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Thermal management, including heating and cooling, plays an important role in human productive activities
and daily life. Nevertheless, in the actual environment, almost all the ambient scenarios come with the
challenge that the objects are located in a quite dynamic and variable environment, which includes
fluctuations in aspects such as space, time, sunlight, season, and temperature. It is imperative to develop
low-energy or even zero-energy thermal-management technologies with renewable and clean energy.
In this review, we summarised the latest technological advances and the prospects in this burgeoning
field. First, we present the fundamental principles of the daytime passive radiative cooling (PDRC)
thermal management device. Next, In the domain of dual-mode systems, they are classified into various
types based on the diverse mechanisms of transitioning between cooling and heating states, including
electrical responsive, mechanical responsive, and solution responsive.

responsive, temperature
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Accepted 24th October 2023 Furthermore, we conducted an in-depth analysis of the principles and design methodologies associated
with these categories, followed by a comparative assessment of their performance in radiative cooling

DOI: 10.1039/d3ra03506; and solar heating applications. Finally, this review presents the challenges and opportunities of dynamic
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1. Introduction

The greenhouse effect is a pressing issue exacerbated by rising
carbon dioxide emissions,” population growth, and science
and technological advancements. The escalating demand for
traditional cooling technologies, such as air conditioning,
particularly in hot and humid climates, has resulted in a note-
worthy increase in energy consumption.® Furthermore, the
heating, ventilating, and air conditioning load of the world is
projected to rise by 6.2% per year.” In light of this trend, the
significance of excellent energy saving technologies becomes
more apparent. These technologies wield a substantial influ-
ence on the energy conservation of heating, ventilation, and air
conditioning systems, which collectively account for 40% of the
total energy consumption in buildings.?

Considering the above mentioned background, radiative
cooling technology emerges as a critical player in waste heat
treatment and conversion. Its eco-friendliness, and passive
operation with zero-energy consumption contribute to
sustainability.®** These advantages reduce fossil fuel combus-
tion and pollutant emissions. Importantly, radiative cooling is
not subject to external control.”** Numerical predictions
suggest that this zero-energy heat management device has
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dual mode thermal management, while also identifying future directions.

significant global, year-round energy saving potential, offering
a viable path to net-zero carbon by 2050. Daytime passive
radiative cooling technology can achieve cooling effect by
utilizing material surfaces to reflect sunlight and simulta-
neously dissipate heat or thermal radiation to the cold universe
(=3 K) through the atmospheric transparency window of 8 to 13
um. It is featured with zero energy consumption and zero
environmental pollution,”"” bringing about significant
improvement compared with conventional cooling systems.
Radiative cooling materials are often engineered to operate at
elevated temperatures. This is achieved by adjusting materials
that have high reflectance and high emissivity in long-wave
infrared (LWIR) wavelengths. However, cooling is typically
required only during hot seasons, and continuous PDRC may
lead to excessive cooling during winter and nighttime. There-
fore, the pursuit of dynamic PDRC, capable of adjusting cooling
during hot weather and providing warmth in colder conditions,
is essential and promising.

Typically, dynamic dual mode radiative cooling and heating
systems are primarily achieved through a combination of smart
materials or dynamic structures. This heating approach
includes solar heating or radiative heating. However, not all
materials possess the ability of radiative heating. Considering
the practical convenience and zero energy consumption, solar
heating is more widely adopted. Therefore, in this review, we
mainly focus on solar heating.

In practical environments, the effectiveness of radiative
cooling and solar heating faces challenges in nearly all

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra05506j&domain=pdf&date_stamp=2023-10-29
http://orcid.org/0000-0002-4886-2940
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05506j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013045

Open Access Article. Published on 30 October 2023. Downloaded on 3/15/2026 4:53:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

scenarios. This is because objects are situated within highly
dynamic and variable surroundings, encompassing spatial,
temporal, sunlight, and seasonal changes, as well as fluctu-
ations in temperature. The complexity of these environmental
factors necessitates in-depth research and understanding to
better adapt to and address the various challenges.

For practical applications, an efficient thermal manage-
ment system is required to switch to the appropriate mode in
response to dynamic environments.'*° Stimulus-responsive
systems can be broadly categorized based on the source of
the stimulus:**"** (a) chemical stimuli, (b) physical stimuli, or
(c) biochemical stimuli in the solid-state, solution, or gel. The
primary application scenarios PDRC, include
buildings,**** windows,**=** solar cell cooling,**** personal
thermal management,®**~*” and water harvesting.***° Physical
stimuli, such as voltage*** temperature changes,* light
irradiation,* and mechanical strain play a crucial and
promising role in developing intelligent response systems for
PDRC.*

In recent years, numerous stimulus-responsive intelligent
PDRC systems have sparked significant interest due to their
versatile property.***® It is well known that the dynamic dual-
mode thermal management based on radiative cooling and

for

solar heating holds the potential to significantly reduce the
ever-increasing energy consumption. This has ignited a strong
interest among researchers. Therefore, to promote real-world
applications as well as further research and development in
dynamic dual mode system, recent advances in dynamic dual
mode systems for radiative cooling and solar heating were
classified and summarized in this review.

First, the fundamental physics and thermodynamic concepts
of PDRC are introduced, alongside the underlying theories of
radiative cooling technologies. Meanwhile, we provide the
evaluation parameters that can be potentially used for different
types of dynamic dual mode systems. Further, we classified
dynamic dual mode systems by switching stimuli categories and
introduce their principles, characteristics, and progress.
Finally, current research state of dynamic dual mode systems
for radiative cooling and solar heating, and technical challenges
and potential advancements are outlined.

2. Fundamentals of the daytime
radiative cooling system

Daytime radiative cooling is a fascinating natural phenom-
enon that exploits the principle of cooling objects by radiating
heat toward the night sky and outer space. At any temperature
above absolute zero (0 K), objects spontaneously emit and
absorb electromagnetic waves, resulting in heat exchange
between objects at different temperatures. The radiative heat
exchange between the Earth and outer space plays a crucial
role in maintaining the Earth's viable temperature range.
The Earth's atmosphere has a unique transparency
window in the wavelength range of 8 to 13 um (Fig. 1a),
known as the atmospheric window. This window allows
thermal radiation to pass through the atmosphere, enabling

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Solar spectrum (red shaded area) and the atmosphere

transmission spectrum in the mid-infrared wavelength range (blue
shaded area). (b) Thermal balance of daytime radiative cooling. (c)
Radiative heat exchange process of daytime radiative cooling.

radiative sky cooling to occur.” Even if we have an ideally
selective emitter that only emits within the atmospheric
transparency window, it's still necessary to reflect more than
90% of incident sunlight to remain at ambient temperature.®®
In practice, it is necessary to reflect over 94% of sunlight to
achieve meaningful daytime radiative cooling, particularly
when considering the variations in atmospheric conditions
across different geographic regions.** This is significant
challenge when combined to emit strongly and selectively in
the atmospheric window. To achieve efficient passive radia-
tive cooling,**"** specific optical properties are required to
maximize radiative heat transfer toward outer space in the
atmospheric window while minimizing the absorption of
solar heat within the 0.3 to 2.5 um range.

3. Principle of the PDRC system

3.1 The average reflectance (Rolar)

Rgo1ar within the solar irradiation 0.3 to 2.5 pm can be expressed
as:

2.5

= Isolar(a)p(;{)d;{
Rsotar = (H”— (1)
0.3 IS(vlar(A)dA

where the symbol A represents the wavelength, I,..(4) is the
solar radiation intensity of the standard AM1.5 spectrum, and
p(A) refers to the solar reflectance of the sample.

