body heat have emerged as a prom-
ising solution for self-powered electronics. However, the lim-
ited temperature difference between the hot and cold ends
constrains their efficiency. Enhancing thermal radiation at
the cold end has been explored as an effective approach to
increase the temperature gradient and improve power out-
put. To address this, Figure 4e presents a bio-inspired flex-
ible thermal emitter designed to enhance radiative cooling
through a multi-scale structure [156]. The emitter consists of
a polydimethylsiloxane (PDMS) base, an Ag interlayer, and
a PDMS-AL,0, hybrid matrix with surface pyramid arrays,
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Temperature control for thermoelectric devices
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FIGURE 4 | Temperature control for thermoelectric devices. (a) Schematic of thermoelectric generation (TEG) based on the temperature differ-
ence between the ends of the TEG. (b) Structural types of TEGs, illustrating vertically structured (left), Reproduced with permission: Copyright 2021,
Elsevier [164], and planar structures (right) Reproduced with permission: Copyright 2023, Wiley [165], along with strategies for heating (photother-
mal effect) and cooling (radiative cooling). (c) Zebra stripe emissivity/absorptive patterns that induce substantial in-plane temperature gradients for

thermoelectric power generation. Reproduced with permission: Copyright 2023, American Association for the Advancement of Science [166]. (d)

Large-area thermoelectric generator featuring zebra stripe patterns for enhanced thermal management. Reproduced with permission: Copyright

2025, American Association for the Advancement of Science [167]. (e) Schematic of a wearable, vertically aligned TEG for passive energy generation.

Reproduced with permission: Copyright 2024, Elsevier [156]. (f) Schematic and IR camera image of a wearable TEG with passive radiative cooler.
Reproduced with permission: Copyright 2022, Wiley-VCH Verlag GmbH [168].

optimizing spectral properties for improved cooling perfor-
mance. In the radiative cooling-based circular-TEG (RC-C-
TEG), an increased radiative cooling area («¢=2.7) resulted
in an output voltage of 4.2mV, representing a 150% improve-
ment over conventional RC-TEGs (a¢=1). The impact of ra-
diative cooling on TEG performance was further examined
under different environmental conditions (Figure 4f) [168].
Experimental validation demonstrated that the integration of
a radiative cooling coating led to a 128% increase in output
power in exposed environments and a 96% increase in non-
exposed conditions. Additionally, indoor tests at 295K indi-
cated a stable power density of 5.5uW/cm?, doubling that of
uncoated devices. These findings highlight the potential of
passive radiative cooling in significantly enhancing TEG ef-
ficiency across various operating conditions. While current
efforts focus on enhancing the temperature gradient via ra-
diative cooling structures integrated into TEGs, additional
strategies that account for skin thermal conditions are essen-
tial for practical wearable applications. For example, Zheng
et al. [172] developed a skin-conformal photonic patch that
combines radiative and nonradiative heat transfer, achieving
a temperature reduction of over 56°C under simulated solar
and thermal loads. Such advances in thermal interface design
could guide the development of wearable TEG systems by im-
proving user comfort and device stability, particularly in out-
door or high-temperature environments.

5.3 | Photothermal Effect-Driven Water
Evaporation

Evaporation occurs when solar radiation heats water and
objects on Earth, allowing water molecules to absorb energy
and gain sufficient kinetic energy to transition into vapor
[76, 173]. This process is used in freshwater production [174],
steam sterilization [175], fuel generation [176], and electricity
production [177], primarily relying on photothermal effects.
However, conventional solar-driven vapor generation systems
suffer from heat dissipation when operated in bulk water,
leading to efficiency losses [76, 173]. Therefore, interfacial
solar evaporation systems position light-absorbing structures
at the water-air interface (Figure 5a) [76, 173]. This system
consists of a broadband absorption device, a substrate, and
bulk water. The absorber captures incident light and con-
verts it into heat, while the substrate transports water to the
evaporating surface via capillary forces. However, heat loss
by conduction to bulk water, radiation, and convection limits
efficiency. To further enhance the performance, the system
requires efficient light-to-heat conversion [178, 181], thermal

insulation [182], and effective water transport of the substrate
[180] (Figure 5ai-iii).

