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ABSTRACT

Traditional building materials such as wood and concrete cannot effectively regulate the heat flux of
buildings. Compressor-based cooling systems are used to provide comfortable interior environments for
humans, contributing significantly to global energy consumption. It has recently been demonstrated that
sub-ambient passive daytime radiative cooling has been obtained by efficiently radiating thermal energy
to the cold outer space through the atmospheric transparent window while reflecting most of the solar
irradiance. Here, we demonstrate a high-performance daytime radiative cooling material processed by hy-
draulic pressing melamine-formaldehyde (MF) particles and thermally annealing them into a cross-linked
photonic cooling bulk as an efficient solar reflector and infrared thermal emitter. It reaches a sub-ambient
stagnation temperature of 3.6 °C under direct sun irradiance (750 W m~2), which is 12 °C and 5 °C below
the concrete and the wood as control group temperatures, respectively. The two-step fabrication process
is straightforward and can be easily scaled up for industrial manufacturing. The as-prepared MF cooling
material shows highly desirable fire-retardant properties and is self-extinguishing, make it excellent ma-
terial for building safety. The material is durable, and spectrally robust in harsh environments, such as

long exposure to the acidic and alkaline solutions.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Cooling buildings consume tremendous amounts of electricity
and result in parasitic greenhouse effects [1-3] to the environ-
ments, which exacerbates global warming [4,5] and climate change
[6,7]. Therefore, it is crucial to exploit energy-saving and eco-
friendly techniques for cooling buildings while minimizing the car-
bon footprint of environmental sustainability and technical inno-
vations [8]. Radiative cooling refers to a heat transfer mechanism
that a hot object contactlessly dissipates its energy to a cold ob-
ject and thus lower its temperature via thermal radiation [9]. The
outer space, with a temperature of ~ 3 K, is an enormous thermal
reservoir available to the Earth for the dissipation of redundant
heat through the atmospheric transparent window (8 - 13 wm)
in the form of thermal radiation [10-13]. Effective radiative cool-
ing during the nighttime has been substantially investigated and
employed for cooling buildings [14-18]. However, passive daytime
radiative cooling (PDRC) is more urgent since cooling demands cli-
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max during the daytime. To achieve sub-ambient PDRC effects, it is
required that the designed surface can simultaneously reflect most
of the solar irradiance spreading from 0.3 pwm to 2.5 pm and radi-
ate excessive heat to the outer space via the atmospheric window
[13,19]. Thus, it is of great significance to explore scalable materi-
als that are highly reflective to solar irradiance and have high in-
frared thermal emittance to achieve a net heat loss under direct
sunlight, so that the huge gap between energy depletion and in-
creasing housing affordability can be bridged [20].

Efficient daytime radiative cooling materials based on both or-
ganic [21-23] and inorganic [24-26] materials have been widely
investigated and employed as PDRC materials over the past few
years due to their high solar reflectance and infrared emittance.
However, their complex photonic structures limit their large-
scale engineering applications as cooling materials [11,13,27]. Or-
ganic solution-processed hierarchically porous polymer thin films
[27] have been developed to transform the solid poly(vinylidene
fluoride)cohexafluoropropylene (PVDF-HFP) into micro-nanoporous
films via phase inversion methods to reflect sunlight and radiate
mid-infrared energy. These can be easily painted on rooftops and
building walls of buildings to achieve a 5 °C sub-ambient cool-
ing effect. Natural bulk wood is delignified into a radiative cooling
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structural material [11] by employing the backscattering of solar
irradiance and the infrared thermal emission of cellulose fibers. It
can be straightforwardly applied as structural materials to lower
the temperature up to 10 °C. However, the flammability of PVDF-
HFP porous films and bleached wood and their lack of spectral
robustness under harsh environment exposure (acidic or alkaline)
emerge as a prominent challenge for building applications [28].
Additionally, the micro-nanopore generation of PVDF-HFP films re-
lies on the evaporation of the organic solvent, which introduces
health concerns for construction workers and increases fabrication
costs [29]. Hence, the development of fire-retardant and spectrally
robust materials that can be easily fabricated remains a big chal-
lenge for real-life applications and commercialization.

