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Abstract: Amid the global population surge and escalating energy demands, the energy crisis has become increasingly urgent,
highlighting the need for the development of green technologies. Radiative thermal management enhances energy efficiency
and reduces consumption by dynamically regulating the exchange of solar radiation (visible-near infrared) and inter-object
radiative heat (mid-infrared). Utilising certain dynamically responsive smart materials, visible (VIS), near-infrared (NIR), and
mid-infrared (MIR) spectrums can be dynamically modulated under external field influences. This paper reviewed the prin-
ciples and advantages of visible, near-infrared, and mid-infrared light modulation from the perspectives of reflection, scat-
tering, and absorption. It provides guidance for optimizing band-specific regulation and explores corresponding optical
behavior modulation in application scenarios based on opaque and transparent systems. Furthermore, it focuses on multi-band,
multi-mode optical behavior control methods for smart windows, analyzes the advantages and challenges of their future
applications, and proposes recommendations for future development.
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INTRODUCTION

With the rapid growth of the global population, continuous improvement in living standards, and rapid
industrial development, energy consumption has surged dramatically. This has brought with it thermal
comfort issues arising from complex and variable climatic conditions. Consequently, the utilisation of radiant
thermal management technology to reduce energy consumption and enhance living comfort has become an
urgent priority [1-3]. Thermal radiation constitutes one of the three modes of heat transfer. All objects emit
heat in the form of electromagnetic waves, with thermal radiation specifically denoting the phenomenon
whereby objects radiate electromagnetic waves due to possessing a temperature. Consequently, any object
with a temperature above absolute zero generates thermal radiation; the higher the temperature, the greater
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the total energy radiated and the more pronounced the short-wave component. The Sun may be regarded as
the most ideal and sustainable heat source. The sunlight it emits contains substantial light energy spanning
ultraviolet, visible, and near-infrared wavelengths, alongside heat transfer between objects via mid-infrared
radiation. However, the light and thermal energy delivered by solar radiation do not always align perfectly
with human needs. To reduce energy consumption, radiative cooling technology has consequently emerged
[4,5].

Static radiative cooling utilises outer space as the cold source for radiative heat exchange, achieving
cooling by promoting radiative heat transfer through high emissivity in the mid-infrared atmospheric window
band [6]. Currently, static radiative cooling primarily comprises transparent and non-transparent systems.
Non-transparent coatings, utilising oxide particles such as titanium dioxide and silicon dioxide as primary
materials, exhibit high reflectivity within the solar spectrum. These are chiefly applied to building facades
and the surfaces of large heat-generating equipment [ 7—12]. Transparent radiative cooling systems, primarily
fabricated from polydimethylsiloxane and materials rich in siloxane bonds, find applications in glass curtain
walls, automotive sunroofs, and integration with solar cells and thermoelectric devices. For instance, when
combined with solar cells, they simultaneously generate electricity while lowering photovoltaic panel
temperatures, thereby enhancing photovoltaic conversion efficiency [13—18]. Additionally, by leveraging
water vapor adsorption and desorption, solar radiation collection, and radiative cooling synergistic thermal
effects, the temperature difference is amplified for thermoelectric power generation and atmospheric water
harvesting [19,20]. However, static radiative cooling not only suffers from supercooling issues but also faces
limitations in widespread adoption due to constraints on sustained cooling. The combination of phase change
materials and static radiative cooling materials can harvest cold energy from the universe, regulating the
surplus cold energy generated by nighttime remote control to compensate for the cold deficit during daytime
remote control [21]. However, the extent of overcooling it can compensate remains limited. Consequently,
dynamic radiative cooling has been extensively studied to broaden its application scope and unlock addi-
tional potential uses [22]. Researchers have observed that under ideal conditions, radiative cooling materials
can achieve approximately 100 W/m? of radiative power within the atmospheric window band. However,
practical applications may yield lower values due to various losses. The power density of energy contained
within sunlight approaches 1000 W/m?. Given the constraints imposed by energy thresholds regulated in the
mid-infrared bands, dynamic control within the solar spectrum (visible-near infrared (VIS-NIR)) is crucial
for reducing energy consumption [23-26].

Across the entire solar spectrum, VIS light (380-780 nm) accounts for nearly 43% of the energy content,
with a power density approaching 500 W/ m”. Dynamically adjusting the visible light transmittance to block
heat gain in summer and retain warmth in winter significantly reduces building energy consumption, holding
great importance for energy conservation [27,28]. Furthermore, dynamically regulating the proportion of
different visible light colours within sunlight through functional films to control plant growth offers sub-
stantial application value for advancing agricultural technology [29]. NIR light (780-2500 nm) constitutes
nearly 50% of solar energy. Its frequency aligns more closely with the resonant frequencies of microscopic
particles within materials, conferring a stronger thermal effect. Consequently, dynamically regulating near-
infrared transmittance in smart window applications holds substantial significance for reducing building
energy consumption [30]. The mid-infrared (MIR, 2.5-25 pm) spectrum constitutes the primary band for
inter-object heat transfer via thermal radiation. Particularly, the range of 8—13 pm is the transparent window
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band of the atmosphere, which can be regarded as an ideal cold source for heat transfer between objects and
outer space through this band, thereby achieving cooling effects. Dynamic regulation of this spectrum
enables intelligent radiative cooling tailored to living requirements, holding substantial significance for
reducing energy consumption [31-33]. Consequently, dynamically regulating the VIS-NIR-MIR tri-band
spectrum to intelligently harness thermal radiation energy maximises energy savings, holding substantial
implications for energy conservation and societal smart development. Dynamic thermal radiation manage-
ment is transitioning from laboratory research to industrial implementation. Its interdisciplinary nature will
reshape future landscapes across energy, electronics, aerospace and other sectors, establishing it as a pivotal
technological pillar for carbon neutrality strategies. Several reviews have summarized dynamic radiative heat
management research from perspectives including material systems [34], response mechanisms [35], and
application scenarios [36]. However, analyses focusing on the principles of light behavior regulation remain
scarce.

Therefore, this paper synthesised recent exemplary cases of light behaviour regulation, elucidating the
principles and advantages of modulation across the visible, near-infrared, and mid-infrared regions from the
perspectives of scattering, reflection, and light absorption. It further discussed light behaviour regulation
tailored to application scenarios in both opaque and transparent systems (Figure 1). A clear understanding of
the principles governing dynamic control across the visible, near-infrared, and mid-infrared bands enables
optimisation of device performance for each specific band. This will facilitate more effective material and
structural design tailored to defined application scenarios. Particular emphasis is placed on dynamic control
for smart window applications within transparent systems, analysing optimal light behaviour regulation and
outlining both the advantages and challenges associated with multi-band, multi-modal control. In summary,
this review will provide researchers and industry professionals with comprehensive and up-to-date refer-
ences, fostering further research and innovation in dynamic radiative thermal management technologies
while guiding their practical implementation in industrial settings.

THE REGULATION PRINCIPLES OF EACH BAND

The visible, near-infrared, and mid-infrared bands not only exhibit significant differences in energy dis-
tribution, but their markedly distinct wavelengths necessitate fundamentally different principles for
achieving dynamic regulation. The optical phenomena underpinning regulation in each band are not singular;
typically, multiple phenomena coexist. Primarily, principles such as light reflection (Figure 2a), scattering
(Figure 2b) and absorption (Figure 2¢) are employed to dynamically regulate the transmittance of visible and
near-infrared light, and to dynamically regulate the emissivity of the mid-infrared band [47—49]. Visible light
serves dual functions of energy transfer and information exchange. For instance, in smart window appli-
cations, dynamic regulation of visible light transmittance must consider not only energy efficiency and
daylighting but also fundamental window attributes such as visibility and visual comfort [50,51]. Conse-
quently, a clear understanding of the principles governing dynamic modulation across the visible, near-
infrared, and mid-infrared bands is paramount. This not only enables performance optimisation of devices
tailored to each band but also facilitates more effective material and structural design for specific application
scenarios [52]. Given that material interactions with the light field during dynamic switching states are
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Figure 1 Overview of dynamic radiation thermal management (DRTM) systems [37-46]. Copyright©2025, John Wiley and Sons.
Copyright©2017, Springer Nature. Copyright©2024, Elsevier. Copyright©2025, Royal Society of Chemistry. Copyright©2019, The
American Association for the Advancement of Science. Copyright©2022, Springer Nature. Copyright©2023, John Wiley and Sons.
Copyright©2024, Springer Nature. Copyright©2024, John Wiley and Sons. Copyright©2022, The American Association for the Ad-
vancement of Science.

multifaceted, we shall now focus on the mechanisms that play a dominant role in modulation.

Dynamic regulation of visible-light

The core technology of dynamically regulating visible light lies in altering a material’s microstructure or
electronic state through external stimuli (such as thermal, mechanical, optical, electrical, magnetic, or
chemical inputs), thereby achieving dynamic modulation of its macroscopic transmittance (or reflectance)
[41,53-57]. Different response mechanisms cause variations in the behaviour of incident light, leading to
differences in the device’s response speed, energy consumption, and durability, and corresponding to distinct
specific application scenarios.
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Figure 2 Schematic diagram of the principle of optical regulation. A schematic diagram illustrating the dynamic regulation of light

reflection (a), light scattering (b) and light absorption (c).