5.3.1 | Efficient Light-to-Heat Conversion

Maximizing light-to-heat conversion requires enhancing solar
photon capture through multiple scattering and reabsorption
(Figure 5ai,b) [183]. This broadband absorber containing
graphite is designed by mimicking the porous morphology
of Cyprinid fish scales [178]. It features vertical macropores
(240-360um) and interconnected micropores (30-60pm),
achieving ~97% solar absorption (Figure 5c). With a light
intensity of just 0.2W/cm?, it enables uniform heating up to
80°C (Figure 5d). While contact solar absorption provides
a high evaporation rate, it faces challenges such as salt con-
tamination and efficiency degradation over time. Advanced
interfacial designs are necessary to mitigate these limitations
to sustain long-term stability and optimize photothermal
efficiency.

5.3.2 | Thermal Insulation

A contact evaporator directly interfaces the solar absorber with
water, while a non-contact evaporator incorporates a gap to sep-
arate bulk water [184]. Although contact systems achieve high
evaporation rates, they suffer from salt accumulation and ef-
ficiency loss over time [185]. In contrast, non-contact systems
prevent contamination but remain susceptible to heat dissipa-
tion through conduction, convection, and radiation, particularly
in bulk water [186]. To address this issue, thermal insulation
is introduced by incorporating a confined water layer that en-
ables both localized solar absorption and thermal insulation
(Figure 5aii,e) [179]. Under uniform sunlight illumination
(1000 W/m?), the confined water layer maintains a steady-state
temperature of ~40°C while effectively evaporating 3.5wt%
brine (Figure 5f). Over 7days’ operation, no salt crystallization
is observed, demonstrating a stable solar-to-vapor conversion ef-
ficiency of 67% (Figure 5g). This approach minimizes heat loss,
enhances evaporation efficiency, and ensures long-term opera-
tional stability in solar-driven water evaporation systems.

5.3.3 | Efficient Water Transport
Efficient water transport is essential for sustaining interfacial

solar evaporation by ensuring a continuous supply of water
[187-188], effective salt transport [189], and localized heat
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Water evaporation with photothermal heating

(i) Efficient light-to-heat conversion

a b Needle template Light

i = N ‘A
/L BIBI b *

Sun e
Steam

- (i) Efficient light-to-heat conversion

3‘oadband absorpﬁol7

_____________ Device

I

wmuummwm

c

Solvent

Micropores

10°C I I ]80°C

(40's) Flexible
Water Substrate ; QHPfoIoam
@ 72+ Floatin %
i
(ii) Thermal insulation
(iii) Efficient water transport
(ii) Thermal insulation
i
Interfacial .g * Graded aerogel (GA)
g 9V3F>0>Fa§|03 % - Thermal Salt . \ \
S porat Iocalization I . rejection il
Confined water layer- / 0
Contactltgss M -"} [ Vertical aerogel (VA)-..{ dv
evaporation ™
E—\DSOTDET Macrochannel o

>$>é>$>$>5>|

Dissolved ion Convection

Heat loss
f : 9 42 24
25C]378 _ ;

&=
B LI I 1
% 1.0 |-t (ll s
= - >
S |% o @ Y
g ) £
S 08f ) | =
< [72]
o
QOGI 1 1 1 1 1 I20
= 1 2 345 686 7

2.cm

L . T

Random aerogel (RA) 1
a2a%. {7%

a)el podsuel) Ja1epn

Half swollen time (min)