3.2 The average emissivity (&Lwir)
grwir Within can be expressed as:

Js Ien(TsA)e(2, 6)dA
J¢’ Ien(Ts2)da

ELWIR =
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where Ipg(1,6) represents the spectral intensity emitted by
a standard blackbody with temperature and ¢ is the spectral
emissivity of an emitter.

1

Lp(TsA) = ———
bb( S) gBIbb(Ts/\)d/l

(3)

3.3 Cooling power

Cooling power is a crucial parameter for evaluating the perfor-
mance of PDRC. Several factors influence cooling power,
including absorbed solar radiation, external thermal radiation,
solar reflection, downward atmospheric thermal radiation, and
non-radiative heat transfer, as depicted in Fig. 1b. Absorbed
solar radiation predominantly occurs during the day within the
wavelength range of 0.3 to 2.5 pm. On the other hand, external
thermal radiation primarily takes place within the range of 2.5
to 25 pm. The downward atmospheric thermal radiation mainly
comprises contributions from gas molecules and aerosol
particles. Additionally, non-radiative heat transfer power
involves heat conduction and convective energy losses between
the PDRC surface and the surrounding environment.

Pnet = Prad - Patm - Psun - Pnonrad (4)
In this equation,® P, is the net cooling power (Fig. 1c). Pp.q is
the radiative power of the radiative body. P,y and Py, repre-
sents the power absorbed from atmospheric radiation and solar
radiation,® respectively. Pnonraq 1S the total power loss due to all
non-radiative heat transfer processes (such as convection and
heat conduction between the radiative body and the
surrounding environment).

%

Prad(TE) =A JCOS 0 d.QJ IBB(TEA)E(A, 0) (5)

0
In this context, Igp(Tg,A) represents the spectral radiance of
a blackbody at a temperature 7. Q denotes the solid angle. 6
signifies the angle between the direction of the solid angle and
the normal direction of the radiating body's surface. Ty and 4
refer to the temperature and area of the radiating body,
respectively.

%

P (Tamp) = A Jcos ] dQJ Ipp(TampA)e(A, 0)eam(2,6)  (6)

0

In this equation,® ey, (4,6) = 1 — ¢(A)1/cos 6, where ¢(2) repre-
sents the atmospheric transmittance in the zenith direction. ¢
refers to the emissivity (absorptivity) of the radiating body, e4m
denotes the atmospheric emissivity, and Tan, stands for the
ambient temperature.

0

Psun(TE) = Aesun J da IAMI.S ()\)S(A, Hsun) (7)

0

where 0, represents the angle between the direction of solar
radiation incidence and the normal direction of the surface.
¢(A,0sun) is the average emissivity of the radiating body at
wavelength A and angle 6.

Pnonrad = Ahc(Tamb - Tc) (8)
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where the symbol 7. represents the overall heat transfer
coefficient, considering both convection and conduction
heat transfer between the environment and the radiating
body.

3.4 Temperature drop AT

AT = Ty — T (9)

where, T,mp represents the ambient temperature, while T
refers to the temperature of the PDRC material. The
temperature reduction refers to the actual temperature
decrease achieved by the material during the radiative cool-
ing process. The temperature reduction can be measured
experimentally, such as by monitoring the surface tempera-
ture of the material using thermocouples in real-world
application environments.

4. Evaluation parameters for dual
mode system

Intelligent radiative cooling materials respond adaptively to
environmental conditions and demands. Their performance
parameters include traditional radiative cooling material
metrics as well as characteristics related to intelligent
response.”’ Evaluating these combined parameters offers
comprehensive insights into the materials’ efficiency in
achieving optimal radiative cooling. However, owing to the
distinct stimulus factors associated with each type of intelligent
PDRC material, their respective evaluation criteria also vary. We
summarized the commonly used evaluation parameters as
follows.

4.1 Switching response time

The switching response time is a critical parameter that char-
acterizes the dynamic behavior of multimodal intelligent radi-
ative cooling materials in adapting to changing environmental
conditions. It quantifies the time required for the material to
achieve a new equilibrium state after being subjected to modi-
fications in its surroundings. The measurement of the switch-
ing response time involves monitoring the rate of change in the
material's optical properties under different environmental
stimuli, enabling a comprehensive assessment of its respon-
siveness and adaptability.

4.2 Response threshold

The response triggering threshold denotes the specific
environmental conditions, such as temperature or
humidity levels, at which the material initiates observable
changes in its optical properties. This critical parameter
establishes the minimum stimulus magnitude required
to elicit a detectable response from the material, providing
valuable insights into its sensitivity and responsiveness to
external factors.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.3 Reversibility

Reversibility pertains to the material's ability to maintain
stability and repeatability in its optical property changes
across multiple response cycles. This crucial characteristic is
assessed by subjecting the material to cyclic testing under
diverse environmental conditions and observing the consis-
tency of its optical property variations over successive cycles.
A high level of reversibility implies a robust and reliable
performance, making it an essential aspect to consider in
evaluating the suitability and durability of the material for
practical applications.

4.4 Reflectance modulation, emissivity modulation (AR, A¢)

In intelligent radiative cooling systems, it is crucial for the
materials to regulate both reflectance and emissivity is
crucial. The reflectance modulation degree quantifies
changes in the material's reflectance within the solar spec-
trum range under varying environmental conditions, calcu-
lated as the difference between maximum (Rna..) and
minimum (Rni,) reflectance values observed in specific
environmental scenarios. By measuring reflectance under
diverse conditions, the material's responsiveness to external
factors and effectiveness in controlling solar radiation can be
evaluated.

Similarly, the emissivity modulation degree
characterizes variations in the material's emissivity within
the infrared spectrum wunder diverse environmental
conditions. It is determined by calculating the difference
between maximum (ena) and minimum (en;,) emissivity
values observed under specific environmental settings.
Measuring emissivity under different conditions provides
valuable insights into the material's responsiveness to
thermal radiation, contributing to its potential for effective
radiative cooling applications. The detailed formulae are as
follows:

AR = Ryax —

Runin (10)

Ae = €max — €min (11)

4.5 Net cooling power modulation, AP,

The cooling power modulation degree signifies the extent of
variations in the material's cooling performance under
diverse environmental conditions. This critical parameter is
calculated by measuring the cooling power of the material
across different environmental scenarios, employing the
formula:

APnev. = Pnel,max - Pnet,min (12)
where Ppeemax represents the maximum cooling power of the
material observed under a specific environmental condition,
and P, min Tepresents the minimum cooling power of the
material observed under another specific environmental

condition.
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5. Intelligent responsive dual mode
for radiative cooling and solar heating
5.1 Electro-responsive dual mode system

Electrochromic materials can reversibly change their trans-
mittance or reflectance in the visible and infrared light range
under external electrical or electrochemical stimulation.®®®* To
effectively regulate optical properties, electrochromic materials
are typically assembled into electrochromic devices,*** which
can operate in either transmissive or reflective modes. A typical
electrochromic device includes two transparent conductive
layers (Fig. 2), an ion transport layer, an ion storage layer, and
an electrochromic layer. Under the action of an external electric
field, charge transfer occurs on the electrochromic layer,
thereby realizing the electrochromic phenomenon. Based on
material types, electrochromic materials can be divided into
inorganic electrochromic materials and organic electrochromic
materials.

Indeed, inorganic electrochromic materials are esteemed for
their superior stability, remarkable durability, and high reflec-
tance, making them highly suitable for extensive applications in
various fields. Conversely, organic electrochromic materials,
encompassing conductive polymers, organic small molecules,
and triphenylamine-based polymers, demonstrate reversible
optical modulation mechanisms involving polariton generation
and redox elimination. These organic materials offer notable
advantages, including elevated contrast ratios, versatile multi-
color capability, and rapid response times.