Based on the reflection regulation of VIS

Structural design based on material intrinsic properties enables reversible transformations, utilising light
reflection for adjustable radiative heat management applications. High reflectivity in the visible spectrum
(approximately 400—700 nm) primarily involves electron interactions, band structure, and microstructural
design [58]. For instance, in reversible metal electrodeposition systems, the presence or absence of a metallic
layer alters light absorption and reflection, thereby effectively regulating transmittance. When light fre-
quencies fall below the plasma frequency of metals, electrons respond rapidly to electromagnetic field
changes, leading to high reflectivity, as observed in silver (Ag) and aluminium (Al) (Figure 2a) [59].
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Therefore, by controlling the structure of the Ag layer, light reflection can be effectively regulated to
achieve dynamic modulation (Figure 3a). For instance, visible light regulation is accomplished through the
reversible electrodeposition of the Ag layer [57]. Through such structural design of the reversible silver
layer’s electrodeposition, the reflectance in the solar spectrum (0.3-2.5 um) dynamically switches between
87.9% and 19.9% (Figure 3b) [60]. Inspired by cephalopod skin, an adaptive multispectral mechanical
optical system was designed based on a bilayer acrylic dielectric elastomer (ADE)/silver nanowire (AgNW)
film. This system reconfigures surface topography between wrinkles and cracks through mechanical con-
traction and stretching [61]. Silver nanowires deposited on the transparent elastomer upper layer exhibit a
dramatic increase in inter-wire spacing during stretching, permitting greater light transmission and yielding
high transmittance. Upon release of tension, the upper layer silver nanowires contract sharply under elas-
tomeric action, inducing high reflectance and low transmittance, thereby effectively modulating visible light
transparency. Similarly, coating silver nanowires onto polydimethylsiloxane (PDMS) surfaces enables the
fabrication of flexible films with paper-cutout structures. Under tension, these structures expose macroscopic
voids permitting visible light transmission. Upon tension release, the silver nanowires’ high reflectivity
reduces transparency, achieving dynamic switching [62]. Modulating visible light transmittance through light
reflection primarily involves material structural design, leveraging silver’s high reflectivity to achieve dy-
namic transparency switching. Furthermore, in dynamic radiative thermal management applications where
aesthetic colour properties are considered, numerous material systems employ light reflection principles for
dynamic colour switching, such as photonic crystals [63]. Within smart window applications, the advantage
of modulating visible light via reflection lies in minimising solar energy intake during high-temperature
phases. To some extent, this maximises the effective utilisation of modulated energy within thermal man-
agement research. However, this advantage carries a corresponding disadvantage: the intense specular
reflection from silver layers may contribute to light pollution.

However, dynamic regulation achieved by exploiting light’s diffuse reflection behaviour can effectively
mitigate light pollution issues. Research on using diffuse reflection for dynamic transparency control remains
scarce in the current literature. Through sequential strain release and multi-step oxygen plasma treatment,
self-similar hierarchical wrinkles with nanoscale and micrometre-scale features were generated on pre-
strained polydimethylsiloxane elastomers [56]. The layered wrinkled elastomer switched transparency states
during repeated stretching and release cycles. This occurred because the micrometre-scale wrinkles on the
pre-strained elastomer surface aggregated into a macroscopically rough surface, causing incident light to
undergo diffuse reflection and thus appearing opaque. Upon tensile loading, the surface wrinkles effectively
flatten, restoring transparency and thus enabling the transition. Diffuse reflection occurs when light scattered
from a rough surface disperses uniformly in all directions. This arises because microscopic surface irregu-
larities cause incident light to follow Fresnel reflection laws locally, yet manifest macroscopically as random
directional scattering [64]. Light scattering, conversely, describes the deviation of light from its original path
due to interactions with material constituents such as particles, defects, or density variations during propa-
gation. This arises from interactions with microscopic or submicroscopic structures, encompassing both
elastic scattering (where wavelength remains unchanged, e.g., Rayleigh scattering) and inelastic scattering
(where wavelength shifts, e.g., Raman scattering) [65]. Diffuse reflection constitutes the statistical reflection
behaviour of light upon macroscopically rough surfaces, whereas scattering arises from light’s interaction
with the internal structure of a medium. Both phenomena may coexist, yet their physical origins differ.
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Figure 3 (a) The reversible metal electrodeposition of the silver layer regulates VIS [60]. (b) Spectra before and after silver layer
deposition [60]. Copyright©2025, Wiley-VCH GmbH. (c) Schematic diagram of refractive index matching [66]. Copyright©2022, John
Wiley and Sons. (d) The liquid crystal changes the orientation of its molecules under an electric field, and the effective refractive index also
changes [67]. Copyright©2025, John Wiley and Sons. (e) Perovskite undergoes reversible coordination with methylamine, dynamically
generating substances with strong visible light absorption [37]. Copyright©2017, Springer Nature. (f) The microplate structure containing Fe
particles can be bent by magnetic field control [68]. Copyright©2023, John Wiley and Sons.

Based on the scattering regulation of VIS

Leveraging the characteristic of shorter wavelengths in visible light, optical scattering can effectively achieve
dynamic regulation of visible light transmittance. This is accomplished by altering the microscopic structure
of materials to modify their optical scattering behaviour before and after modification, thereby dynamically
adjusting the visible light transmittance of thin films. The primary methods involve refractive index matching
and crystal plane scattering control.

By utilising the principle of refractive index matching, the light scattering behaviour is controlled to
regulate transmittance (Figure 3c). Paraffin wax, a classic phase-change energy storage material, has been
applied in dynamic radiative thermal management research due to its phase-change temperature near room
temperature, low cost, and excellent chemical stability [69]. For instance, when paraffin wax is combined
with polyvinyl alcohol, based on the principle of refractive index matching, prior to paraffin wax phase
transition, its refractive index approximates that of polyvinyl alcohol, yielding high film transmittance. Upon
temperature elevation, paraffin wax undergoes a phase transition from solid to liquid state, altering its
refractive index. This discrepancy with polyvinyl alcohol’s refractive index induces high scattering of
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shorter-wavelength incident light [46]. Thus, through temperature control, dynamic regulation of the film’s
transmittance is achieved based on light scattering behaviour [70]. Similarly, the phase-change material
eicosane was deposited onto polyurethane nanofibres via electrospray technology. Upon reaching 37 °C,
eicosane rapidly undergoes phase transition. Post-transition, its refractive index approximates that of the
outer polyurethane layer, establishing optical transmission pathways between nanofibres and preventing light
scattering loss at nanofibre-air interfaces [71]. Similarly, employing a one-step emulsification method to
embed ethylene glycol solution droplets within polydimethylsiloxane (PDMS) yielded an adaptive ther-
moresponsive smart window based on dynamic refractive index (RI) matching between two phases,
achieving intelligent temperature response in PDMS [66]. The principle of achieving dynamic visible light
regulation in hydrogel material systems is analogous, all involving control through the occurrence of light
scattering behaviour [55]. For instance, poly(/N-isopropyl acrylamide) (PNIPAm), typically synthesised via
radical polymerisation, exhibits a curl-to-ball transition in polymer chains [72]. Additionally, thermo-
responsive micelles are incorporated into highly transparent hydrogel matrices, where micelles undergo
reversible aggregation and dissociation in response to temperature changes [73]. In all these material sys-
tems, external thermal field stimulation induces changes in the internal microstructure, controlling light
scattering behaviour to achieve effective dynamic regulation of visible light transmittance. Furthermore, by
applying external force fields to stimulate its structure to undergo reversible changes, the refractive index can
be regulated, thereby altering the light scattering behavior [74], such as fabricating a wrinkled structure on
the top surface of an elastomeric polydimethylsiloxane film, embedding silica particles within the film
substrate, thereby constituting an on-demand mechanically responsive smart window [75—77]. The principle
governing visible light regulation involves the generation of secondary wrinkles and nanoscale voids around
the particles during external force application (i.e., stretching). The refractive mismatch between these voids
and the silica particles induces intense light scattering upon visible light incidence, thereby reducing film
transmittance and dynamically modulating light scattering behaviour.

Similarly, the visible light transmittance of dynamically regulated films is often effectively controlled
through solvent stimulation by exploiting light scattering behaviour [78]. For instance, a solvent-activated
colour-changing hydrogel for self-protective smart windows was developed using the structural design of
cellulose-polyacrylamide supramolecular assemblies [41]. When exposed to an ethanol molecular en-
vironment, this gel adsorbs ethanol molecules, inducing a conformational change in its supramolecular
structure. Here, polyacrylamide (PAAm) molecules wrap around cellulose chains via hydrogen bonds. As
ethanol molecules guide incident light through this structure, the alcohol gel exhibits high transmittance in
this state. However, upon thermal volatilisation and escape of ethanol molecules from the gel, the exposed
compact supramolecular structure tends to scatter most incident light, exhibiting pure white opacity with low
transmittance. This solvent-induced colour-changing alcohol gel utilises light scattering principles to achieve
dynamic switching between transparent and opaque states. This work similarly presented results for me-
thanol and acetone stimuli, operating on identical principles. Beyond methanol, ethanol, and acetone mo-
lecules responding to stimuli, water molecules were also commonly employed as stimulus molecules in
current research [79,80]. Across various chemical stimuli, the underlying modulation principle fundamen-
tally leverages light scattering to effectively regulate visible light.