RA VA GA

FIGURE 5 | Water evaporation with photothermal heating. (a) Interfacial solar evaporation, highlighting key components: (i) efficient light-to-
heat conversion, (ii) thermal insulation, and (iii) effective water transport. (b) Broadband photothermal absorber mimicking Cyprinid fish scales for
enhanced solar absorption by multiple scattering and reabsorption. (c) Corresponding photograph and SEM image. (d) The heating characteristics of
the absorber under solar illumination. Reproduced with permission: Copyright 2024, American Association for the Advancement of Science [178]. (e)
Simultaneous thermal insulation and salt removal through a confined water layer structure. (f) The thermal insulation performance of the confined
water layer structure. (g) Stability test results over 1 week of daily 8-h evaporation cycles with 20wt% brine. Reproduced with permission: Copyright
2022, Springer Nature [179]. (h) Fan-shaped aerogel with a hierarchical porous structure, inspired by tree-like transport systems. (i) Schematic de-
sign of an improved water transport mechanism enabled by a hierarchical structure, and (j) analysis of the resulting half-expansion time and water

transport rate. Reproduced with permission: Copyright 2024, Springer Nature [180].

retention (Figure 5aiii) [190]. Therefore, enhancing water trans-
port pathways is essential for maintaining system stability. For
example, inspired by tree-like capillary transport systems, a fan-
shaped aerogel has been engineered to enhance solar absorption
while minimizing conductive heat loss (Figure 5f,i) [180]. This
structure incorporates a hierarchical porous network, facilitat-
ing efficient water transport while mitigating localized drying
and salt deposition. Consequently, the system achieves a stable
evaporation rate of 2.09kg/m?h~! under continuous daily illu-
mination in a 3.5wt% NaCl solution over 7 days without observ-
able degradation (Figure 5j).

5.4 | Thermal-Promoted Catalysts

Photocatalysis and photothermal catalysis harness solar en-
ergy to drive chemical reactions, converting it into chemical
energy [191]. Optimizing the thermal environment around cat-
alysts can significantly enhance their efficiency (Figure 6a).
Heat-promoted catalytic enhancement provides three key ben-
efits: improved mass transfer (Figure 6ai), reduction in appar-
ent activation energy (Figure 6aii), and increased reactants in
excited states (Figure 6aiii). First, elevated temperatures en-
hance reactant and product diffusion (Figure 6ai), accelerating
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Thermal-promoted catalysts
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FIGURE 6 | Thermal-promoted catalysts. (a) Overview of thermal-promoted catalytic processes, highlighting key benefits: (i) improved mass
transfer, (ii) reduction in apparent activation energy, and (iii) increased reactants in excited states. (b) Enhanced water vapor diffusion for hydrogen
production. Reproduced with permission: Copyright 2023, Springer Nature [192]. (c) Heat-induced reduction of apparent activation energy in CO and
H, production. Reproduced with permission: Copyright 2023, Wiley-VCH Verlag GmbH [193]. (d) Increased excited-state reactants, (e) improving
catalytic selectivity for H,. Reproduced with permission: Copyright 2020, Springer Nature [194]. (f) The designed catalytic system with Bi,Te,/Cu
heterostructure, (g) achieving high solar absorption and low IR emittance. (h) Measured solar flux of the large-area catalytic system (inset) under
sunlight irradiation on April 8, 2021, in Baoding City, China. (i) Corresponding hydrogen production rate. Reproduced with permission: Copyright
2022, Springer Nature [28]. (j) Greenhouse-structured catalyst with a core-shell design for heat confinement. (k) CO, conversion performance of the
Ni-SiO, catalyst. Reproduced with permission: Copyright 2021, Springer Nature [195].
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reaction rates and improving efficiency [196]. For instance, in-
creased water vapor diffusion can promote hydrogen production
(Figure 6b) [192]. When thermal energy exceeds the apparent
activation barrier of a catalytic reaction (Figure 6aii) [197], the
apparent activation energy decreases, as higher temperatures el-
evate reactant energy levels. This effect has been demonstrated
in reactions producing CO and H,, where heat effectively lowers
apparent activation energy (Figure 6c) [193]. Lastly, the excited
state reactants increase (Figure 6aiii), preventing the byproducts
production, leading to higher selectivity in catalytic reactions
(Figure 6d,e) [194]. To maintain an optimal thermal environ-
ment, low-MIR-emission materials reduce heat loss [28], while
thermal-confining structures help retain heat for improved cat-
alytic efficiency [195].