Melamine-formaldehyde (MF), a thermosetting plastic material,
is widely used in flooring and decorative laminates, molding com-
pounds, and adhesives [30-32] due to its excellent thermal, me-
chanical, and corrosion stability. It can be cured and cross-linked
by heating it to over 160 °C, becoming sufficiently hard, corrosion-
resistant, and fire-retardant without the addition of any curing
agent [33,34]. MF microparticles are “ultra-white” which backscat-
ters solar irradiance, making them an excellent reflector. Also, the
molecular vibrations of its melamine rings and hydroxyl groups
result in a high thermal emittance over the atmospheric win-
dow, making it a very good thermal emitter. These excellent ther-
mal, mechanical, and optical properties combined with the ease-
to-fabricate approach make it a promising alternative for an ideal
PDRC material. Here, we develop a scalable, fire-retardant, and
spectrally robust bulk material capable of efficient daytime radia-
tive cooling via a two-step (hydraulic press and thermal anneal-
ing) and bottom-top (microparticles to bulk) synthetic procedure.
It is experimentally demonstrated that the sub-ambient daytime
cooling capability of 3.6 °C can be achieved by the MF photonic
cooling bulk under direct sunlight of 750 W m~2. The microparti-
cles backscatter the incident solar irradiation to depress the solar
heating while the molecular vibrations of the MF polymer chains
efficiently dissipate heat away to the cold outer space. Moreover,
the MF photonic bulk is proven to be fireproof, spectrally robust,
and mechanically tough, which is in contrast with most traditional
building materials. Considering its excellent cooling performance
and the scalable synthetic process, the MF cooling bulk material
paves a way for PDRC materials towards industrial engineering ap-
plications and emerges as an alternative to moderate the cooling
energy demand of buildings.

2. Experimental section
2.1. Materials

The MF powders were provided by Qihong Collagen Additives
Co., Ltd, China. The basswood and the green laser pen were pur-
chased from Amazon (US). The PS foam was purchased from Home
Depot.

2.2. Methods

2.2.1. Fabrication of the MF cooling bulk

20 g MF powders were cold-hydraulic pressed into a rectangu-
lar board with a dimension of 8.5 cm x 4.0 cm x 0.5 cm and then
annealed at 170 °C for 1h to form the MF cooling bulk.

2.2.2. Materials characterizations

The reflectance spectra (0.3-2.5 wm) were characterized by a
Jasco V770 spectrophotometer with a Jasco ISN-923 60 mm inte-
grating sphere with interior coated BaSO4 based. The incident an-
gle of the light beam was fixed at an angle of 6°. The infrared re-
flectance spectra (2.5-20 wm) were measured by Jasco FTIR 6600
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with a 4 inch PIKE upward gold integrating sphere. The light beam
was shined on the sample at an incident angle of 12°. The infrared
spectra were normalized by a diffused gold reflectance standard.
The reflectance spectra at different AOI were characterized by us-
ing wedges of different angles at the sample port of these two in-
tegrating spheres.

2.2.3. SEM characterizations
The surface morphologies of samples were characterized by
Zeiss Supra 25 SEM under an acceleration voltage of 5 kV.

2.2.4. Size distribution characterizations

The size distributions of MF surfaces were measured by import-
ing the SEM images into Image] software and 100 points were ran-
domly measured in each image.

2.2.5. TGA characterizations

The TGA analysis was conducted by the TA instruments Q50
from 25 °C to 900 °C under an airflow flux of 60 ml/min and the
heating rate was set to be 10 °C.

2.2.6. DSC characterizations

The DSC thermograms were measured by the TA instruments
DSC Q200 with a fixed heating rate of 10 °C from 25 °C to 200 °C
and the airflow flux was 50 ml/min.

2.2.7. XRD characterizations
The XRD spectra were characterized by the Bruker D8 X-ray
Diffractometer scanning from 15° to 100° with a stepsize of 0.02°.

2.2.8. Scattering effect validations

0.02 g MF particles were uniformly smeared on the 20 pwm
thick Tape King adhesive tape. The MF particles were placed at
the center of the aperture that was between the laser pen and the
blackboard. The area of the scattered laser spots was measured to
indicate the scattering effects of the MF particles.

2.2.9. Thermal conductivity measurement
The thermal conductivity of samples was characterized by Hot-
disk TPS 2500s with an isotropic standard module.

2.2.10. FDTD simulations

FDTD scattering efficiency of the MF particles with a diameter
of 8 wm was simulated using the Lumerical FDTD Solution 2020.
Two-dimensional models were applied, and a total-field scattered-
field source coupled with the scattering cross-sections of MF par-
ticles was employed to calculate the scattering efficiency.

2.2.11. Temperature measurements

The temperature of the MF cooling bulk, the wood, and the con-
crete was monitored by the National Instruments (NI) PXI-6289
board. The K-type thermocouples were fixed to the back of sam-
ples using the thermal glue.