Furthermore, regulation is achieved through the scattering of crystal planes within the material’s internal
crystalline structure (Figure 3d). Liquid crystal systems, for instance, represent a typical material system that
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dynamically modulates visible light transparency via light scattering. Owing to the optical anisotropy of
liquid crystals and the dependence of their optical properties on molecular orientation, precise control over
the arrangement of liquid crystal molecules is attained by applying external stimuli, thereby regulating their
optical state [81]. For instance, in chiral liquid crystals, the three-dimensional molecular orientation of the
chiral liquid crystal (LC) is adjusted via external stimuli (light or heat). This orientation is autonomously
controlled within the host liquid crystal (HLC) through surface molecular engineering based on azobenzene
and bulk molecular engineering [67]. Chiral liquid crystals exhibit transparency in their initial state due to the
vertical alignment of host liquid crystals within chiral metamorphic phase A (SmA*) monolayers. Upon
intense ultraviolet irradiation, photoisomerised azobenzene-based ordering molecules transform the SmA*
single domain into randomly dispersed multiple domains, inducing strong light scattering and transitioning to
an opaque state, thereby achieving dynamic transparency control. Furthermore, an electric field can drive the
rearrangement of liquid crystal molecules, altering their photofield-modulation effects and enabling trans-
parency switching [82,83]. High-temperature-induced phase transitions in liquid crystal materials from one
nematic phase to another result in alterations to texture and light-scattering capability. In cholesteric liquid
crystals, successive cholesteric LC layers shift through minor rotations of the molecular orientation vector
relative to adjacent layers [84]. Under an electric field, high haze is achieved by controlling the arrangement
of liquid crystal molecules to modulate light scattering, thereby regulating transparency. Modulating visible
light transmittance through light scattering primarily relies on principles such as refractive index matching,
reversible changes in microstructure, and molecular rearrangement to generate high haze [81]. In smart
window applications, light scattering modulation offers the advantage of structural simplicity. Moreover, the
generation of high haze enables privacy protection while maintaining normal daylight transmission.

Based on the absorption regulation of VIS

The essence of visible light absorption lies in the conversion of photon energy into the excited-state energy of
a material through mechanisms such as electron transitions (interband/intraband), plasmon resonance, or
charge transfer [85]. The specific pathways are jointly determined by the material’s electronic structure,
chemical composition, and microstructure [86,87]. Through structural design enabling reversible changes,
the absorption of visible light can be altered, thereby achieving dynamic regulation of thermal radiation for
effective thermal management.

Firstly, light absorption arises from energy level transitions, which depend on the intrinsic properties of the
material itself (Figure 2¢;). Consequently, dynamic regulation can be achieved by dynamically generating
substances with strong visible light absorption (Figure 3¢). For instance, adaptive PDRC materials utilising
thermosensitive phase transitions based on amorphous calcium carbonate (ACC) and thermochromic mi-
croparticles (TMP) exhibit significant alterations in light absorption due to the reversible formation and
disruption of conjugated regions within the TMP chromophore molecules. Specifically, the chromophore
loses electrons and opens the ring, forming a conjugated structure and assuming a coloured state to efficiently
store heat at low temperatures. Conversely, upon electron gain, the chromophore closes the lactone ring to
produce a white state, facilitating radiative cooling at elevated temperatures [88]. Perovskite materials, for
instance, have been extensively developed as smart window photovoltaic materials owing to their
straightforward, cost-effective synthesis and superior optical properties [89,90]. Temperature variations

Page 9 of 38



Natl Sci Open, 2026, Vol.5, 20250052

trigger reversible hydration/dehydration reactions, altering their crystal structure and light absorption to
effectively modulate visible light transmittance [91]. At lower temperatures, perovskite exists as a dihydrate
(MA4PbX4-2H,0) with a loose crystal structure, where water molecules are embedded within the lattice. This
results in weak light absorption and a transparent state for the material. Upon heating to a critical point (e.g.,
45 °C), the perovskite undergoes dehydration, losing bound water molecules and transforming into a
compact MAPbXj; crystal structure. This structural change significantly enhances visible light absorption,
causing the material to turn reddish-brown (Figure 3e) [92]. Beyond hydration/dehydration regulation,
perovskite systems can also undergo colour change through the complexation/dissociation of methylamine
[37]. Furthermore, by alloying the perovskite and employing dimethyl sulfoxide (DMSO) as an inducer for
temperature-controlled colouration/decolouration regulation, distinct red, yellow, and brown hues have been
achieved [93]. Additionally, temperature control alters the periodically arranged structure within the photonic
crystal, thereby modifying light absorption. This enables multicolouration while simultaneously facilitating
effective radiative thermal management [94].

Most photochromic materials generate new substances through changes in valence states, bond breaking
and formation, and molecular isomerisation, thereby exhibiting strong visible light absorption and enabling
regulation. Examples include inorganic photochromic materials such as tungsten oxide, titanium dioxide, and
silver halides [95,96]. Under intense ultraviolet irradiation, tungsten oxide generates abundant electrons and
holes, forming tungsten bronze (pentavalent tungsten) that induces colouration and strong light absorption
[54]. Similarly, titanium dioxide operates on a comparable principle: ultraviolet excitation creates Ti*" defect
states that absorb visible light [97]. Silver halides function through photon energy reducing Ag" to Ag atoms
(nanoclusters), where localised surface plasmon resonance (LSPR) within Ag particles enhances visible light
absorption [95]. Furthermore, by immobilising BiOCI nanosheets within a calcium alginate (CA) hydrogel
matrix, light-triggered oxygen vacancy accumulation promotes electron localisation at Bi sites, weakening
Bi—O bonds to drive photochromism. This mechanism alters light absorption through Bi surface plasmon
resonance (SPR) and c-induced bandgap narrowing [98]. Numerous studies have documented the application
of organic photochromic materials in energy-saving smart windows, including spiropyran derivatives and
azobenzene compounds [99]. Photchromic materials such as spiropyran derivatives, e.g., 3',3'-dimethyl-6-
nitro-spirocyclohexane, exhibit a distinct transition from violet to colourless under illumination. This occurs
due to C-O bond cleavage under UV irradiation, leading to molecular planarisation, expansion of the
conjugated system, and shifts in absorption peaks, resulting in violet colouration [100]. Beyond bond
cleavage, colour-changing principles in organic photochromic materials may also be achieved through
reversible molecular isomerisation. This alters absorption peaks, enabling simultaneous colouration and
dynamic regulation of visible light transmittance. For instance, azobenzene derivatives undergo cis/trans
photoisomerisation, modifying their visible absorption spectra [101]. Owing to the photoresponsive stability
of azobenzene derivatives, they are typically integrated with static radiative cooling materials for application
in dynamic radiative thermal management [102].

Moreover, the reasons for the strong absorption of substances in visible light are not singular. Beyond
absorption arising from energy level transitions, absorption often occurs due to plasmon resonance, which is
closely related to carrier concentration (Figure 2c¢,). For instance, in classic transition metal oxide systems
used in electrochromic materials, such as the cathodic colour-changing layer of tungsten oxide and the anodic
colour-changing layer of nickel oxide [103]. Upon application of a negative voltage, electrons (e™) and
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cations (such as H", Li*, and AI’") are injected into WO5. W is reduced to W*", forming polaritons (W>* <
W®e™). Electron localisation leads to visible light absorption (blue). Under reverse voltage, cations and ¢~
are desorbed, restoring transparency. For anodic colour-changing nickel oxide layers, the mechanism is
analogous. Under electric field influence, Ni** oxidises to Ni'*, accompanied by OH™ deprotonation,
transforming transparent Ni(OH), into NiOOH (dark brown), thereby altering light absorption. Reversible
metal electrodeposition (e.g., copper [104], zinc [105], manganese dioxide [106]) enables strong visible light
absorption by controlling the dissolution and deposition of the metal layer, thereby allowing effective
regulation of visible light. For conductive polymer systems like polyaniline, monocomponent organic
polymer polyaniline (PANI) exhibits photoconversion capability. Through progressive electrochemical re-
actions, PANI films demonstrate remarkable electrochromic properties of rich colour transitions (yellow-
green-black). The colour-changing mechanism involves multi-step oxidation state changes under electric
fields, altering n-n* transition energy. Different oxidation states result in multiple PANI states, concurrently
altering light absorption and thus enabling colour switching [107]. Similarly, polythiophene derivatives like
poly(3,4-ethylenedioxythiophene) achieve transparency-to-blue switching through electrochemical doping/
dedoping, which modifies polariton absorption in the conjugated chain. Research indicates that incorporating
conductive liquid gallium nanoparticles (GaNPs) into poly(3,4-ethylenedioxythiophene):poly-(styr-
enesulfonate) (PEDOT:PSS) enhances electrochromic performance. The liquid state of GaNPs facilitates
rapid oxidation and reduction of the interfacial gallium oxide layer. Moreover, the crack structure within the
oxide layer enables swift carrier exchange while permitting efficient charge storage within the oxide matrix
[108]. Prussian blue analogues (MTHCF) constitute a class of open-framework compounds formed by ‘Fell-
C=N-MT’ units, with Prussian blue (FeHCF, MT=Fe) being the most renowned example. FeHCF films
exhibit reversible blue-to-colourless transitions under applied voltage. This colour change arises from charge
transfer between Fe'" and Fe®" ions under electric fields, altering their valence states and inducing deco-
lourisation. Their non-toxicity, straightforward preparation process, and scalability for large-area fabrication
have driven extensive research [109]. Beyond this, compounds such as azurines undergo multi-step reduction
reactions accompanied by radical formation and m-m* transitions, thereby altering light absorption and
inducing colour changes for visible light regulation [110]. Electrochromic materials alter light absorption
properties through electric field-driven ion/electron transfer (e.g., polariton formation in WO;) or redox
reactions (e.g., single-electron reduction in violet dyes). Inorganic materials (WOj3, NiO) offer high stability,
organic materials (PANI, violet dyes) provide rapid response, while hybrid systems combine the advantages
of both.