As the best-known electrochromic material, WO; exhibits
reversible oxidation-reduction reaction driven by specific
chemical processes,** showing blue color upon ion and elec-
tron insertion and becoming transparent upon extraction. The
specific electrochromic reaction equation of WO; can be
described as follows:*¢

WO;5 (bleached) + xM™* + xe~ = 4M, WOs (colored)

where M can be H, Li, Na, or K, and e represents an electron.
Along with the dual injection and extraction of ions and elec-
trons, the emissivity of WO; can also be reversibly changed.
Mandal et al reported the broadband electrochromic
performance of Li TisO;, from visible to IR regions,* signifi-
cantly extending its application. With the intercalation of Li",

co’
°
K3,
e@e o
Y X
N

(]
<¢= electron

Conductive layers
Conductive layers

Fig. 2 Schematic of electrochromic device.
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(a) Visible-to-infrared spectral reflectance R of LisTisO1, and Li; TisO1, nanoparticles deposited on Al foil and covered by barium fluoride

(BaF,). (b) Left is super-broadband emittance and reflectance, right is schematic of an electrochemical cell containing an “outward-facing”
Li4TisO1,-based electrode. (c) Schematics of a nanoscopic Pt film-based RSE device (left) before and (right) after electrodeposition. (d) Total IR
reflectance spectra of the 3 nm Pt/BaF, substrate before and after Ag electrodeposition (15 s) in an RSE three-electrode system. (e) To switch
between solar heating and radiative cooling, the TCE must be transparent to both solar and mid-IR radiation while being highly conductive.
Below is schematic of the proposed ultra-wideband transparent conducting electrode. The monolayer graphene provides uniform local
conductance for charge transport, and the gold microgrid is responsible for long-range conductance with only minimal shadow loss of
transmittance. (a and b) These figures have been adapted from ref. 63 with permission from Mandal, copyright 2023. (c and d) These figures have
been adapted from ref. 64 with permission from Li, copyright 2020. (e) This figure has been adapted from ref. 65 with permission from Rao,

copyright 2021.

Li,TisO;, changed from delithiated state (Li TisO;,, wide
bandgap semiconductor state) to lithiated state (Li,Ti5O;,,
metal state) (Fig. 3a and b). The high optical tunability in the
solar region, mid wave IR region, and long wave IR region were
0.74, 0.68, and 0.30, achieving reversible radiative cooling and
solar heating.

Metals can be easily colored by incorporating thin
dielectric optical coatings owing to the high reflectance in the
visible spectrum, providing possible visible coloring strate-
gies without substantially affecting their IR properties.
However, despite these advantages, systems that can fully use
the properties of metals to attain dynamic IR modulation
have not yet appeared. Li et al. reported reversible silver
electrochemical deposition (RSE) devices based on nano-
scopic platinum (Pt) films for adaptive thermal camouflage.*®
The nanoscopic Pt films exhibit high IR absorption and
partial transmission (Fig. 3¢ and d), resulting in high-
emittance states without metal deposition. With the appli-
cation of a deposition voltage, silver (Ag) is electrodeposited
on the Pt film surfaces, converting IR absorption and trans-
mission to IR reflection and achieving low-emittance states.
These devices can switch between high and low emittance
states for multiple cycles. They demonstrate large and
consistent IR tunability in both mid-wave IR (MWIR; 3 to 5
pm) and long-wave IR (LWIR, 7.5 to 13 pm) atmospheric
transmission windows (Aeywir = 0.77, Aepwir = 0.71).

31742 | RSC Adv, 2023, 13, 31738-31755

As shown in Fig. 3e, a flexible ultra-wideband transparent
conducting electrode has been developed by Rao et al,®
enabling an electrochromic device with remarkable capabilities
in synergistic solar and radiative heat management. The device
can switch between solar heating mode (R = 0.60, ¢ = 0.20) and
radiative cooling mode (R = 0.33, ¢ = 0.94) through optimal
electrodeposition morphology.

ight reflection Light transmission

Thermal radiatio,

Fig. 4 Schematic illustration of the working principle of the PDRC
polymer-dispersed liquid crystal film. This figure has been adapted
from ref. 70 with permission from Deng, copyright 2023.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Another electro-responsive material that can be used in dual
mode systems is electro-controlled polymer-dispersed liquid
crystal. A polymer-dispersed liquid crystal-based PDRC smart
window showing enhanced infrared emissivity within the
wavelength of 8-13 um was designed and prepared by Deng
et al. (Fig. 4).”° Obtained film is opaque and scatters iridescent
light without an electric field because the randomly aligned
directors of liquid crystal microdroplets cause a mismatch of
refractive index between liquid crystal droplets and polymer
matrix. Only a small amount of light could pass through the
film. By applying voltage, liquid crystals are forced to uniformly
align in the direction of the electric field, making the film
transparent. In this case, most of the light could be transmitted
inside. This dual mode system can be tuned in an on-demand
and ultrafast millisecond-scale way.

5.2 Mechanically responsive dual mode system

Mechanical responsive materials exhibit tuneable optical
properties upon the application of mechanical strain, enabling
the modulation of reflectance or transmittance. Given the
dependence of various scattering mechanisms on length scales,
mechanical responsiveness is typically achieved by reconfigur-
ing the surface morphology (two-dimensional scatterers) or
internal structure (three-dimensional scatterers) of the mate-
rial. Light scattering can be divided into three types through the
relationship between the size of the scattering points and the
wavelength of incident light based on dimensionless parame-
ters x, which is expressed as:

21tr
= 1
X 2 ( 3)

where r is the radius of scattering point and A is the wavelength
of incident light. The value of x represents three different types
of light scattering. Light scattering is classified into three types
based on x: (1) x < 1 for Rayleigh scattering, (2) x = 1 for Mie
scattering, and (3) x > 1 for geometric scattering.*

Common strategies include utilizing porous or nanoparticle
composite materials and textiles, and introducing folds or
layered buckling geometries. Mechanical responsiveness offers
a simple approach to actively tuning optical properties with fast
response times and good reversibility. Additionally, some
mechanically responsive materials can be operated by
straightforward manual manipulation, e.g. flipping between
different surfaces of layers. Under elevated temperatures, the
radiative cooling layer becomes exposed; conversely, under
lower temperature conditions, the solar-absorbing layer is
revealed. This approach is commonly employed in personal
thermal management systems due to its simplicity for textiles.

5.2.1 Porous structure. The random boundaries of scat-
tering structures present challenges in constructing a structural
unit cell model for quantitative analysis. Moreover, a high core
volume of the particles can lead to reduced transmittance in the
initial transparent state, increased weight, decreased flexibility,
and a limited number of scattering sites. To improve this, Cho
et al. proposed a novel approach involving a 3D nanocomposite
film with an ultrathin Al,O; nano shell (approximately 60 nm)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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inserted between elastomers within a periodic 3D nanonetwork
(Fig. 5a).”* This innovative design enables the realization of
high-performance mechano-responsive smart windows, and
practical demonstrations have been conducted to validate its
effectiveness.

Regardless of the stretching direction, numerous light-
scattering nanogaps (corresponding to the porosity of up to
37.4 vol%) form at the interfaces of Al,O; and the elastomers
under stretching. This results in the gradual modulation of
transmission from 90% to 16% at visible wavelengths and does
not degrade with repeated stretching/releasing over more than
10 000 cycles. To validate the concept, a smart window device
enabled by a mobile app for internet of things applications was
created using the proposed 3D nanocomposite. This concept
was successfully scaled up to the dimensions of 3 x 3 inches
(Fig. 5Db).