2.2.12. Infrared image measurement

Infrared images of samples were taken employing the FLIR
A655C thermal camera at a resolution of 640 x 480 with a 25°
lens.

2.2.13. Harsh environment exposure

The MF cooling bulk was immersed into 100 ml solutions of ph
= 1, ph = 7, and ph = 13 for 24 h and washed by DI water for 1
minute, then dried by the high-pressure air blowgun.
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Fig. 1. (a) Schematic showing the passive radiative cooling mechanism of an object which has both high solar reflectance and infrared thermal emittance. The high solar re-
flectance depresses the heating effect from the solar irradiance and the high infrared thermal emittance enables the efficient radiation of heat to the cold outer space through
the transparent atmospheric window. (b) Spectral reflectance of two ideal scenarios: scenario 1 (black line) with unity thermal emittance beyond 8.0 um and scenario 2 (red
line) with unity thermal emittance just over the main atmospheric transparent window. Both scenarios have a unity solar reflectance over the solar wavelengths. (c) The
feasible fabrication process of the MF cooling bulk includes cold hydraulic press of the MF powders and thermal annealing at 170 °C for 1h. It can be easily integrated into
scalable manufacturing. (d) Schematic displaying the mechanism of high solar reflectance and thermal emittance of the MF. The sunlight scattering arises from the micropar-
ticles on the diffused surface of MF cooling bulk. The thermal emission is derived from the molecular vibrations of the chemical groups in the MF. (e) Spectral reflectance
(R =1 - €, purple curve, when objects are opaque) of the MF cooling bulk exhibited against the AM 1.5 solar spectrum (ASTM G173), the 30 °C blackbody thermal radiative
spectrum, and the downwelling heat of the 30 °C blackbody due to the atmospheric transparent window. (f) The overall solar reflectance and thermal emittance of the MF
cooling bulk across the various angles of incidence (AOI) contribute to an angle-independent hemispherical solar reflectance and thermal emittance. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.2.14. Mechanical strength measurements

The mechanical strength of the MF cooling bulk (3.0 cm x
1.8 cm x 0.5 cm) was measured by the Mark-10 ESM tensile tester
equipped with a force gauge of 0.5 N resolution.

3. Results and discussion

The Earth is warmed via thermal radiation of the Sun, while
it cools itself down by radiating heat to the outer space. The at-
mosphere is highly transparent to thermal infrared radiation from
8 wm to 13 pwm, which coincides with the spreading region of a
30 °C blackbody. The main atmospheric window opens a door for
objects on Earth to dissipate heat to the cold reservoir and offers
opportunities for cooling objects passively without any energy con-
sumption. If an object has a unity solar reflectance to depress so-
lar heating and near-unity thermal emittance over the atmospheric
window to improve heat dissipation, it will be cooler than other
objects without such spectral selectivity (Fig. 1 (a)). Two differ-
ent idealized scenarios with spectrally selective reflectance spec-
trum are shown in Fig. 1 (b). For scenario 1 (ideal emitter 1, black
line), the emittance is unity beyond 4.5 wm and zero otherwise,
while for scenario 2 (ideal emitter 1, red line), the emittance is a
unity just over the atmospheric transparent window. Ideal emit-
ter 2 is perfect for achieving cooling effects substantially below
the ambient temperature, while for ideal emitter 1, the thermal
absorption from the ambient partially offsets the radiative cooling
power obtained by radiating through the highly transparent atmo-
spheric window. Although the spectral profile of the ideal emit-
ter 1 is the final goal for PDRC material, it is difficult to design
and fabricate such photonic structures with feasible methods and
abundant materials. The ideal emitter 1 is a promising milestone
stone to reach the idealized daytime radiative cooling. Therefore,
we design and process a spectrally selective emitter with a simi-
lar reflectance profile as ideal emitter 2 using the MF microparti-
cles. MF is originally employed as a wood adhesive and has large
annual production levels. MF powders can be processed into stiff
solids via a simple bottom-top synthesis by cold hydraulic press-