Furthermore, dynamic regulation is achieved not by altering the material’s intrinsic light absorption
properties, but by dynamically switching its microstructure to control light absorption behaviour (Figure 3f).
Microplate array structures fabricated from shape memory alloys bend upon temperature control, causing the
microplates to obstruct light transmission pathways. This induces strong absorption of incident light, thereby
reducing transmittance [111,112]. Alternatively, magnetic fields control the microplate array by in-
corporating strong visible-light-absorbing magnetic particles such as Fe [53,68], Ni [113], or Fe;04 [94].
Magnetic field-induced bending of the microplates, combined with the strong light absorption of metallic Fe
particles, enables switching of visible-light transparency (Figure 3f) [53]. One-dimensional (1D) super-
paramagnetic Fe;04@Si0, nanorods exhibit a visible light transmission pathway when aligned parallel to the
observation direction under a magnetic field, presenting a transparent state. Upon magnetic field removal, the
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randomly oriented nanorods strongly absorb visible light, enabling dynamic switching [114].

In summary, modulating visible light through altered light absorption offers significant advantages over
scattering and reflection. Within smart window applications, dynamically controlling visible light via ab-
sorption first reduces haze formation, safeguarding fundamental window visibility while diminishing glare
and enhancing visual comfort. Secondly, energy harvesting through absorption enables multifunctional
device integration, such as photovoltaic-electrochromic coupling; It delivers glare-free environments,
eliminating visual interference. Smart dimming technology based on light absorption regulation, through
dynamic solar radiation management, optimised energy efficiency, and enhanced user experience, emerges as
a core solution for green buildings and smart terminals. Its fundamental advantage lies in transforming
passive materials into actively controllable optical systems, combining functionality, cost-effectiveness, and
sustainability. This positions it as a pivotal technology for future smart cities.

Dynamic regulation of near-infrared

Research into achieving energy efficiency and thermal comfort by modulating transmittance in the NIR
(700-2500 nm) band has primarily focused on three mechanisms: light reflection, scattering, and absorption.
Given that both light scattering and diffuse reflection exhibit strong wavelength dependence, the modulation
efficiency for achieving dynamic control of the near-infrared band through these means is significantly
inferior to that achievable in the visible spectrum. Moreover, whilst dynamically regulating the near-infrared
band through light scattering and diffuse reflection, visible light regulation is inevitably achieved simulta-
neously, with visible light regulation taking precedence over the near-infrared band. This approach severely

limits multi-band, multi-level regulation.

Based on scattering and reflection regulation of NIR

The principle of controlling near-infrared light through light scattering regulation is identical to that of visible
light regulation discussed previously. However, due to its strong wavelength dependency and the fact that
near-infrared wavelengths are longer than visible light, it exhibits greater penetration capability at the
macroscopic level, thereby limiting its modulation potential. For instance, by employing the principle of
refractive index matching, the intensity of light scattering by thin films can be dynamically altered through
temperature control, enabling dynamic switching of near-infrared transmittance (Figure 3¢) [115,116]. In the
classic hydrogel material system utilising light scattering regulation, broad and intense absorption bands arise
from the overtones and combination bands of the O—H bond stretching and bending vibrations of water
molecules. particularly peaking at 1400—1500 nm and 1900-2000 nm. Additionally, overtones and combi-
nation bands from C-H bond vibrations in the polymer network contribute to NIR absorption, thereby
limiting hydrogel’s dynamic modulation rate in the near-infrared spectrum [117]. Similarly, the liquid crystal
systems previously described for modulating visible light via light scattering can also concurrently regulate
the near-infrared band. For instance, transparent poly (stearoyl acrylate) (poly (SA)), termed CPSA, com-
prises poly (SA) and ethoxylated trimethylolpropane triacrylate. UV curing at elevated temperatures sup-
presses microcrystalline domain size to the nanometre scale, achieving high optical transparency and

crystallinity at ambient temperatures. The refractive index of the poly(HEMA) phase is adjusted to match that
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of the CPSA phase, rendering the terpolymer film transparent at 20 °C with visible light transmittance
reaching 91.4%. Above the transition temperature of 4246 °C, melting of CPSA crystals causes light
scattering at the phase interface, resulting in an opaque appearance [118]. Spectral analysis reveals that
modulation amplitude diminishes with increasing wavelength. Systems employing light scattering and dif-
fuse reflection for dynamic regulation, such as those responding to solvent molecules or mechanically
altering internal microstructures, enable concurrent control across visible and near-infrared wavelengths
(Figure 2b).

Beyond the reversible deposition of metallic layers previously discussed (Figure 3a), the regulation of near-
infrared wavelengths through light reflection primarily relies on two mechanisms: plasmon resonance and
free carriers (Figure 2¢). Both fundamentally alter a material’s optical absorption properties, accompanied by
changes in reflectance. First, localised surface plasmon resonance (LSPR) occurs when free electrons within
nanostructures (such as indium tin oxide (ITO) nanocrystals or gold nanorods) undergo collective oscillation
under the influence of near-infrared electric fields, forming plasmonic resonance. This phenomenon also
induces intense reflection/scattering at specific wavelengths [119]. For instance, a nanostructure comprising
ITO nanoparticles and polythiophene nanoparticles/polymer exhibits electrochromic behaviour, demon-
strating promising characteristics where infrared (IR) transmission above 800 nm can be reversibly con-
trolled by applying merely 1.25 V. [120] However, substantial absorption occurs within the visible spectrum,
thus limiting this system’s transmittance to visible wavelengths. Secondly, free carrier modulation involves
altering the concentration of free carriers (electrons/holes) within the material via electric fields or chemical
doping, thereby adjusting its plasmon frequency (w,) to modify near-infrared reflectance. For instance,
lithium ion intercalation into WO; increases conduction band electron concentration, elevating near-infrared
reflectance [121]. Additionally, reversible metal electrodeposition systems achieve dynamic regulation
through the deposition and dissolution of Ag layers [122,123]. However, the limited near-infrared trans-
mittance of the ITO/FTO (fluorine-doped tin oxide) electrode layer restricts the modulation range within this
spectral band. Furthermore, alternating deposition of high- and low-refractive-index media (e.g., TiO,/SiO,)
creates photonic bandgaps, inducing Bragg reflection to selectively reflect near-infrared light. This is
achieved by varying the interlayer spacing [124]. Nevertheless, such approaches predominantly involve
static structural design.

Based on the absorption regulation of NIR

Localised surface plasmon resonance (LSPR) may manifest as either strong scattering/reflection or strong
absorption in response to incident light, with the specific behaviour dependent upon the material, size,
morphology, and surrounding dielectric environment of the nanoparticles [125]. LSPR constitutes a col-
lective oscillation phenomenon of free electrons within metallic or doped semiconductor nanoparticles under
the influence of an electric field [48]. When the incident light frequency matches the intrinsic oscillation
frequency (plasmon frequency) of the electron cloud, a resonance effect occurs, significantly enhancing
light-matter interaction (Figure 3c). When the LSPR frequency of nanostructures falls within the near-
infrared region, strong absorption is generated [126]. Consequently, the LSPR peak position can be dyna-
mically tuned by altering nanoparticle shape, size, or the surrounding dielectric environment (e.g., through
electrochemical redox processes) [127,128]. For instance, in VO, nanopowders, a phase transition occurs
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Figure 4 (a) Vanadium dioxide temperature-controlled switching structure undergoes phase transition to regulate near-infrared radiation.
(b) The mechanism of regulating the photochromic tungsten oxide under near-infrared light [54]. Copyright©2024, John Wiley and Sons.
(c) Dynamic regulation of the emission rate of mid-infrared in aluminum-doped zinc oxide nanocrystals (AZO NCs) [132]. Copyright©2023,
Springer Nature. (d) Dynamic regulation of mid-infrared emissivity in F-P cavity structure based on phase-change material VO, [133].
Copyright©2021, The American Association for the Advancement of Science. (¢) The Janus structure regulates the mid-to-long infrared
emissivity through mechanical flipping [134]. Copyright©2024, John Wiley and Sons.

above 68 °C, transforming the material from an insulating to a metallic state with increased carrier con-
centration. The strong absorption observed in the transmission spectrum of VO, nanopowders near 1400 nm
stems from resonance absorption induced by the LSPR effect (Figure 4a) [129].