The loaded mechanical force can serve as a switch for
a specially designed dual mode system, which helps to further
enhance its solar heating performance. It is important to note
that the heating performance is primarily governed by the
amount of solar energy transmitted. By introducing an addi-
tional layer capable of enhancing solar absorption, the dual
mode system could attain higher temperatures in cold weather
than previously achievable. Zhao et al utilized the above-
mentioned strategy to craft porous structural composites.”
They designed a bilayer material with a porous PDMS layer and
an additional layer containing carbon black, intended for solar
heating. Under pressure, the top layer can alternate between
a transparent solid state for sunlight absorption and a highly
porous state for solar reflection and radiative cooling (Fig. 5¢).
In its transparent state, this bilayer system absorbs nearly 95%
of sunlight while reflecting about 93% of solar radiation in its
porous state. It reflects approximately 94% of LWIR thermal
emission in porous state, yielding a sub-ambient temperature
reduction of roughly 5 °C in hot weather conditions (35 °C). It is
a material system that achieves cooling and heating effects
simultaneously in a truly practical manner. Li et al. obtained
flexible thermoplastic polyurethane nanofiber (Es-TPU)
membranes via electrospinning.” The Es-TPU can switched
between radiative cooling and solar heating through changes in
its optical reflectivity and emissivity by stretching. Es-TPU
reached a reflectivity of 61.1% (AR = 34.5%) under an elonga-
tion strain of 80% (Fig. 5d and e). Consequently, this resulted in
a net temperature increase of 9.5 °C above ambient in solar
heating mode and a temperature drop of 10 °C at midday.

5.2.2 Wrinkles. Wrinkles are ubiquitous in our surround-
ings, ranging from creased clothing to wrinkles on the skin,
with sizes spanning length scales from nanometers to meters.
The wrinkle-based dynamic radiative response (DRR) mechan-
ical system consists of two components: a thin film and a flex-
ible substrate. Both components are optically transparent when
in a flat state. Wrinkling is generated through a strain-release
process. Specifically, a relatively stiff material is first depos-
ited onto a pre-stretched elastomeric substrate. Upon the
release of the pre-strain, wrinkles form due to the mismatch in
moduli between the thin layer and the elastomeric substrate.
The wrinkled surface refracts incident light in various

RSC Adv, 2023, 13, 31738-31755 | 31743
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(a) Digital photographs of the large-area 3D scatterer before stretching (transparent state) and (b) after stretching (opaque state). Inset: the

air gap formation/recovery process in the 3D scatterer upon stretching/releasing. (c) Schematic of the bilayer structure consisting of a switchable
silicone top layer and carbon black particle (CBP)-embedded bottom layer (SPDMSx—CBP film, where x is the water ratio used in film fabrication)
and its cooling and heating mechanism. (d) Photographs of the substrates covered by nothing (left), Es-TPU-0% (middle), and Es-TPU-80%
(right). (e) Schematic illustration of the optical regulation of Es-TPU membrane. (a and b) These figures have been adapted from ref. 67 with
permission from Cho, copyright 2020. (c) This figure has been adapted from ref. 68 with permission from Zhao, copyright 2020. (d and e) These
figures have been adapted from ref. 69 with permission from Li, copyright 2023.
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Fig. 6 Strain-dependent spectral modulation of a mechano-respon-
sive dynamic window. (a) The schematic fabrication process of
a bilayer film. The stretched bilayer film along the longitudinal direction
(e) caused transverse strain (e) due to the Poisson effect. (b) SEM
images of a bilayer film with different longitudinal strains. The tinted
zone distinguished the cracks and wrinkles. Scale bars, 50 um. (a and b)
These figures have been adapted from ref. 67 with permission from
Zhou, copyright 2022.

directions depending on the angle of incidence, reducing the
optical transmittance. Once the bilayer structure is stretched
back to the pre-strain level, the wrinkles disappear, and the film
exhibits high transparency.

Zhou et al. applied a PEDOT:PSS coating on the surface of
PDMS, as shown in Fig. 6a.”* PDMS is the stiff substrate, and
PEDOT:PSS is the soft layer which can have cracks. It is evident
that the mismatch in elongation between PDMS (135%) and
PEDOT:PSS (7.7%) leads to the formation of longitudinal cracks
in PEDOT:PSS to release local stress (Fig. 6b). At low strain
levels, the film exhibits high solar transmittance (80%) and high

31744 | RSC Adv, 2023, 13, 31738-31755

thermal reflectance (41%). Increasing the strain can dramati-
cally reduce both the solar transmittance and thermal reflec-
tance, reaching 16% and 50%, respectively, when the strain is as
high as 25%. Compared to the released state, the stretched state
shows a 55% reduction in solar transmittance and a 25%
increase in thermal emissivity. In contrast to mechanically
tuneable chromogenic windows that primarily operate in the
solar spectrum, the proposed bilayer dynamic window demon-
strates a broader spectral modulation from the solar spectrum
to the mid-infrared region. Similarly, transverse wrinkles and
longitudinal cracks can separately adjust the solar trans-
mittance and thermal emissivity during the stretching process.
The window can achieve rapid and reversible switching between
the released heating mode and the stretched cooling mode,
allowing the internal temperature of the housing model to be
regulated by 4 °C.

5.2.3 Special structure design. Kirigami, the ancient art of
paper folding and cutting techniques, has provided consider-
able inspiration for the design of material structure over the last
few decades. The kirigami structure can transform a two-
dimensional plane into a variety of three-dimensional struc-
tures independent of scales (Fig. 7a),** providing space for the
preparation of structures with geometric gradients. The defor-
mation of the kirigami structure will be enhanced with the
increase of the external load (Fig. 7b). After removing the load,
the kirigami structure can spontaneously return to the plane
state. Such kind of performance of kirigami structure may bring
some changes in optical property of design structures.

Wang et al. propose a novel dual-control smart window
design consisting of 2 layers. The upper layer is PDMS-based
kirigami structure with strain-responsive out-of-plane opening

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) The working principle of the durable solar/radiative cooling
(RC) dual-control smart window in summer and its corresponding
photo and IR camera image. The red arrows represent thermal radi-
ation and the yellow line represents sunlight. In summer, the high-¢
kirigami overlayer closes to promote thermal radiation and the
hydrogel turns translucent to block the sunlight. (b) The working
principle of the durable solar/RC dual-control smart window in winter
and its corresponding photo and IR camera image. In winter, the kir-
igami overlayer opens towards the outside environment under in-
plane stretching, which allows sunlight to enter the room to suppress
the RC to minimize heat loss. This figure has been adapted from ref. 42
with permission from Wang, copyright 2023.
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for emissivity tuning.”” The bottom layer used PDMS to lami-
nate thermal-responsive composite hydrogels coated with Ag
nanowires (AgNWs) based on physical-crosslinked poly(N-iso-
propylacrylamide) (pNIPAm). In summer, the thermochromic
hydrogel turns translucent to suppress the solar heat gain.
Furthermore, the high emissivity kirigami structure covers the
exterior surface of the window, promoting radiative cooling. In
winter, the hydrogel becomes transparent to allow for solar
transmission. Additionally, the kirigami structure undergoes an
out-of-plane structural change, opening towards the outside
environment to expose the underlying low-emissivity silver
nanowires and suppress heat radiation. Such design provides
a promising solar transmittance modulation ability of 24% and
a good long-wave infrared emissivity regulation ability of 0.5.
Furthermore, its lifespan is nine times longer than conven-
tional smart hydrogels.