ing at 5 MPa and subsequently thermal annealing at 170 °C for
1 h (Fig. 1 (c)) to form a cross-linked MF cooling bulk. The orig-
inal small MF microparticles merge into larger microparticles and
form a diffused and non-absorbing white surface in the solar re-
gions due to light scattering by these microparticles (Fig. 1 (d)).
The MF cooling bulk is also strongly emissive, owing to the molec-
ular vibration of its polymer chains (Fig. 1 (d)). It is demonstrated
by the measured reflectance spectrum (magenta curve) of the MF
cooling bulk as shown in Fig. 1 (e) with an overall solar reflectance
of 0.94 and thermal emittance of 0.95. This excellent spectral se-
lectivity ensures its high daytime radiative cooling performance.
The incident angle of sunlight varies according to a different time
of the day and various seasons or locations. This requires that the
PDRC materials have a diffused surface with high solar reflectance
at a high AOI. Moreover, the high thermal emittance of the PDRC
materials for all angles ensures that it can radiate heat to all an-
gles of the sky. Fig. 1 (f) exhibits that the MF cooling bulk pos-
sesses high solar reflectance and thermal emittance even at a large
AOI (60°). This angle-independent optical profile is attributed to
the randomly arranged MF microparticles (Fig. 1 (d)). The rough,
porous surface gives rise to a diffused “white” appearance in the
solar wavelengths and a diffused “black” appearance in the atmo-
spheric window. Moreover, the diffused surface of the MF cooling
bulk reduces the unhealthy visual influence from the specular light
reflections on humans eyes, making it suitable for architectural im-
plementations [35].

The MF cooling bulk with a super white surface (Fig. 2 (a) and
(b)) is engineered by hydraulic pressing the MF microparticles with
an average size of 1 wm in diameter (Fig. 2 (c) and (d)) into a
bulk material at 5 MPa. The hydraulic pressure forms larger par-
ticles with diameters of 2 wm (Fig. 2 (e) and (f)). This transfor-
mation of MF particles from fluffy powders into firm solids gives
the bulk a moderate mechanical strength necessary for thermal
annealing. After being annealed at 170 °C for 1h, the MF parti-
cles merge and cross-link into even larger particles (Fig. 2 (g)-
(j)) and possess increased mechanical strength. The annealed MF
particles have relatively larger average diameters (~ 10 pwm) in
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Fig. 2. The top view (a) and cross section (b) of the fabricated MF cooling bulk with dimensions of 5 cm x 4 cm x 0.5 cm. SEM images of the original MF particles (c),
cold hydraulic pressed MF (e), the top view (g), and the cross-section (i) of the annealed MF cooling bulk. Size distributions of the original MF particles (d), cold hydraulic
pressed MF (f), the top view (h), and the cross-section (j) of the annealed MF cooling bulk. (k) Differential scanning calorimetry (DSC) thermograms of MF particles at a
heating rate of 10 °C/min. Red circles indicate two steps of the MF cross-link reaction. (1) Thermogravimetric analysis (TGA) thermograms for the original MF particles and
the 170 °C annealed MF cooling bulk. Inset is the TGA thermograms of MF particles from 50 °C to 200 °C. Red circles show the two steps of the decomposition of MF bulk.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the cross-section than those of the in-plane particles (~ 5 pwm),
which is explained by the vertical direction of the hydraulic pres-
sure (Fig. 1 (c)). The thermal curing process of the MF is divided
into two steps: from 140 to 160 °C, the cross-linking reaction is
dominated by the reversible demethylolation; When the tempera-
tures goes beyond 160 °C, the reaction of methylol to methylene
bridges dominates [33]. Fig. 2 (k) shows the DSC thermograms of
the ME. The first peak of the exothermal enthalpy circled in red on
the left of Fig. 2 (k) indicates the beginning of the cross-linking.
After approaching the peak, the enthalpy goes down, meaning the
partial completion of the cross-linking reaction. The exothermal
enthalpy increases again (the red circle on the right) and then de-
creases until the cross-linking reaction completes. The DSC ther-
mograms with two exotherms show the two steps of cross-linking
reactions. These two processes are also demonstrated by the TGA
thermograms of the MF particles (the inset of Fig. 2 (i)). There are
two clear weight loss regions (two red circles) in the thermograms
of the MF particles from 150 °C. Fig. 2 (I) shows the TGA thermo-
grams of the MF particles and the annealed MF bulk. The decom-
position temperature of the original MF particles and the annealed
ones both approach 400 °C. The weight loss of the annealed MF
bulk is smaller than that of its particles due to the water vaporiza-
tion and cross-linking reaction when heating the original MF par-
ticles.