Moreover, absorption in the near-infrared band also relies on free carrier absorption [130]. Free electrons
within the material undergo collision-damped motion under the influence of a near-infrared electric field,
absorbing photon energy and converting it into Joule heat. For instance, in the classic electrochromic
tungsten oxide system, lithium ions become embedded within the WO; layer upon voltage application. This
increases the conduction band electron concentration, enhancing free carrier absorption and consequently
reducing near-infrared transmittance [131]. Similarly, in reversible metal electrodeposition systems, such as
those employing copper [104], zinc [105], manganese dioxide [106], exhibit heightened free carrier con-
centrations and enhanced absorption. Conversely, in photochromic tungsten oxide systems, ultraviolet ir-
radiation induces electron-hole pair generation, with some electrons captured by W®" to form W>*. The W>*
defect state generates subbandgap absorption in the near-infrared region, thereby diminishing transmittance
in this wavelength band (Figure 4b) [54].
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The principles governing the dynamic regulation of VIS and NIR light absorption through light absorption
share commonalities yet exhibit significant differences. Strong near-infrared absorption primarily relies on
the material’s optical bandgap, charge carrier behaviour, or molecular vibrational characteristics. Strong
near-infrared absorption is mainly achieved through free charge carriers, narrow bandgap transitions, or

molecular vibrations, whereas visible light absorption depends on electron bandgap transitions.

Dynamic regulation of mid-infrared

The ratio of the energy radiated by a material at a specific temperature to the energy radiated by a blackbody
at the same temperature (where ¢ = 1 denotes an ideal blackbody and ¢ = 0 denotes a perfect reflector) is
defined as the material’s emissivity. Kirchhoff’s law states that for objects in thermodynamic equilibrium, the
spectral emissivity (e4) equals the spectral absorptivity (al): e4 = ad. This relationship holds for all wave-
lengths (including the mid-infrared band) and all directions [39]. The core principle of dynamically reg-
ulating mid-infrared (5-25 pm) emissivity involves inducing reversible changes in materials or structures to
alter their surface interaction with thermal radiation, thereby enabling intelligent control over thermal ra-
diation dissipation or absorption.

The principle of modulating carrier concentration (plasmonic effect) is employed to regulate emissivity in
the mid-infrared spectrum (Figure 2c). This involves altering the material’s free carrier concentration ()
through external stimuli (electric fields, chemical doping), thereby controlling its plasmonic frequency (w,)
and consequently influencing mid-infrared reflection or absorption characteristics [132,135,136]. When the
incident light frequency w < w,, the material exhibits high reflectivity; when @ > w,, it behaves as transparent
or absorptive.

Aluminium-doped zinc oxide (AZO) nanocrystals exhibit distinct absorption characteristics in the mid-
infrared region due to variations in local surface plasmon resonance absorption intensity (Figure 4c). This is
caused by electron injection/extraction within the depletion layer at the AZO nanocrystal surface under
electric field control. Consequently, their mid-infrared emissivity is dynamically regulated (0.51 at 3—5 um
and 0.41 at 7.5-13 um) [137]. Following lithium-ion intercalation, the carrier concentration within WO,
electrochromic films increases, causing a significant alteration in mid-infrared reflectance and thereby
modulating the mid-infrared emissivity [138,139]. Electrodes based on IR-transparent graphene enable the
development of dynamic IR emissivity modulation devices through the reversible electrodeposition of metals
onto graphene-based electrodes [140]. Within reversible metal electrodeposition systems, infrared radiation
can be dynamically modulated through the reversible electrodeposition and dissolution of silver layers [141].

By exploiting the principle of metal-insulator phase transitions (abrupt changes in electronic structure) to
modulate mid-infrared bands [142], namely the drastic alteration in electron density during material phase
transitions, which causes a reversal in mid-infrared optical properties (Figure 4d) [143]. For instance,
employing the classic thermally controlled phase-transition material VO,, the insulating phase (vanadium
dioxide) exhibits high mid-infrared absorption, whereas the metallic phase demonstrates high mid-infrared
reflectivity, thereby enabling emissivity modulation [144]. Similarly, hydrogen-induced metal-insulator
transitions in Mg,Ni alloy films enable their use as variable-emissivity materials and top conductive elec-
trodes [145]. Polyethyleneimine (PEI) serves as the intermediate proton-conducting electrolyte layer, while
hydrogen-tungsten bronze (H,WO;)/ITO forms the bottom ion storage layer. The constructed sandwich-
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structured electrochromic device simplifies the device architecture while ensuring substantial emissivity
variation. This introduces a novel approach for dynamic emissivity modulation based on hydrogen-induced
metal-insulator phase transitions from metallic yttrium (or yttrium dihydride) to dielectric yttrium trihydride,
utilising yttrium/rhodium metal films and infrared-transparent cover layers [146]. By alternately injecting a
4% hydrogen-argon mixture and air into the gas-chromatographic device, its infrared emissivity is dyna-
mically and reversibly modulated. The essence of dynamically regulating mid-infrared emissivity lies in
actively altering the material’s ‘absorption-reflection’ equilibrium for thermal radiation through electronic
behaviour (charge carriers, phase transitions), photonic structures (metasurfaces), or molecular vibrations.
Furthermore, studies have reported the utilisation of Janus surfaces to modulate mid-infrared emissivity
(Figure 4e) [147—-149]. Materials featuring upper and lower layers with high mid-infrared emissivity and high
reflectivity (low emissivity), respectively, enable dynamic emission control by mechanically flipping the
material’s top layer to face the sky. As reported, one surface is coated with a hydrophobic polymer cooling
layer comprising micro/nanoporous/particle layered structures, while the other surface is coated with hy-
drophilic MXene nanosheets for heating. The cooling surface exhibits high solar reflectance (96.3%) and
infrared emissivity (95.5%), resulting in sub-ambient radiative cooling during both day and night. Con-
versely, the heating surface demonstrates high solar absorptance (83.7%) and low infrared emissivity
(15.2%) [147]. This control mechanism does not involve smart materials; instead, dynamic regulation is

achieved through the mechanical flipping of static materials.

THERMAL MANAGEMENT APPLICATIONS IN TRANSPARENT AND
NON-TRANSPARENT SYSTEMS BASED ON DTRC

Having understood the principles of dynamically regulating VIS, NIR, and MIR through light reflection,
scattering, and absorption, along with existing response mechanisms and commonly used material systems,
we can better design, optimise, and modify materials according to our specific requirements. Coupled with
the performance advantages brought by current device integration, dynamic radiative thermal management is
evolving towards energy efficiency, intelligence, and high performance. Dynamic radiative thermal man-
agement adapts to environmental temperature fluctuations or operational requirements by real-time reg-
ulation of a material or system’s transmittance across the solar spectrum (350-2500 nm) and its emissivity
characteristics in the mid-infrared bands. Its core lies in employing dynamically tunable materials or
structures to switch transmittance through the solar spectrum and mid-infrared emissivity, thereby achieving
efficient thermal control. Based on application scenarios, dynamic radiative thermal management broadly
falls into two categories: non-transparent systems and transparent systems. The primary distinction lies in
controllable high transmittance within the visible light spectrum.

Non-transparent system

Numerous studies have documented thermal management applications in non-transparent systems, such as
radiative cooling technologies. However, their static spectral response leads to supercooling issues. Con-
sequently, to further reduce energy consumption, the application of dynamic radiative thermal management
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in non-transparent systems requires further development. Dynamic radiative thermal management for non-
transparent systems represents a cross-disciplinary breakthrough spanning thermal science, materials sci-
ence, and engineering. Its applications permeate scenarios from everyday life to cutting-edge technology,
encompassing smart textiles, electronic heat dissipation, building energy efficiency, aerospace, military
camouflage, and industrial thermal control (Figure 5). Owing to its significant energy-saving potential,
performance enhancements, and strategic value, coupled with advancements in new materials and intelligent
algorithms, dynamic radiative heat management technology is poised to become a core technology for future
green energy, high-performance computing, and national defence security.

Personal thermal management

Thermal radiation constitutes the primary mode of heat transfer and serves as an effective means of reg-
ulating heat exchange between the human body and its environment. The appropriate and efficient appli-
cation of thermal radiation within personal thermal management textiles enhances individual thermal
comfort while offering significant benefits for energy conservation. In the realm of personal thermal man-
agement, adaptability is primarily achieved by modulating the absorption rate within the solar spectrum and
the emissivity in the mid-infrared range. This is complemented by synergistic regulation through heat
conduction, convection, and evaporative cooling mechanisms [151]. Consequently, with the growing demand
for multifunctional human textiles in daily life, the research and development of functional textiles holds
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significant importance [152,153]. Humans are homeothermic creatures. Excessively low temperatures impair
enzymatic activity and normal metabolic processes, potentially leading to fatal outcomes. However, the
limited thermal regulation capabilities of conventional textiles make it challenging for individuals exposed to
outdoor environments to maintain stable body temperatures. Consequently, exploring novel smart textiles for
dynamic thermal management holds significant practical value [154].