5.2.4 Janus structure. The underlying principle of this
approach is inherently straightforward: positioning the radia-
tive cooling layer externally during elevated temperatures and,
conversely, situating the solar absorption layer externally during
lower temperatures. Typically, heating and cooling modes are
often integrated into one substrate. The arrangement of these
two modes can be either vertical (top and bottom) or horizontal
(left and right). When they were in horizontal setups, electric
assistance is often utilized,”® while in vertical configurations,
a straightforward flipping method is commonly employed.

Li et al. developed a dual mode thermal management
device,”” primarily comprising a pair of rotating actuators or
rollers and a thin film polymer composite material (Fig. 8a—c).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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For cooling mode, Ag film is the electrode for exerting the
electrostatic force (Maxwell pressure) and for reflecting the solar
radiation. The top PDMS layer is visibly transparent and
infrared-emissive for radiative cooling. For heating mode, Cu is
the electrode for supplying static charge, and Cu/Zn is the
plasmonic selective absorber. When a mode transition is
necessitated due to weather or shifts in energy balance, the
actuators pull the heating/cooling material along the track
system, exposing the required section of the material in the
desired mode, while the remaining material is rolled up and
collected. Ly et al. fabricated a dual mode asymmetric Janus
photonic mirror consisting of a silicon-based diffraction grating
that achieves 20% IR modulation of both outgoing and
incoming radiation (Fig. 8d).”® The cooling mode permits
broadband emission of thermal radiation from the vehicle and
reflection of thermal radiation from the environment with an
interior space temperature 8 °C lower than radiative cooling
only in summer. The heating mode reverses the flow of heat
through the thermal channel while raising the interior space
temperature by 5.7 °C in winter.

Due to its minimal impact on the primary characteristics,
large-scale production, and extended applications of textiles,
the reversible Janus design finds broader and more practical
applications within the thermal management of textile mate-
rials. Yang et al. utilized NaH,PO, particles characterized by
elevated infrared emissivity,” incorporated within a porous
polymethyl methacrylate film (Fig. 9a). The unique refractive
indices, coupled with the porous structure and NaH,PO,
particles, synergistically enhance the overall scattering effi-
ciency, culminating in the establishment of a markedly reflec-
tive interface. The heating aspect is comprised of densely
packed cotton fibers featuring surface-incorporated polypyrrole,
thereby demonstrating a commendable performance in photo-
thermal conversion. In an outdoor environment under 750 mW
cm ™~ solar radiation, the sub-ambient cooling temperature of
the dual mode Janus film is 8.8 °C, while the heating temper-
ature reaches 39.3 °C, indicating excellent thermal manage-
ment capabilities.

Xiang et al. employed electro spun PVDF-HFP as the cooling
layer,*® with the heating layer introduced onto the PVDF-HFP
membrane through a straightforward spray deposition
method (Fig. 9b). Feng et al. proposed a Janus-type nanofabric.
Hollow TiO, particles were introduced in PLA nanofabric as the
radiative cooling layer (Fig. 9c), and semi-embedded AgNWs
were fabricated as solar heating layer.**

Jung et al. proposed a Janus structure-based stretchable and
breathable thermoelectric skin (Fig. 9d). The boron nitride-
polydimethylsiloxane (BP) is used as radiative cooling layer and
graphene nanoplatelet-polydimethylsiloxane nanofiber are
developed as solar heating layer.*> The boron nitride-poly-
dimethylsiloxane generates the RC capability of ATceling = 4 °C,
and the high solar absorbance of the graphene nanoplatelet-
polydimethylsiloxane nanofiber enables it to be photothermally
heated. The flip-over able thermoelectric skin achieves
a maximum power output of 5.73 pW ¢cm ™2 in passive radiative
cooling mode, surpassing solar heating mode by 5.55 pW ¢cm >
in the morning. In the afternoon, it generates a maximum
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power output of 18.59 uW cm™> in solar heating mode, out-
performing passive radiative cooling mode by 15.56 uW cm ™2,

In summary, a dual mode system, capability of either flip-
ping or using rollers, typically incorporates a cooling layer
structured similarly to traditional radiative cooling layers. This

includes a series of materials, such as porous substances,
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textiles, photonic crystal structures, and the stacking of layers
with different functionalities. For the solar heating side, mate-
rials are typically chosen based on their high solar absorption
performance in 0.3 to 2.5 pm range to meet the requirement of
raising the temperature of the object. Additionally, materials
with low emissivity in the 8 to 13 um range are preferred, such
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(a) Cooling mode and heating mode. (b) Schematic of the fabrication procedure and microstructure of the dual mode fiber membrane. (c)

Switchable thermal and sweat management principle. (d) Schematic illustration demonstrates the dual modes of RC and solar-heating modes
which flip-overable thermoelectric skin switches from one mode to the other by flipping the device over. (a) This figure has been adapted from
ref. 79 with permission from Yang, copyright 2023. (b) This figure has been adapted from ref. 80 with permission from Xiang, copyright 2022. (c)
This figure has been adapted from ref. 81 with permission from Feng, copyright 2023. (d) This figure has been adapted from ref. 82 with
permission from Jung, copyright 2023.
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as MXene.**** This choice maximizes the utilization of absor-
bed solar energy to raise the material's temperature. However,
in practical applications, many materials with high solar
absorption performance in 0.3 to 2.5 pm also exhibit relatively
high emissivity in the 8 to 13 pm range. When served as the
heating side, these materials can provide sub-ambient daytime
cooling at the same time. Nevertheless, due to the high solar
thermal conversion efficiency of such materials, the heating
side in the dual mode system still maintains a temperature
above ambient.®* Examples of such materials include gra-
phene,* carbon nanotubes, and carbon black. According to eqn
(4), to achieve the temperature increase, the value of P, needs
to be less than 0. The ideal heating side requires higher
absorption in 0.3 to 2.5 um range, and lower emissivity in 8 to 13
pm range.

5.3 Temperature responsive dual mode system

The temperature-responsive materials are frequently utilized in
both the realm of smart windows and the construction
industry.*® Thermochromic materials capitalize on solar heat-
ing to induce phase changes, thus rendering them cost-effective
and energy-efficient due to their autonomy from a net energy
input. Fundamentally, these materials undergo a transition
stimulated by temperature, shifting from a state that allows
sunlight to pass through to a state that blocks incident light and
radiation, thereby hindering the transfer of energy between
indoor and outdoor environments. Frequently, dual mode
radiation cooling systems responsive to temperature employ
materials sensitive to temperature, carefully orchestrating the
spectral reflectance and absorption of the system. This
orchestration facilitates the seamless transition between radi-
ative cooling and radiative heating modes. Thermochromic
materials, including liquid crystals,**** perovskites,” ionic
liquid gels,”® and hydrogels,”*®” have been utilized in solar
modulation across the visible and near-infrared (NIR) spec-
trum. Temperature-responsive polymers most typically
employed in the context of intelligent dual mode systems
encompass thermosensitive hydrogels, shape memory mate-
rials, and phase-change substances.

5.3.1 Temperature responsive hydrogel. Temperature
responsive hydrogels are commonly applied in smart
windows.”® Glass windows demand increased transparency,
enhanced thermal conductivity, and decreased thickness. These
hydrogels manifest transparency in cold weather and rapidly
shift from transparency to semi-transparency or opacity in
warmer conditions. pNIPAm stands as the prevailing hydrogel
of choice.