The radiative cooling performance of the MF photonic bulk re-
sults from its high solar reflectance and thermal emittance. The so-
lar reflectance arises from its negligible solar absorption and ef-
ficient back-scattering of sunlight. The thermal emittance is at-
tributed to the vibrations of chemical bonds in MF. The scatter-
ing effects of MF particles are visualized in Fig. 3 (a) and (b). A
green laser (532 + 10 nm) travels through the MF particles stuck
on a clear tape, and the illuminated area shows the scattering ef-
fects on the laser beams. The illuminated area of the MF particles
is about 4 times that of the clear tape film and 16 times that of the
original beam point, which illustrates the strong scattering effects
from the MF particles. MF polymer chains consist of melamine

rings terminated with hydroxyl groups as shown in Fig. 3 (c). The
Fourier transform infrared (FTIR) transmission spectra show that
MF exhibits strong absorption bands from 8 - 13 um. The peaks
at 1182 cm~! and 1060 cm~! are attributed to the stretching vi-
brations of C-O bond and ether group vibrations, respectively. The
absorption peak at 992 cm~! corresponds to the CH out-of-plane
deformations, and the absorption peak at 810 cm~! results from
the bending vibration of the triazine ring (Fig. 3 (d)). These molec-
ular vibrations are contributed to the high thermal emittance of
the MF cooling bulk over the atmospheric transparent window.
The sub-ambient cooling performance of the MF cooling bulk
was characterized on the rooftop from 11:00 AM to 1:00 PM on
Oct. 19, 2020 as shown in Fig. 4 (a) and (b). The MF, wood board,
and concrete, all with a thickness of 2 mm, are thermally insulated
inside separate chambers, located in a cooler box. The weather
station records the solar intensity and the temperatures of these
samples are monitored by using K-type thermocouples attached to
the back of samples by the National Instruments data acquisition
systems. Samples are backed-insulated by a 6 mm aerogel blanket
with low thermal conductivity of 23 mW - m~! . K-1. The thick
PVC insulation foam and the cooler walls reduce the parasitic con-
duction from the ambient (Fig. 4 (c)). These chambers are covered
by a 20 pwm thick polyethylene (PE) film, which is transparent to
solar irradiance and thermal infrared radiation, to undermine the
convection from the air, but does not hinder the radiative heat
transfer between the samples, the Sun, and the outer space. The
reflectance of the MF cooling bulk, wood, and concrete are shown
in Fig. 4 (d). Both the solar reflectance and thermal emittance of
the MF bulk are higher than those of the wood and concrete, indi-
cating a better cooling performance of the MF bulk compared with
these two common building materials. The recorded temperatures
of these three samples and their temperatures difference with the
ambient (Tympie - Tambient) are shown in Fig. 4 (e) and (f), respec-
tively. It is shown that both the temperatures of the wood and con-
crete are higher than the ambient under direct sunlight, while the
temperature of MF cooling bulk is below the ambient during the
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temperature difference between the ambient and the MF cooling bulk, the wood, and the concrete, respectively. (g) Infrared thermal camera image showing the temperature

difference between the MF cooling bulk, the wood, and the concrete.

test. The MF cooling bulk maintains a temperature difference that
is 2.5 °C below the ambient air despite being exposed directly to
the sun irradiance. The maximum temperature difference between
the MF cooling bulk and the ambient is 3.6 °C under a solar irra-
diation of 750 W m~2. The temperature of the basswood is only
1 ~ 2 °C higher than that of the ambient, while the tempera-
ture of the concrete is around 14 °C higher. The basswood has a
thermal conductivity of 011 W m~! K~! that is much lower than
that of the concrete (0.79 W m~! K-1). The materials or structures
developed for the passive radiative cooling application follow the
energy balance: Pnet = Pr(Top;) — Ps(Tonj) — Pur(Tair Tobj) — Pa(Tir),
where P, stands for the radiative cooling power of the object. P

is the absorbed solar energy power of the object. Py is the non-
radiative power between the object and the ambient air. P, rep-
resents the incident thermal radiative power from the ambient.
Here, Typ; is the temperature of the top surface of materials or
structures used in radiative cooling materials. Ty; stands for the
ambient temperature. According to Fig. 4 (d), the average ther-
mal emittance of the wood over the transparent window (8 ~
13 wm) is around 0.8, corresponding to an average radiative cool-
ing power (P:(Top;) — Pa(Tyir)) of around 124 W m=2 during the
transient state thermal calculation. The calculated overall solar ab-
sorptance of the wood is 0.75, and the average solar intensity of
the experimental period is around 670 W m~2. Therefore, the av-
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environments. (f) Schematic showing the mechanism of the mechanical strength coming from the hydrogen bonds after thermal annealing. (g) The stress-strain curve of the
annealed MF cooling bulk illustrating its mechanical strength as a potential engineering material for real-world applications.