Consequently, extensive research has been reported on intelligent textiles exhibiting dynamic thermal
management capabilities [152]. For instance, adaptive thermal management integrates both heating and
cooling functions within a single fabric, featuring passive reflective cooling derived from a photonic crystal
(PC) layer and active heating via a nano-silver layer driven by voltage [155]. The art of personal thermal
management lies in effectively mitigating thermal stress by manipulating the target object’s spectral prop-
erties. However, improvements remain necessary in developing structures capable of seamlessly adapting to
diverse thermal environments. Addressing this challenge, researchers have engineered Janus-surface fabrics,
which, when meticulously designed, offer unique advantages for multi-scenario applications. A Janus fabric
exhibiting 92% solar reflectance and 94% emissivity on its upper surface, coupled with an infrared emissivity
below 30% on its underside, facilitates adaptive thermal management. This configuration enables self-
selection of the outer layer based on ambient temperature conditions, with the upper side dissipating heat and
the lower side retaining warmth [152]. Similarly, Yin et al.’s [156] dual-mode Janus-structured fabric offers
both radiative cooling and solar heating. This structure demonstrates strong adaptability across diverse
climatic conditions. Furthermore, scalable manufacturing compatibility and outstanding performance posi-
tion Janus structures as a promising avenue for various passive thermal management scenarios. Additionally,
reports have combined dynamic bidirectional thermal regulation of Janus structures with unidirectional sweat
transport to achieve more efficient personal thermal management [157-159]. For instance, the cooling side
features an in-situ grown nano-ZnO layer, achieving high solar reflectance and infrared emissivity. The
heating side, functionalised with PDMS@rGO (reduced graphene oxide) composites, exhibits significant
solar absorption and unidirectional moisture transport through hydrophilic-hydrophobic interactions. Fur-
thermore, integrating thermal radiation regulation with phase change energy storage enables efficient per-
sonal thermal management. As exemplified by the proposed temperature-adaptive Janus phase-change
radiative cooling fabric, electrostatic spinning integrates a radiative cooling layer (PVDF-HFP) with a phase-
change material layer (PEG) to fabricate a temperature-adaptive phase-change radiative cooling textile [160].
The radiative cooling layer effectively reflects and scatters the entire solar spectrum while emitting thermal
radiation within the atmospheric window. The phase change material layer dynamically provides tempera-
ture-adaptive cooling or heating compensation for the radiative cooling effect.

Moreover, by constructing an infrared-adaptive textile composed of polymer fibres coated with carbon
nanotubes, the yarn itself expands and collapses in response to heat and humidity. This alters the spacing
between fibres, thereby modifying the textile’s infrared emissivity (Figure 5a) [39]. Similarly, by regulating
the yarn twist morphology and coil-helix chirality within a textile multistage structure, a ‘super-louver’ fabric
with moisture-responsive pore modulation was designed, enabling all-weather thermal-humidity regulation
in smart textiles [161]. Dynamic thermal control was achieved by controlling the opening and closing of pore
channels [162]. Building upon the principle of dynamically modulating emissivity, research demonstrates the
fabrication of dynamically temperature-regulating textiles by weaving scalable radiative electrochromic
fibres. Driven by low voltage, these fibres exhibit modulated mid-infrared emissivity with Ae=0.35, enabling
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effective thermal management [163]. Alterations in the visible light absorption of electrochromic fibres lay
the foundation for integrating thermal management with camouflage.

Currently, dynamic radiative thermal management technology remains relatively constrained and in its
preliminary research stages, given the application requirements for smart textiles such as flexibility, non-
toxicity, wash resistance, and cyclic stability. Present approaches predominantly utilise Janus structures for
mechanical flipping to achieve switching, alongside dynamically regulating mid-infrared emissivity. This is
achieved by controlling the opening and closing of pore channels within fibres or modulating charge carriers
in electrically conductive fibres.

Building walls

The application of dynamic radiant thermal management technology in building walls can significantly
enhance energy efficiency, improve indoor thermal comfort, and reduce reliance on active heating/cooling
systems. Dynamic materials respond to external environmental changes, automatically balancing indoor-
outdoor heat exchange to address the traditional wall issue of being ‘cold in winter and hot in summer’ [164].
Achieving year-round energy savings in buildings is crucial for carbon neutrality and sustainability. This is
accomplished by passively dissipating heat into the cold outer space during summer and absorbing heat from
the sun’s warmth in winter, dynamically regulating internal temperatures [165]. Similar to smart textiles,
thermal management technologies for building walls using smart materials primarily rely on dynamically
switching between high absorption and high reflection of solar bands, alongside regulating infrared emis-
sivity between the interior and exterior.

By dynamically regulating the visible light band through temperature adaptation, thermal management is
achieved when applied to building roofs. Colour-adaptive flexible films utilise thermochromic microcapsules
to dynamically switch between high reflectance and high absorptance in solar bands, enabling dynamically
switchable thermal management in an energy-neutral manner [166,167]. This is achieved by selecting two
distinct components of thermochromic microcapsules and fluorescent dyes, to decouple solar reflectance
modulation from colour display [88]. The synergistic interaction of these two coloured components yields the
desired controllable solar reflectance without altering the displayed colour. Furthermore, an electrically
controlled structure dynamically modulates emissivity based on carrier concentration, combined with thin-
film interference effects, to dynamically regulate mid-infrared emissivity. This is applied to building roofs for
spatial thermal management. For instance, a multi-layer thin-film ultra-thin electrochromic device has been
meticulously engineered as a colourful smart infrared emissivity regulator for all-weather thermal man-
agement in buildings. By altering optical bandgap and carrier concentration through Li" insertion/extraction,
combined with surface plasmon resonance (LSPR) and thin-film interference effects, it achieves mid-infrared
emissivity regulation (Figure 5b) [138]. The infrared emissivity of the regulator can be electrically controlled
in real-time according to seasonal or temperature variations, enabling switching between cooling and heating
modes. Furthermore, an array structure fabricated from tungsten-doped vanadium dioxide automatically
switches thermal emissivity from 0.20 at ambient temperatures below 15 °C to 0.90 at temperatures above
30 °C (Figure 5c) [133].

Achieving dynamic control across the entire visible, near-infrared, and mid-infrared spectrum remains

challenging. Owing to the simplicity of Janus structures and their suitability for large-scale fabrication, they
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hold promise for spatial thermal management in building envelopes. Numerous analogous studies have been
reported, such as sandwich-structured fabrics composed of vertically aligned graphene, graphene-coated
glass fibre fabric, and polyacrylonitrile nanofibres. These fabrics integrate heating and cooling functions on
opposite sides through multi-band, synergistic (covering the solar spectrum and mid-infrared range) and
asymmetric optical modulation, constituting Janus structures [168]. These dual-functional fabrics demon-
strate exceptional performance and high adaptability to dynamic environments in zero-energy-input tem-
perature regulation [169]. Additionally, through external integration, motorised pulling enables flipping
between the two sides [170]. Furthermore, thermally controlled self-curling structures have been designed to
switch between upper and lower layers [40]. Beyond conventional Janus structures for architectural thermal
management, electro-controlled structures dynamically regulate solar band reflectance and mid-infrared
emissivity via carrier concentration modulation, achieving full-spectrum dynamic control. This silicon-based
device combines lithium-ion electrochemical reactions with reversible lithiation/delithiation processes to
induce phase transitions and dimensional changes in silicon material. This enables dynamic regulation of
infrared emissivity, simultaneously providing radiative cooling and solar heating capabilities. It achieves
summer radiative cooling and winter thermal insulation while possessing high-capacity electrical energy
storage [171].

Thermal control coatings for space applications

Space temperatures fluctuate dramatically (from —100 to 150 °C), necessitating dynamic adjustment of
surface emissivity to maintain instruments within a narrower temperature range. This ensures material
efficacy and reliability, facilitates normal equipment operation, enhances spacecraft reliability under extreme
conditions, and reduces the weight and power consumption of active thermal control systems. Effective
thermal management technology is crucial for mitigating adverse effects caused by extreme thermal con-
ditions [172].

Temperature-adaptive solar coatings and temperature-adaptive radiative coatings rely on dynamically
regulating mid-infrared emissivity, alongside dynamically switching between high reflectance and high
absorptance within the solar spectrum. They represent a novel, lightweight, energy-free temperature reg-
ulation method for terrestrial objects exhibiting outstanding thermal performance (Figure 5d) [150]. For
instance, Wu et al. [173] simulated and demonstrated the significant potential of temperature-adaptive solar
coatings and temperature-adaptive radiative coatings as passive thermal management technologies for future
space objects. Utilising the principle of metal-insulator phase transitions (electronic structure abrupt changes)
to modulate mid-infrared emissivity, such as VO, for spacecraft thermal control via particle-based smart
metasurfaces. These consist of VO, particles on an Au substrate forming a lattice array of hollow spheres
[174]. The metasurface, featuring VO, particles with a high aspect ratio (~10), exhibits perfect emission
across the entire mid-infrared spectrum. The emissivity tunability exceeds 0.63. The fundamental mechanism
underlying the metasurface is attributed to the drastic change in electron density during phase transition.
Concurrent structural design significantly enhances infrared emissivity in the metallic state while con-
straining it in the dielectric state, thereby achieving dynamic regulation [175]. Similarly, metasurfaces
fabricated from VO, enable dynamic emission control [176]. This extends to multilayer VO,-based struc-
tures, such as conventional FP cavity configurations [177]. Considering the impact of extreme space en-
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vironments on vanadium dioxide, research has developed VO, metasurfaces incorporating functional silicon
layers. This eliminates the need for additional protective coatings typically required to shield VO, from
environmental degradation, thereby enabling responsiveness to ambient temperatures and potential long-
term stability [178]. The metasurface achieves passive thermal management by autonomously adjusting its
absorption and emission responses across a broad bandwidth spanning visible to mid-IR wavelengths.
Furthermore, metal-insulator-semiconductor (MIS) structures were employed, wherein the carrier distribu-
tion within the semiconductor layer can be electrically controlled to manipulate the material’s emissivity
[179].