5.4.1 | Low MIR Emission Materials

Minimizing MIR emission is a representative strategy for main-
taining high temperatures around catalysts, as thermal radia-
tion losses can significantly reduce reaction efficiency. Materials
with low MIR emissivity can prevent excessive heat dissipation,
ensuring localized heat retention for sustained catalytic activity.
For example, a Bi,Te,/Cu heterostructure was designed to re-
duce IR emission and retain heat (Figure 6f) [28]. The optimized
device, with a 100 nm Bi,Te, film on Cu, achieved ~89% absorp-
tion in the 400-2000 nm solar range while maintaining a low IR
emittance of 5% (Figure 6g). As a result, the temperature rapidly
increased to 317°C under 1-sun irradiation. Even in a scalable
system, high hydrogen production efficiency (1.19-3.56m?3/h,
Figure 6h) was achieved, depending on sunlight intensity
(0.15-0.52kW/m?, Figure 6i), with a total daily hydrogen yield
of 23.27m3, demonstrating strong industrial potential.

5.4.2 | Thermal-Confining Structures

Structures designed to confine heat effectively reduce con-
duction and convective losses, maintaining higher localized
temperatures for prolonged catalytic activity. For instance, the
greenhouse-structured catalyst with a core-shell design effec-
tively traps heat from light-heated Ni nanoparticles (Figure 6j),
minimizing thermal losses [195]. The porous SiO, shell acts as
an insulating layer, slowing heat conduction to the surround-
ings while also trapping IR radiation emitted by the hot Ni core
through absorption and scattering at the interface. This reduces
thermal radiation by 43%, leading to a temperature increase. As
aresult, the catalyst achieved a CO, conversion rate of 0.344 mol
g, 'min' (20.6molg ~'h7') at 2.8Wcm™, maintaining a
higher local temperature for 10min (Figure 6k). This catalytic
system can further enhance thermal energy retention, leading
to higher efficiency and improved selectivity in solar-driven cat-
alytic reactions.

5.5 | Thermal Radiation Control for Enhanced
Efficiency of PV Devices

Radiative cooling presents a valuable approach to enhance the
performance of solar cells by mitigating heat accumulation. In
silicon-based single-junction solar cells, electricity is generated

through the PV effect [198]. However, due to the Shockley-
Queisser limit, only about 33.7% of absorbed solar energy is
converted into electricity; the remaining energy primarily turns
into heat. This excess heat increases the operating tempera-
ture, potentially reducing both the efficiency and the lifespan
of the cells. Additionally, elevated temperatures can lead to
increased carrier recombination and reduced carrier lifetime,
further decreasing solar power efficiency (Figure 7a) [204-205].
For example, crystalline silicon solar cells typically experience
an efficiency loss of about 0.4%-0.5% for every 1°C increase in
temperature [206]. Therefore, maintaining a lower temperature
is essential for maximizing energy output. Zhu et al. [199] ex-
plored the relationship between solar illumination and tempera-
ture variations in solar cells at different temperatures. Figure 7b
depicts a thermal simulation of a silicon solar cell with a silica
overlay. The model incorporates radiative cooling and nonra-
diative heat dissipation through convection and conduction, as
shown in the boundary condition:

dT(z
- K(Z)% |top =Pcooling(T)Emit + hl ((T)Emit - Tamb) (6)

This boundary condition integrates the cooling effects of radi-
ation and additional heat dissipation from convection and con-
duction, characterized by the coefficient h,.

The lower surface is responsible for nonradiative heat loss as
described by:

KdZ_(ZZ) |bottom = h2 ((T)bottom - Tamb) (7)
where k represents thermal conductivity, and T(z) indicates the
temperature distribution. The heat equation is solved iteratively
until a self-consistent solution is achieved, stabilizing the upper
surface temperature. The operating temperature of the solar
cell is then determined as the spatial average of the temperature
within the cell.

Given the annual wind and climate conditions in the United
States, and a solar heating power of 800 W/m?, the uncooled
solar cell's temperature can be expected to rise approximately
42.3K above ambient. This underscores the critical need for
temperature management strategies such as radiative cooling.