erage solar heating power is around 165 W m~2. The net heating
power density on the wood surface equals 41 W m~2. Here, we ne-
glect the convection heat transfer between the wood and the am-
bient since we place the PE thin film on top of the chamber as a
convection shield on top of the experimental chamber. The calcu-
lation of the energy balance shows a temperature increase of 5 °C
above the ambient temperature when the top surface of the wood
reaches an equilibrium state. This is larger than that of the mea-
sured value. The heat conduction between the wood and its sur-
roundings eliminates parts of the temperature increase. In the ideal
calculation, these convection and conduction effects are not taken
into consideration. Therefore, the measured temperature increase
is less than that of the calculated one. The environment tempera-
ture sensor is enclosed into a windshield to avoid direct solar ir-
radiation, so the forced convection effect from the wind reduces.
That is the reason the fluctuation of the ambient is much smaller
than that of the wood, concrete, and MF cooling bulk. The tem-
perature of the MF cooling bulk is on average 3.7 °C and 12.0 °C
below the temperature of the wood and concrete samples, respec-
tively, while the maximum temperature differences (Tyood/concrete -
Tur) are 4.9 °C and 14.5 °C, respectively. The surface temperatures
of these three samples are monitored using a thermal camera as
shown in Fig. 4 (g) (measured on Dec. 7, 2020), which also demon-
strates that the surface temperature of the MF cooling bulk is less
than that of the wood and concrete.

The fire-retardancy of building materials is of great importance
to human safety. We test the flammability of MF cooling bulk and
compare it with wood and PS, as the latter two are common build-
ing materials. The combustion process of these three different ma-
terials is recorded after igniting with a blow torch with a flame
temperature of ~ 1430 °C for 3 seconds (Fig. 5 (a)). The wood and
the PS foam are burnt into ashes in 15 seconds while the fame
of the MF cooling bulk extinguishes at the 15th second. This val-
idates that the MF cooling bulk is self-extinguishing and safe for
use as the building exteriors even though it is a polymer material.
The spectral robustness of the PDRC materials is substantial when
exposed to harsh environments such as acid or alkali. We exam-

ine the spectral robustness of the MF cooling bulk by immersing
it in solutions of ph = 1, ph = 13, and DI water for 24h and then
subsequently measuring their spectra. As shown in Fig. 5 (b) and
(c), the overall solar reflectance and thermal emittance of the MF
cooling bulk remain almost identical after these processes, indicat-
ing that it is spectrally robust in harsh circumstances and promis-
ing for outdoor applications. The FTIR transmittance (Fig. 5 (d))
and XRD (Fig. 5 (e)) spectra of MF cooling bulk confirm that the
chemical compositions of MF bulk do not change after elongated
exposure to environmental conditions. The mechanical strength of
the PDRC is also a key parameter to consider for practical imple-
mentations. The MF cooling bulk is also mechanically strong due
to the repeated hydrogen-bond formation of hydroxyl groups after
hydraulic pressing and cross-linking after annealing (Fig. 5 (f) and
(g)), making it very useful for a variety of engineering applications.

4. Conclusions

In summary, we have developed a spectrally robust, cross-
linked MF bulk passive radiative cooling material, fabricated by us-
ing scalable bottom-top method based on hydraulic-pressing and
annealing. Owing to the efficient light-scattering effects of the MF
assembly and the strong molecular vibrations of the MF chains, the
processed MF bulk material demonstrates a superior sub-ambient
cooling effect by simultaneously reflecting sunlight to depress the
solar heating and thermally radiating heat to the cold outer space
through the atmospheric transparent window. We experimentally
and computationally analyze the mechanism for achieving the high
solar reflectance and thermal emittance of the MF photonic cool-
ing bulk. The outdoor experiment demonstrates its excellent sub-
ambient cooling properties compared to the typical structural ma-
terials like wood and concrete. Additionally, this MF bulk shows
a more fire-retardant and self-extinguishing capability than that
of the wood and PS foam, which is critical for buildings and hu-
man safety. Besides, the spectral robustness of the MF bulk af-
ter elongated harsh environmental exposure promises lasting high-
performance cooling in outdoor applications. This scalable, fire-



Y. Tian, X. Liu, J. Li et al.

retardant and spectrally robust bulk cooling material provides a
promising pathway for extensive green-energy building applica-
tions.
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