Lin et al. transferred AgNWs onto the surface of pNIPAm to
fabricate pNIPAmM/AgNW composite materials.”® At lower
temperatures (T < 7., phase transition temperature), pNIPAm
cross-linked networks swell via intermolecular hydrophilic
bonds, dispersing water molecules within the structure
(Fig. 10a). The hydrogel's refractive index matches water's,
ensuring solar transparency, while the AgNW mesh on top
maintains high solar transmittance and thermal reflectance.
Integrated in the thermal regulatory thermochromic (STR)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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window, it preserves these features at low temperatures. Beyond
the 7., weakened hydrogen bonds disrupt water/pNIPAm links,
prompting hydrophobic interactions and expelling water
molecules (Fig. 10b). Chemical bonding confines pNIPAm's
contraction to one side, inducing directional water transport
and AgNW mesh accumulation. Phase separation creates poly-
mer rich and poor microphases, scattering light, turning the
hydrogel white, and efficiently reflecting sunlight. Additionally,
a water layer (>0.1 mm) exhibits high thermal emissivity,
reducing thermal reflection from the AgNW mesh, notably
modulating thermal dynamics. The STR windows exhibit
excellent solar modulation (58.4%) and thermal modulation
(57.1%), demonstrating effective regulation of indoor temper-
atures during both daytime and nighttime.

Li et al. copolymerized N-isopropylacrylamide monomer
(NIPAM) with 2-aminoethyl methacrylate (AEMA) monomer to
synthesize a temperature-responsive hydrogel microparticle.*®
These resulting microparticles, comprising pNIPAm-AEMA or
PNIPAm hydrogels, were injected between two glass slides to
fabricate a thin-film hydrogel device. These microparticles
manifest adjustable scattering characteristics, facilitating the
simultaneous attainment of high-intensity transmission and
comprehensive modulation of solar transmittance across a wide
spectrum (Fig. 10c). Especially by tailoring the particle size and
internal structure (Fig. 10d), the pNIPAm-AEMA hydrogel
effectively extends light rejection into the IR region, contrib-
uting to a significantly enhanced infrared transmittance
modulation of 75.6% and an ultra-high solar transmittance
modulation of 81.3%.

Chen et al. conducted in situ free radical copolymerization of
the hydrophilic monomer N,N-dimethylacrylamide (DMAA)
with NIPAm at 25 °C,* resulting in the formation of a random
copolymer, p(NIPAm-co-DMAA) (PND), within hydrogel
matrices (Fig. 11a). Varying the DMAA content within the
network allows for the modulation of the lower critical solution
temperature. Below the 7., the hydrogel maintains transparency
with a refractive index of 1.377, closely resembling that of water.
As a result, the smart window exhibits exceptional transparency
(Fig. 11b). Beyond the critical transition temperature, the
PDMAA chains within the hydrogel network undergo collapse,
forming hydrophobic and hydrophilic microdomains that
induce light scattering. Consequently, the smart window
transferred into a semi-transparent state. Notably, this material
offers adjustable critical transition temperature and full-
spectrum regulation, enabling adaptation to diverse climatic
conditions for architectural thermal management. Moreover,
the material can be fabricated into grid patterns and Chinese
cut-paper designs using 3D printing techniques, affording dual
effects of solar modulation and illumination control.

Mei et al. used PVDF films as top and bottom layers to
encapsulate the pNIPAm hydrogel and improve the thermal
emittance of the design.'® The PVDF@pNIPAm film takes
advantage of the synergistic impact of PVDF's high thermal
emittance within the atmospheric transparency window
(Fig. 11c), showcasing notable modulation of visible light (300
to 780 nm) reflectance/transmittance (AR;s = 70.0%, ATyis =
86.3%) and mid-infrared emissivity (Epwir = 0.96). This leads to
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(a) Schematic of optical performance in the cold condition and the corresponding spectrum. (b) Schematic of optical performance in the

hot condition and the corresponding spectrum. (c) Schematic of transmittance modulation based on the tunable scattering behaviors of
hydrogel particles. (d) Light manipulating with the aid of the phase transition of: (i) pNIPAm particles produced by one-pot synthesis; (ii) pNIPAM
particles synthesized by continuous feeding method; (iii) pNIPAM—-AEMA co-polymerized microparticles. Visible light and IR light are represented
by blue and red arrows, respectively. (a and b) These figures have been adapted from ref. 99 with permission from Lin, copyright 2022. (c and d)
These figures have been adapted from ref. 100 with permission from Li, copyright 2019.
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Fig. 11 (a) Schematic depiction of (i) PNIPAM and (i) PND hydrogel

structures. Right is the photograph of a transparent PND hydrogel. (b)
Proposed thermochromic mechanism of PND hydrogel. (c) The
sandwich structure film based on thermosensitive hydrogel, showing
the intelligent regulation of the sunlight scattering. (a and b) These
figures have been adapted from ref. 24 with permission from Chen,
copyright 2023. (c) This figure has been adapted from ref. 101 with
permission from Mei, copyright 2022.

sub-ambient radiative cooling of 1.8 to 3.7 °C during hot
daylight hours and above-ambient heating of 4.3 to 5.8 °C
during cold periods (ATcooling-heating = 9-5 °C) through revers-
ible self-regulation.

5.3.2 Shape memory materials. Shape memory polymer
(SMP) is a class of materials with the exceptional ability to
return to a predefined initial shape upon exposure to external
triggers, such as temperature or stress.'”*'® Applying this
property to the realm of radiative cooling involves a prevalent
approach where, under low-temperature conditions, the mate-
rial is manipulated to induce an expanded surface area for the

31748 | RSC Adv, 2023, 13, 31738-31755

absorbent layer within composite materials. This enhancement
results in increased absorption of solar energy, subsequently
elevating the temperature. As the temperature rises, they
undergo a phase transition, resulting in the restoration of their
initial form. Employing these intelligent shape memory
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Fig. 12 (a) Schematic illustration of the dual mode radiative thermal

management device switching between solar heating (left) and radi-
ative cooling (right) with temperature. The dual mode device (top)
consists of three functional layers: radiative cooling layer, tempera-
ture-sensitive actuating layer, and solar heating layer (not to scale). (b)
The device consists of two main functional layers: a temperature-
sensitive actuator with high-infrared emissivity composed of trans-
parent tape and programmed 2W SMP and a thermochromic substrate
with low-infrared emissivity. (a) This figure has been adapted from ref.
106 with permission from Zhang, copyright 2022. (b) This figure has
been adapted from ref. 107 with permission from Zhang, copyright
2022.
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materials facilitates temperature control during solar energy
absorption and heat dissipation processes, enabling passive
radiative cooling without the necessity of external energy input.

Zhang et al. demonstrated a high-performance, intelligent
automatic-switching, and zero-energy-consumption dual mode
radiative thermal management device.'® This device comprises
a radiative cooling layer (anatase TiO, nanoparticles encapsu-
lated in DOP-modified PMP), a temperature-sensitive actuating
layer (shape memory material), and a solar heating layer
(aluminum plate with nano-sized chromium oxide powder)
(Fig. 12a). When the temperature reaches the triggering
temperature within the range of 23 to 24 °C, the SMP shrinks
upon heating and expands upon cooling in the stretching
direction, thereby controlling the opening and curling of the
cooling and heating layers. The actuating layer exhibits excel-
lent cyclic performance during repeated heating-cooling
processes, indicating good long-term operational stability. By
sensing temperature and spontaneously modulating its char-
acteristics, the device achieves an average heating power of
859.8 W m 2 (approximately 91% of solar thermal conversion
efficiency) in cold, and 126.0 W m ™~ of average cooling power in
hot, with no external energy consumption throughout the
process. Compared to a copper plate, the temperature fluctua-
tion is reduced by 21 K.