5.51 | Enhanced Energy Harvesting Through Light
Trapping and Radiative Cooling

Resonant interactions between electromagnetic radiation and
materials with structural features on the wavelength scale of in-
cident light have been well established. Such multi-dimensional
structures provide opportunities to enhance optical performance.
Perrakis et al. [64] introduced a nano- and micro-patterned radi-
ative cooler designed to improve both radiative cooling and solar
cell efficiency. The microstructure enhanced LWIR heat emis-
sion, while the nanostructures functioned as an anti-reflective
coating in the solar spectrum. Their simulation results indi-
cated a 3.1% increase in silicon solar cell efficiency and a 5.8°C
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Cooling system for highly efficient solar cell
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FIGURE7 | Radiative cooling system for enhancing solar cell efficiency. (a) Schematic illustration of a passive radiative cooling system integrated
with a solar cell, highlighting key factors reducing photovoltaic efficiency due to elevated temperatures. (b) Thermal simulation schematic with non-

radiative heat exchange coefficients h, and h, at the upper and lower surfaces, respectively, and ambient temperature denoted as Tamb. Reproduced

with permission: Copyright 2014, Optica Publishing Group [199]. (c) Illustration of a radiative cooler designed to simultaneously radiate heat and
trap light. Reproduced with permission: Copyright 2021, Wiley-VCH Verlag GmbH [200]. (d) SEM image showing a scattered structure with (i) a 2D

grating, Reproduced with permission: Copyright 2021, Wiley-VCH Verlag GmbH [200], and (ii) a disordered pyramid structure. Reproduced with
permission: Copyright 2017, Wiley-VCH Verlag GmbH [201]. (¢) Comparison of current density between control and textured glass, with an inset
showing the transmission haze of SiO, textured glass. Reproduced with permission: Copyright 2017, Wiley-VCH Verlag GmbH [201]. (f) Photograph

of electrodes and thermocouples attached to the solar cell. Reproduced with permission: Copyright 2020, Elsevier [202]. (g) Schematic and photo-

graph of a radiative cooler integrated with a concentrated photovoltaic (CPV) system. Reproduced with permission: Copyright 2020, Elsevier [202].

(h) Real-time V. measurements indicating improved performance with radiative cooling (green curve) versus without (red curve), showing a V.
increase of about 20mV (5.7% relative increase). Reproduced with permission: Copyright 2019, Optica Publishing Group [203].
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reduction in temperature. Recent studies have explored passive
cooling integrated with solar radiation management. Heo et al.
[200] developed a 2D SiO, metasurface that facilitated both ra-
diative cooling and light trapping (Figure 7c). The metasurface
exhibited broadband emissivity across the LWIR-FIR spectrum,
resulting in a 6°C temperature reduction and a 1.3% efficiency
improvement in an InGaP/GaAs/Ge multi-junction solar cell
(MJSC). Outdoor field tests further validated the enhanced ther-
mal and electrical performance of the metasurface-integrated
MJSC compared to a conventional glass-mounted counterpart
under direct sunlight (~900Wm™2). Additionally, microstruc-
tures (Figure 7d) enhanced light scattering within the solar
spectrum, increasing the optical path length in the absorption
layer. Lu et al. [201] proposed ultra-broadband surface textures
fabricated via a modified sol-gel imprinting method, enabling
interaction with visible to FIR radiation (Figure 7e). Their study
demonstrated that geometric diffraction within the solar spec-
trum enhanced short-circuit current by 5.12% and solar cell effi-
ciency by 3.13%, further highlighting the potential of structured
surfaces for improving PV performance.