Beyond the aforementioned application scenarios, which encompass electronic device thermal manage-
ment and outdoor large-scale instrumentation, current research in non-transparent systems primarily focuses
on thermal regulation through modulation of mid-infrared emissivity. Constrained by thermal management
energy limitations and operational conditions, switching between high reflectivity and high absorption within
the solar spectrum enables cooling and heating functions. This approach elevates the upper energy threshold
for thermal management, maximising energy efficiency. However, dynamic radiative thermal management
for non-transparent systems still faces challenges, such as applications in extreme environments—particu-
larly space applications—and the need to elevate the energy threshold for dynamic regulation to broaden its
regional applicability. Looking ahead, advancements in smart materials like metamaterials and Al-driven
coatings will further expand the scope of dynamic radiative thermal management. This technology holds
promise as a cornerstone for green energy sectors and high-tech industries.

Transparent system

The distinction between transparent systems and non-transparent systems in dynamic radiant heat man-
agement applications primarily lies in the fact that non-transparent systems dynamically switch between high
reflectance and high absorptance within the solar spectrum (VIS-NIR), whereas transparent systems dyna-
mically regulate between high transmittance and low transmittance. Consequently, their heat management
applications predominantly occur in scenarios requiring transmittance control, such as building windows or
vehicle windows. As the primary conduit for thermal exchange between buildings and the external en-
vironment, windows hold pivotal significance in green building design. Serving as the principal daylighting
component, windows simultaneously represent the weakest link in a building envelope’s thermal insulation,
resulting in low energy utilisation efficiency. By dynamically regulating transmittance in the solar spectrum
and emissivity in the mid-infrared range, they control daylighting and indoor temperatures, thereby reducing
energy consumption for cooling and heating [180]. Consequently, extensive research on smart windows has
been documented, providing clear insights into control methods and core mechanisms across visible, near-
infrared, and mid-infrared bands. Furthermore, studies on smart windows encompass dynamic regulation of
solar transmittance across near-infrared, visible-near-infrared, and visible-near-infrared-mid-infrared bands,

alongside the intelligent evolution of dynamic response from bimodal to multimodal systems.

Single-band regulation

Near-infrared energy constitutes nearly 50% of sunlight. Moreover, as the frequency of near-infrared light
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aligns more closely with the resonance frequencies of microscopic particles within materials, it exhibits a
stronger thermal effect. Consequently, regulating the transmittance of near-infrared light through dynami-
cally responsive materials can adapt to human living requirements and reduce energy consumption. Classic
thermally induced phase-change materials such as niobium oxide and vanadium oxide [181,182] dynami-
cally modulate near-infrared transmittance in response to temperature variations (Figure 6a) [183]. However,
niobium oxide’s phase transition temperature far exceeds room temperature [184], rendering it unsuitable for
smart windows requiring transitions near ambient conditions. Conversely, extensive research exists on
vanadium dioxide applications in smart windows, such as inkjet-printed vanadium dioxide powders
achieving modulation rates of 15.31% [185] though this modulation performance is achieved at the expense
of the film’s initial transmittance. Moreover, vanadium dioxide exhibits a phase transition temperature as
high as 68 °C. Consequently, balancing phase transition temperature, initial transmittance, and film mod-
ulation efficiency remains a pressing challenge in research on vanadium dioxide applications for smart
windows [186—188]. Studies have employed doping with elements such as W, [189-191] Mo, [192] Co [193]
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to induce lattice distortion while altering the valence state of vanadium, thereby reducing its phase transition
temperature while maintaining modulation efficiency [194]. To address vanadium dioxide’s susceptibility to
degradation, protective layers have been incorporated. For instance, vanadium dioxide powders can be
coated with hydrophobic resin films [181] or encapsulated within hybrid inorganic-organic coating structures
such as VO,@MgF,@PDA [195], enhancing both switching speed and durability. Furthermore, protective
layers covering the surface of magnetron-sputtered vanadium dioxide films [196], such as V,0; [182], HfO,
[197], and Cul [198], enhance cycling stability while maintaining modulation efficiency. Most electro-
chromic material systems achieve visible-near-infrared co-modulation [199]. However, electrochromic de-
vices are constrained by the transmission characteristics of electrodes such as ITO and FTO in the near-
infrared band (where transmission sharply declines beyond 1500 nm), limiting their modulation efficiency
due to restricted control wavelengths [200]. Consequently, research into dynamic modulation of electro-
chromic materials solely within the near-infrared band remains relatively scarce.

The energy proportion within the visible light spectrum reaches as high as 43%, and given the limitations of
single-band regulation in the near-infrared region, certain material systems enable dynamic control of
transmittance for specific visible light wavelengths [200]. Building upon the electrochromic devices in-
troduced earlier, Yang ef al. [201] developed an ‘electrodes-free’ electrochromic (EC) device utilising the
reversible deposition of MnO, to achieve colour fading and visible light regulation, leveraging its complex
multilayer structure. Furthermore, the perovskite material system ABXj exhibits crystal structure transfor-
mations under temperature control, enabling transparency switching (Figure 6b). However, as its phase
transition temperature exceeds 100 °C [202], far surpassing practical application scenarios, subsequent
research co-embedded methanol (rather than water) with methylammonium iodide and adjusted the hy-
drogen-bond chemistry of the reservoir phase to control the transition temperature. This reduced the phase
transition temperature to below 30 °C, demonstrating its potential for practical application [203]. Subsequent
studies developed small-molecule-responsive perovskite systems [89]. Addressing stability concerns in
perovskite-based smart windows, Cao et al. [92] designed a multilayer structure inspired by mask archi-
tecture, effectively ensuring structural integrity and enhancing device cycling stability. Furthermore, certain
liquid crystal systems including polymer-dispersed liquid crystals [81,204] and cholesteric liquid crystals
[84,205], effectively modulate visible light via light scattering under electric field control. However, their
high drive voltage requirements (at least tens of volts) currently limit their energy-saving potential for smart
window applications. Furthermore, certain photochromic systems, such as spiropyran derivatives [100], can
effectively modulate visible light. Photoisomerisation induces a colour transition from colourless to coloured
states, enabling colour switching. However, for outdoor applications in smart windows, the stability and
cycling lifetime of organic molecules remain significant challenges.

Dual-band regulation based on dual-modality and multi-modality

To enhance energy-saving performance, subsequent research focused on dual-mode regulation across the
visible-near-infrared spectrum, achieving modulation efficiencies exceeding 30% through control of only
high and low temperature modes. For instance, conventional hydrogel systems exhibit visible light trans-
mittance exceeding 90% while maintaining modulation efficiencies surpassing 60%, or even higher. Given
these advantages, dual-mode regulation across visible-near-infrared wavelengths in hydrogels has been
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extensively investigated. Regarding phase transition temperature, pure PNIPAm exhibits a critical transition
temperature of approximately 32 °C. Guo et al. [72] modified PNIPAm by employing different solvents to
reduce intermolecular forces between PNIPAm and water, as well as water’s surface tension, thereby low-
ering the critical transition temperature to 22-28 °C. Furthermore, by introducing in situ radical poly-
merisation and non-covalent crosslinking in a PNIPAm-water-glycerol binary solvent system, excellent
freeze resistance was maintained at —18 °C, enhancing stability [208]. Regarding response speed, one study
synthesised a solid-liquid switchable thermochromic hydrogel by crosslinking PNIPAm with 3-aminopro-
pyltriethoxysilane (AMEQO) via dynamic imine bonds [209]. However, the water component in hydrogels
exhibits strong absorption in the NIR band, limiting modulation efficiency and presenting a significant
bottleneck for further performance enhancement. Consequently, Wu et al. [206] prepared isotope-driven
D,0-hydrogel thermochromic smart windows by substituting ordinary water with heavy water (D,0) (Figure
6¢). This reduced absorption in the near-infrared band during the initial state (Figure 6d).

To adapt to variable climatic conditions and human requirements, diversified modalities are increasingly
crucial. For instance, most single-system electrochromic devices exhibit varying degrees of transmittance
reduction in their films under different drive voltages, thereby enabling regulation of multiple states
[201,210]. For example, Cao et al. [211] employed Na* pumps to expel H', achieving ultrafast all-solid-state
WO; electrochromic colouration. However, this state proves unstable; under sustained low voltage for
sufficiently prolonged periods, the colouration process persists. Consequently, it does not strictly qualify as
multimodal. Similarly, in photochromic WO; systems, the degree of colouration varies with light intensity
and exposure duration [54]. Thus, researchers have initiated a series of studies on multimodal regulation for
smart windows. For instance, the dual-mode regulation of classic vanadium dioxide and its modulation rate
in the NIR band have approached their thresholds, making further breakthroughs challenging. Inspired by
blinds, Mei and Cao et al. [207] employed self-curling technology to detach strain-induced vanadium dioxide
films from glass substrates and curl them into ‘slat’ arrays for smart windows (Figure 6e and f). However, in
devices combining Nb;sW409; and Prussian blue (PB) as complementary electrochromic layers, the co-
intercalation of cations and anions through charge-balancing design enables diverse colour and spectral
modulation alongside stable multimodal control capabilities [212]. Beyond single-system regulation, studies
indicate that multi-system combinations can overcome limitations in modulation rates and multi-modality.
For instance, co-assembly of photoswitchable organic crosslinkers (Azo-Ch) and superparamagnetic in-
organic nanoparticles (Fe;04@Si0,) yields organic-inorganic semi-interpenetrating network composite gels,
enabling orthogonal control via light and magnetic fields [94]. Furthermore, combining electrochromic
Wi5049 with thermochromic W-VO, nanowires effectively enhances sunlight modulation and thermal
management capabilities in smart windows [213]. Additionally, multifunctional smart windows integrating
light-responsive tungsten oxide particles with thermochromic hydrogels [214], and photo-electro dual-re-
sponsive films combining WOs;, ethylene glycol (EG), and Ag, enabling simultaneous photochromic and
electrochromic functionality [215], achieve visible-to-near-infrared multimodal regulation through com-
bined response mechanisms.