Inspired by the color change of Himalayan rabbit's hair and
the folding-opening movement of M. pudica's leaves,'” the
same research team devised a thermal management apparatus
capable of autonomously and concurrently adjusting its spec-
tral attributes across the solar and infrared wavelength spec-
trum. This innovative approach maximizes temperature control
performance by harnessing both solar and outer space
resources. The dual mode radiative thermal management
device comprises three layers: a transparent adhesive tape with
a 2W SMP film, a visible light thermochromic layer, and an
infrared modulation layer (Fig. 12b). In contrast to earlier
design, the notable feature of this design lies in integrating
avisible light thermochromic layer as the intermediate stratum.
This layer consists of a visible light thermochromic material
capable of altering its color at varying temperatures. As the
temperature of the heating plate increases, the visible light
thermochromic layer undergoes a color change, effectively
modulating the visible light emissivity. This unique ability
enables the device to switch between heating mode (Ry.4-0.78 ym
of 73% and ¢g_13 ym Of 28%) and cooling mode (Ry.4-0.78 ym Of
65% and €g_13 um Of 95%), rather than simply adjusting heating
power or cooling power. The trigger temperature of the device is
also adjustable to meet the demands in different application
fields. Numerical prediction shows this device has the best
effect of all-season energy saving for temperature control
compared with the temperature thermal-
management devices in the literature.

Zhang et al introduced the concept of utilizing shape
memory materials as springs in the design of a switchable
radiative cooler (SRC).*® This innovative SRC consists of two key
components: a radiative cooling coating and a temperature-
responsive part (TRP). By harnessing the low thermal resis-
tance state during hot weather conditions, the SRC efficiently

responsive

© 2023 The Author(s). Published by the Royal Society of Chemistry
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transfers internal heat to the external radiative cooling coating
for dissipation. However, when faced with colder weather, the
SRC automatically transitions to a high thermal resistance state,
effectively preventing the removal of indoor heat.

5.3.3 Phase change materials. In phase change materials,
vanadium dioxide (VO,) is one of the most representative
thermochromic materials.'® Its prominent metal-to-insulator
transition occurs at a critical temperature 7. of 340 K. At
temperatures below 7., VO, is an insulator,"*'"* while upon
heating to temperatures above 7., it becomes a metal, with its
lattice structure transitioning from a monoclinic system to
a rutile-type structure.

This process also involves a change in the band structure.
When VO, becomes metallic, the 0.7 eV bandgap disappears,
and the w overlap and d bands emerge, leading to a sudden
change in the mid-infrared region from transparent to opaque.
These characteristics enhance the application of VO, thin films
in variable emissivity devices.****

Wang et al. utilized VO, in windows,** modulating the long-
wave infrared (LWIR) emissivity (2.5 to 25 pm) and achieving
perfect automatic switching between radiative cooling and solar
heating. For this window, the NIR is blocked in summer to
prevent solar heating while the visible transparency remains
unchanged. In winter, both visible and NIR are transmitted
while epwir front i switched to lower values, reducing radiative
cooling heat loss (Fig. 13a). Here, authors kept ¢;wigr pack 10w in
both conditions to minimize the heat exchange between the
indoors and outdoors.

This design reached a AT of 9.3% and a Aepwr of 40%. The
erwir performance of the smart window can be controlled by
simply adjusting the spacer thickness and the VO, weight ratio,
as well as doping. Furthermore, the fabricated scalable smart
windows can provide different emissivity at high (epwirny =
0.61) and low (ewir = 0.21) temperatures, thereby automati-
cally regulating radiative cooling while maintaining luminous
transparency and NIR modulation. In an overall building energy
simulation, this radiative cooling thermochromic regulation
window demonstrated higher heating and cooling energy
savings in various climate zones compared to commercial low-
emissivity glass, potentially reducing carbon emissions associ-
ated with heating and cooling and improving building
sustainability. Moreover, this passive ¢ wir control could be
applied to a wide range of thermal regulation applications,
including windows, walls, roofs, fabrics, and coatings.

Tang et al. developed the temperature-adaptive radiative
coating based on the well-known metal-insulator transition of
the strongly correlated electron materials W,V;_,0,,"** and the
transition temperature (TMIT) is tailored to 22 °C by setting the
composition x at 1.5%. They embedded a lithographically
patterned two-dimensional array of thin W,V; ,O, blocks in
a BaF, dielectric layer that sits on top of an Ag film (Fig. 13b). In
the insulating state of W,V,_,0, at T < TMIT, the material is
largely transparent to the IR radiation in the 8 to 13 pm atmo-
spheric window, so this atmospheric window is reflected by the
Ag mirror with little absorption. By contrast, the W,V; ,O,
becomes highly absorptive in the atmospheric window when it
switches to the metallic state at 7 > TMIT. The absorption is

RSC Adv, 2023, 13, 31738-31755 | 31749
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the opposite in the winter. (b) Schematics of the structure (i), materials composition and working mechanism (ii and iii) of the TARC. Subpanels (iv)
and (v) show the simulated distribution of electric field intensity below and above the transition temperature, respectively, when electromagnetic
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electron microscope image of TARC showing high flexibility and structural consistency with the design. (a) This figure has been adapted from ref.
31 with permission from Wang, copyright 2021. (b and c) These figures have been adapted from ref. 112 with permission from Tang, copyright

2021.

further amplified by the designed photonic resonance with
adjacent W,V;_,0O, blocks as well as with the bottom Ag layer
through the lwavelength cavity (Fig. 13c). The i-wavelength
cavity structure incorporates Fabry-Perot resonance and can be
utilized to enhance thermal emission. In compliance with
Kirchhoff's law of radiation, the emissivity of the sky window
aligns with its absorptance, shifting from a lower magnitude to
a higher one as the temperature surpasses TMIT. The fabricated
temperature-adaptive radiative coating (TARC) optimally
absorbs the solar energy and automatically switches thermal
emittance from 0.20 for ambient temperatures lower than 15 °C
to 0.90 for temperatures above 30 °C, driven by a photonically
amplified metal-insulator transition.

5.4 Solution responsive dual mode system

Solution-stimulated responsive materials typically manifest as
porous composites. Widely utilized solvents encompass water,
ethanol, isopropanol, their mixtures or mineral oil. The
fundamental principle underlying this concept is that in the
absence of the solution, these materials exhibit a porous
structure and inherent properties that result in higher solar
reflectance and mid-infrared emissivity, thereby contributing to
excellent radiative cooling performance. Upon immersion in
the solution, the material transforms, transitioning to a trans-
parent or semi-transparent state. This state change also leads to
an alteration in the material's refractive index, enabling solar
radiation to permeate the composite material and consequently
induce heating of objects. This versatile approach holds prac-
tical appeal due to its scalability in real-world applications.

31750 | RSC Adv, 2023, 13, 31738-31755

Mandal et al. have demonstrated the attainability of these
optical dynamics through the reversible wetting of porous
polymer coatings with fluids like alcohol or water.™* In the solar
wavelengths, reduction in optical scattering upon wetting
changes of porous polymer coatings from reflective to trans-
parent. For poly(vinylidene fluoride-co-hexafluoropropene)
porous polymer coatings, this corresponds to solar and visible
transmittance changes of up to 0.74 and 0.80, respectively
(Fig. 14a and b). Furthermore, switchable sub-ambient radiative
cooling (by 3.2 °C) and above-ambient solar heating (by 21.4 °C),
color-neutral daylighting, and thermal camouflage are
demonstrated.