5.5.2 | Radiative Cooling for Improved Performance in
Concentrated Photovoltaics

Beyond individual solar cell cooling, radiative cooling has
also been explored for system-level applications, including
extraterrestrial PV systems, thermal PV systems, and con-
centrated photovoltaic (CPV) systems. Wang et al. [202] in-
vestigated the lightweight radiative cooling performance of
CPV systems (Figure 7f), where electrodes and thermocouples
were attached to solar cells in separate chambers to measure
open-circuit voltage (V). Figure 7g captures a focused light
beam directed at the center of the solar cell. Outdoor experi-
ments demonstrated that radiative cooling contributed 25%—
62% of the total cooling power in a CPV system. Zhou et al.
[203] further refined this approach by investigating radiative
cooling in low-bandgap PV cells, relevant to CPV and ther-
mophotovoltaic (TPV) applications. Their study demonstrated
improved cooling performance in low-bandgap GaSb PV cells
under concentrated sunlight. Real-time V, . measurements in-
dicated that the GaSb PV diode with a radiative cooler (solid
green curve) maintained a higher V. than the diode without
a radiative cooler (solid red curve) due to its lower operating
temperature (Figure 7h).

6 | Conclusions and Outlook

Photonic platforms, spanning a broad spectrum of electromag-
netic waves, play a crucial role in energy systems by enhanc-
ing energy production and conservation. This review presents
a comprehensive approach to thermal management, integrating
solar absorption and radiative cooling strategies within a uni-
fied photonic framework. By targeting key spectral regions,
such as the sub-2um band for efficient solar energy capture
and the 8-13um LWIR window for effective radiative cooling,
photonic designs offer scalable and energy-efficient solutions
for temperature regulation, thermoelectric generation, steam
production, and photocatalysis. The findings presented in this

review highlight the critical role of light-matter interactions in
advancing next-generation energy technologies through tailored
material and structural designs.

This review explores the fundamentals of photonic mechanisms
that govern energy devices, bridging theoretical principles with
practical applications. We first examine Earth's thermal energy
dynamics, emphasizing how photonic structures manipulate heat
exchange to enhance energy efficiency. These insights suggest that
optimizing spectral selectivity and material properties through
thermal management is key to maximizing energy device's perfor-
mance in diverse operating conditions. Looking ahead, continued
advances in photonic materials and architectures are expanding
the capabilities of thermal management beyond traditional limits.
Recent developments, such as optically reconfigurable metasur-
faces utilizing PCMs for independent infrared and visible mod-
ulation [207], metasurfaces achieving polarization-selective and
chiral thermal emission without external sources [208], and asym-
metric directional thermal emitters [209], highlight the versatility
and future potential of metasurface-based approaches. By lever-
aging such functionalities, photonic metasurfaces are expected to
offer greater adaptability in controlling both light and heat flows,
paving the way toward intelligent and environment-responsive
thermal management platforms. Despite considerable progress
in engineering photonic materials for energy applications, their
practical deployment requires balancing spectral performance,
environmental stability, and manufacturability. For example,
multilayer dielectric structures enable sharp spectral selectivity
for radiative cooling, but their fragility under thermal cycling and
fabrication complexity limit large-scale use. In contrast, polymer-
based coatings offer scalable and low-cost processing but suffer
from photodegradation and limited thermal endurance [210].
These trade-offs must be strategically considered depending on
the application context—including target temperature range, de-
vice area, and outdoor exposure. To aid this process, our review
provides material-specific examples across photothermal and ra-
diative cooling systems, offering practical guidelines for selecting
suitable photonic platforms aligned with operational requirements.

We anticipate that further advancements in photonic materi-
als and device architectures will enable the next generation of
energy-efficient technologies, bridging the gap between sustain-
able energy harvesting and intelligent thermal management.
Future research should focus on scalable fabrication techniques,
multi-functional hybrid materials, and dynamic photonic archi-
tectures to push the boundaries of adaptive thermal regulation.
Synergetic strategies that integrate photothermal heating and ra-
diative cooling within unified photonic structures are expected to
significantly enhance thermal control performance, enabling en-
ergy devices to maintain high efficiency and adaptability across a
wide range of environmental conditions. As photonic platforms
continue to evolve, their integration into energy systems will play
a pivotal role in achieving greater efficiency, longevity, and en-
vironmental adaptability, addressing the growing challenges in
thermal energy control and sustainability.
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