Furthermore, subsequent research on smart windows has demonstrated multi-modal control by separately
regulating the visible-near-infrared spectrum. This is achieved through a ‘1+1° combination of material
systems with identical response mechanisms, enabling multi-modal band-specific regulation of visible and
near-infrared light. For instance, Cao et al. [46] employed thermochromic paraffin wax and vanadium
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dioxide, utilising the optical scattering transition between paraffin and the substrate to regulate visible light,
while vanadium dioxide controlled the near-infrared spectrum. This approach prioritised near-infrared
regulation, balancing energy efficiency and visibility in smart window applications. However, its visible light
regulation relies on optical scattering, thereby introducing haze issues. Conversely, Lee et al. [216] proposed
a dual-frequency electrochromic device employing composition-optimised Ta-doped TiO, nanocrystals as
multifunctional active material. This enables simultaneous provision of high charge storage capacity, high
bistability, and long-lifetime electrochromic behaviour across three distinct operating modes: (1) VIS and
NIR transparent ‘bright’ mode; (2) VIS transparent and NIR opaque ‘cool’ mode; (3) fully opaque ‘dark’
mode (Figure 7a and b). Similarly, Long ef al. [217] employed Nb-doped anatase TiO, nanocrystals, whose
products lack organic ligands, thereby reducing near-infrared absorption. This enables preferential near-
infrared control below 1600 nm, achieving multi-modal regulation. Moreover, its visible-light regulation
operates by enhancing light absorption to reduce transmittance, thereby mitigating haze issues. Cai et al.
[218] employed a mixed electrolyte to decouple reversible deposition and ion adsorption in
WO3/MnO,-based smart windows, achieving independent and efficient VIS-NIR regulation (Figure 7c¢ and
d). Cu®**/Mn?" ions in the hybrid electrolyte enhance proton adsorption on the WO surface while inhibiting
proton insertion, thereby providing state-of-the-art near-infrared modulation for WO; electrodes. The sy-
nergistic interaction between protons and Cu**/Mn’" ions promotes reversible MnO, electrodeposition on the
electrode, triggering independent VIS light tuning. Li et al. [43] proposed dual-operating-mode electro-
chromism through integrating complementary CesWoO33/NiO devices with Zn anode-based electrochromic
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devices (CeyWy033/Zn/NiO devices), enabling multimodal band-selective regulation of visible and near-
infrared light. Research on visible-near-infrared multimodal band-selective control primarily focuses on
achieving near-infrared priority control (three modes) and independent visible-near-infrared control (four
modes). Regarding visible light control, the underlying principle shifts from light scattering to light ab-
sorption, necessitating application-specific determination. For privacy protection applications, light scat-
tering offers greater advantages; conversely, when enhancing energy efficiency while maintaining visibility
is required, light absorption-based control becomes more compelling.

Tri-band regulation based on multimodal approaches

With the advancement of radiative cooling technology, thermal radiation regulation in the mid-infrared
spectrum is increasingly being integrated into smart window systems. Under ideal conditions, during periods
of high ambient temperatures, it is desirable for the sky-facing exterior surface of the smart window to
maintain high emissivity. This facilitates thermal radiation exchange between the window and the ideal
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cooling source of outer space, thereby enhancing the cooling effect. Conversely, during cold weather, the
smart window should maintain low emissivity to minimise heat exchange. Consequently, building upon
research into dual-band dynamic regulation across the visible-near-infrared spectrum, achieving tri-band
dynamic control across visible light, near-infrared, and mid-infrared has emerged as a key research focus to
further enhance energy-saving performance. Long et al. [219] pioneered this field by proposing the use of
VO, as a switch for dynamically regulating emissivity within a Fabry-Perot (F-P) cavity, thereby initiating
tri-band regulation research in smart windows (Figure 8a). For instance, Yang et a/l. [220] combined poly-
meric dispersed liquid crystals with high mid-infrared emissivity and low-emissivity hydrogel PNIPAm.
They achieved multi-band regulation of visible light, near-infrared, and long-wave infrared radiation by
seasonally reversing mid-infrared control and employing electrothermal dual-control regulation of the solar
band (VIS-NIR). Notably, alterations in mid-infrared emissivity occur independently of solar band regula-
tion. This Janus-like structure’s reversal modifies emissivity, differing fundamentally from dynamic control
mechanisms. Conversely, Huang et al. [44] exploited temperature-triggered water capture and release in-
duced by PNIPAm phase transitions to achieve simultaneous solar band and emissivity regulation, thereby
realising dual-mode tri-band control.

To achieve multimodal regulation, the mid-infrared spectrum is first decoupled from solar band control.
For instance, a dual-response mechanism employs a paper-cut structure of flexible thermochromic materials,
with a surface layer coated in low-emissivity silver nanowires. This configuration enables temperature-
controlled response to solar radiation while mechanically stretchable emission regulation [62]. Furthermore,
independent mid-infrared regulation is achieved by integrating an all-solid-state transparent emissivity
modulator with a solar band control device (Figure 8b). For instance, Li et al. [221] integrated an all-solid-
state transparent variable infrared emissivity device (ITO/SiO,/ITO, VED) with a WOj; electrochromic
device. Under dual independent power sources, this configuration separately controls mid-infrared emissivity
and solar band transmittance. The top and bottom ITO layers form two mirrors, with the intermediate SiO,
layer acting as a resonant cavity. Infrared light of specific wavelengths undergoes multiple reflections within
the cavity, creating resonance-enhanced absorption. By applying positive/negative bias to alter the carrier
concentration in the top ITO layer, the mid-infrared emission is modulated based on the principle of carrier
concentration modulation. These adjustment methods resemble a ‘1+1’° combination approach, operating
independently yet resulting in cumbersome device structures and complex fabrication. Consequently, cou-
pling mid-infrared emissivity regulation with visible-near-infrared dynamic control presents a significant
challenge. Zhang et al. [38] achieved complete switching of MIR emissivity between 0.19 and 0.93 by
toggling the presence/absence of an electrolyte. Crucially, while maintaining high emissivity with the
electrolyte present, they simultaneously realised dynamic control of visible-near-infrared transmittance,
effectively leveraging the coupled relationship for synergistic regulation (Figure 8c). Furthermore, in tri-
band dynamic regulation, multimodal control optimising full-spectrum (visible, near-infrared, mid-infrared)
photothermal exchange is particularly crucial for smart window development. Consequently, Cao et al. [222]
employed Li" ions to diffuse into the monoclinic VO, and WOj; layers under distinct applied voltages,
inducing phase transitions to tetragonal Li,VO, and cubic Li,WO;. This approach enables multimodal
regulation across both the near-infrared band and the visible-near-infrared dual-band spectrum (Figure 8d).
Concurrently, by integrating high- and low-emissivity layers on the upper and lower surfaces respectively,
emissivity control is decoupled from the solar spectrum, enabling tri-band multimodal regulation.
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SUMMARY AND OUTLOOK

Smart windows not only provide users with more comfortable living and working environments but also
reduce energy consumption and carbon emissions, making significant contributions to global sustainable
development goals. To maximise energy utilisation, band modulation in smart windows applied within
transparent systems has evolved from single-band to dual-band and subsequently to triple-band modulation.
Therefore, the future development of smart windows towards full-band modulation is undoubtedly imminent.
Whether a hierarchical relationship exists among the three bands or whether independent control of all three
bands should be pursued remains a matter worthy of consideration. We contend that regulating the optical
behaviour within the visible spectrum is particularly crucial, with the two dominant phenomena of light
scattering and light absorption requiring consideration in specific application scenarios. Consequently, under
the premise of achieving full-spectrum dynamic regulation, multi-modal control of visible light may re-
present a future developmental trajectory. At the current research stage, near-infrared prioritisation and
independent mid-infrared control have been achieved. However, visible light regulation still faces several
challenges, including determining the optimal light control method, achieving synergistic regulation with
near-infrared and mid-to-far-infrared light, and balancing visibility with energy efficiency. Thus, the de-
velopment of smart windows necessitates prioritisation in VIS-NIR-MIR control, making independent
regulation across all three bands an urgent research priority.

Considering the intrinsic properties of smart windows, such as daylighting, visual comfort, and visibility,
the independent regulation of visible light becomes increasingly crucial. Moreover, the separate control of
NIR and MIR enables stepwise modulation of energy, rendering VIS-NIR-MIR independent regulation of
paramount significance for the advancement of smart windows. Simultaneously, research into independent
control expands application possibilities in other domains, such as outdoor visible-infrared dual-band ca-
mouflage. Based on different dimming methods, the transmittance of visible and near-infrared bands can be
dynamically regulated. Within the visible spectrum, transmittance is regulated through scattering and re-
flection to influence visibility. Future approaches will thus focus on dynamically controlling visible light
transmittance via absorption. Furthermore, absorption-based regulation enables integration with other de-

vices, such as solar absorbers and photovoltaic cells to maximise energy utilisation.
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