Fei et al fabricated a hierarchical porous coating from
modified PVDF/cellulose acetate polymer networks.'** It
exhibits rapid switch between high solar reflection (96.6%) and
high solar transmission (86.6%) (Fig. 14c). This results in
61.2 W m ™ >-night time cooling power (cooling mode) and 720 W
m? daytime heating power under typical tropical weather
conditions (heating mode). Zhang et al. employed a porous SiO,
coating that can be separated or merged with a refractive index-
matched liquid (Fig. 14d)."* This setup enables the adjustment
of sunlight transmittance to achieve adaptive heating and
cooling functions. This dual mode system facilitates a temper-
ature rise of 10 °C during cold weather and a cooling effect of 5 ©
C in hot conditions. Shi et al. reported scalable fabrication of
biosynthetic bacterial cellulose-based radiative cooling mate-
rials with switchable solar transmittance, which are developed
by entangling silica microspheres with continuously secreted
cellulose nanofibers during in situ cultivation (Fig. 14e and f)."*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) White to transparent switching of the porous P(VdF-HFP)-air/isopropanol system. (b) Photograph of the system showing dry and wet

states. (c) Schematic illustration of working principle of designed hierarchical porous structure: passive radiative cooling mechanism including
solar reflection and IR emission is shown along x-axis. (d) Mechanism of light transmission and reflection. (e) Schematic illustration of the radiative
cooling mechanism of nanostructured Bio-RC films. (f) Photograph of nanostructured Bio-RC films in the transparent and opaque state. (g)
Confocal fluorescent microscopy images showing the knitted fabric in the closed state (d) (low humidity) and the open state (e) (high humidity).
Scale bars: 200 mm. (a and b) These figures have been adapted from ref. 113 with permission from Mandal, copyright 2019. (c) This figure has
been adapted from ref. 114 with permission from Fei, copyright 2022. (d) This figure has been adapted from ref. 115 with permission from Zhang,
copyright 2022. (e and f) These figures have been adapted from ref. 116 with permission from Zhang, copyright 2023. (g) This figure has been

adapted from ref. 117 with permission from Zhang, copyright 2019.

The resulting film shows a high solar reflection (95.3%) that can
be facilely switched between an opaque state and a transparent
state upon wetting.

In the field of human thermal management, the body's
perspiration process results in heightened local humidity levels.
Furthermore, exercise can raise the body's surface temperature.
Hence, both temperature and humidity stimuli can function as
activating sources for a dual mode management system.

Zhang et al. utilized cellulose triacetate-based and poly-
ethylene terephthalate fibers to fabricate dual-component
fibers, subsequently coated with few-walled carbon nano-
tubes.'” The obtained textile effectively modulated the infrared
radiation by more than 35% as the relative humidity of the
underlying skin changed. When subjected to heat and/or

© 2023 The Author(s). Published by the Royal Society of Chemistry

humidity, the yarns underwent collapse, causing the sub-
elements of adjacent fibers to tightly intertwine, inducing
resonant electromagnetic coupling. Conversely, in cold and/or
dry conditions, the yarns exhibited an opposing response,
thereby reducing heat dissipation (Fig. 14g). This facilitated
effective gating of infrared radiation through the textile (ie.,
“opening” and “closing”) in response to environmental
changes. This infrared response was swift (<1 minute) and
reversible. The researchers postulate that this infrared gating
effect originates from an environment-adaptive electromagnetic
coupling mechanism among carbon nanotubes coated fibers.
Through humidity control, regulation of the fabric's infrared
emissivity becomes feasible, allowing for dynamic manipula-
tion of infrared radiation.

RSC Adv, 2023, 13, 31738-31755 | 31751
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6. Summary and perspective

In summary, after the decade-long development, a state-of-the-
art account of recent developments of smart materials for real-
time on-demand intelligent radiative cooling and solar heating
were provided. On demand stimuli materials have become one
of the most promising approaches to fabricate switchable
thermal-management devices to meet diverse requirements in
different situations without any external energy consumption.
For ideal solar heating, the materials should have high solar
absorption (0.4 to 2.5 um) and low infrared emission (2.5 to 15
pm). For ideal radiative cooling, the materials should reflect
solar radiation as much as possible and strongly release heat by
infrared radiation. However, an unavoidable challenge is that
the environment and climate in the real world are dynamic.
This requires that a zero-energy thermal-management device
not only have the above two sets of electromagnetic spectrums
but also be able to automatically switch them by spontaneously
perceiving the change in the environment. Such a diverse
responsive smart materials design strategy is a plausible
approach for fabricating intelligent multi-modal systems. These
dynamic dual mode thermal-management devices present great
potential in the fields of thermal management, and smart
devices. Despite the tremendous efforts made in developing
novel dual mode strategies, many challenges remain while
numerous opportunities exist in realizing on demand switch
ability together with other intriguing functional properties.
With the abovementioned requirements, future directions and
potential solutions to existing challenges for dynamic dual
mode thermal-management technology are proposed, as out-
lined below.

(1) Despite the considerable strides made, research into the
practical applications of these materials remains in its infancy,
with numerous challenges yet to be surmounted on the path to
commercialization. To begin with, the implementation of
electrically stimulated smart materials often necessitates the
assembly of electrochromic devices for modulation, leading to
a relatively intricate fabrication process. Future research should
be directed toward enhancing the process's scalability, building
upon established packaging methodologies, and elevating the
electrochromic performance. The scalability of mechanically
induced stimuli is constrained by the uncertain and intricate
control of stimulation sources, thereby rendering its expansi-
bility rather limited. Consequently, forthcoming studies should
focus on formulating strategies to augment precision while
heightening scalability. As for thermochromic materials, their
current modulations primarily revolve around adjusting
temperature to manipulate infrared emissivity, predominantly
catering to smart window applications. Hence, forthcoming
investigations should strive to develop more precise and
controlled modulation methods, concurrently expanding their
potential application domains. While solution-responsive
materials boast affordability and ease of scalability, the man-
ageability of their operational procedures is yet to be refined.
Furthermore, humidity-responsive materials exhibit enhanced
compatibility compared to their counterparts. In future
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research, consideration may be given to the redesign of struc-
tures, integrating these humidity-responsive materials with
other smart constituents to facilitate multifaceted thermal
radiation modulation, thus accommodating intricate
requirements.

(2) In the foreseeable future, a multitude of cutting-edge
stimulus-responsive materials is expected to emerge, show-
casing their rapid adaptability in modulating thermal radiation
characteristics in response to dynamic changes in the external
environment. This forefront material innovation is poised to
significantly amplify the performance and efficacy of dual mode
systems.

(3) The continuous advancement of technology may propel
the application of stimulus-responsive smart radiative cooling
and solar heating dual mode systems into broader domains,
such as aerospace, agriculture, healthcare, and beyond.

(4) As dual-mode radiative cooling and solar heating systems
continue to witness expanding applications across diverse
fields, it becomes imperative to delineate standardized evalua-
tion criteria tailored to the specific domains of application. For
example, in the realm of smart windows, the establishment of
uniform application standards for dual-mode systems is of
paramount importance. This entails the adoption of consistent
performance metrics to facilitate comprehensive performance
comparisons. Outdoor experimentation, conducted under
controlled environmental conditions, serves as a rigorous
methodology for evaluating critical aspects such as radiative
cooling, solar heating, and UV resistance capabilities.

(5) In terms of cooling and heating performance, an ideal
dual mode system requires meaningful daytime radiative cool-
ing layer and high efficiency solar heating layer. Nevertheless,
various stimulus systems inherently possess their own limita-
tions. For the cooling side, most of them cannot achieve a solar
reflectance exceeding 94%. Especially for electrical, tempera-
ture responsive and solution responsive dual mode systems.
Mechanically responsive dual mode systems may offer a more
feasible approach to fulfilling this ideal requirement, especially
when applied to Janus films and textiles.*>*“** Hence, devel-
oping meaningful daytime radiative cooling layer is necessary.
Additionally, for the heating side, it is important to consider
self-cleaning, superhydrophobic properties, as well as higher
solar absorptivity and lower emissivity in the 8-13 um range.
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