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Passive radiative cooling holds significant potential for efficiently cooling terrestrial objects by simultaneously
reflecting sunlight and radiating heat to the cold outer space. Numerous studies have designed high-performance
radiative cooling structures using polymethyl methacrylate (PMMA) due to its inherent extinction coefficient.
However, obtaining highly favorable spectral characteristics for reflecting sunlight using PMMA, often done
through the fabrication of micro/nanoscale structures, remains a central barrier for widespread application.
Herein, we report a facile, economical, and scalable multistage solvent displacement-based method for fabri-
cating hierarchically gradient porous PMMA metafilms with highly efficient daytime and nighttime passive
radiative cooling performance. Here, the “ouzo effect” works as the driving force for micro/nanopore formation
by solvent displacement, which also controls the size of the pores based on different solution ratios. The PMMA
metafilm features an ultrahigh solar reflectance of 0.99 and superior mid-infrared thermal emittance of 0.97,
which allows for the average and peak subambient temperature drops of 4.6 °C and 8.2 °C, respectively, along
with an average radiative cooling power of 90 W/m? during a 24-h uninterrupted thermal measurement. The
hierarchically gradient micro/nanopore distribution of the PMMA metafilm significantly enhances the solar
reflectance and thermal emittance within the atmospheric transparency window. Moreover, the multistage sol-
vent displacement method is highly versatile and promising for fabricating porous structures, further offering a
cost-efficient, eco-friendly, and sustainable manufacturing path for high-performance radiative cooling
application.

thermal radiation to the cold outer space (3 K) [7] through the atmo-
spheric transparency window between 8 and 13 pum [8-14]. Accord-

1. Introduction

Cooling accounts for ~20% of global electricity consumption, and is
particularly necessary in hot weather and climates, where air condi-
tioning is essential for providing a comfortable and well-conditioned
environment [1,2]. However, the increasing use of compressor-based
cooling systems will substantially increase global energy consumption,
significantly accelerating global warming and climate changes as a re-
sults [3,4]. Therefore, available energy-efficient and eco-friendly cool-
ing technologies are receiving urgent attention in research and industry
for terrestrial infrastructure cooling applications. The passive daytime
radiative cooling (PDRC) strategy is a promising alternative cooling
strategy which can help to slow or reverse global warming, as it achieves
subambient cooling without requiring electricity or refrigerants [5,6].
PDRC applications are mainly enabled by spectrally selective materials,
which simultaneously reflect sunlight (0.3-2.5 pm) and radiate infrared

ingly, high solar reflectance (Rgolar, A ~ 0.3-2.5 pm) and high infrared
thermal emittance (er, A ~ 8-13 pm) are two crucial points for the
design and fabrication of efficient PDRC materials and structures, as
these properties help to maximize output power and minimize input
power under direct sunlight [15-18].

Recently, a variety of energy-efficient PDRC structures and materials
exhibiting high Rolar and high er have been proposed and fabricated,
such as multilayer photonic structures [8,19-22], particle-distributed
structures [23-27], porous structures [28-37], metamaterials [38-41],
biomaterials [11,42] and bio-inspired materials [43-47]. In 2014,
Raman and Fan et al. firstly designed PDRC multilayer structure, seven
alternating dielectric layers of hafnium dioxide (HfO3) and silicon di-
oxide (SiO3) deposited on a silver substrate, which experimentally
achieved a subambient temperature of 4.9 °C and a cooling power of
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40.1 W/m? [8]. Another milestone PDRC structure fabricated by Yang
and Yin et al. was glass-polymer hybrid metamaterial consisting of SiO5
microspheres randomly distributed in the matrix polymethylpentene
using a roll-to-roll method, which was able to reflect 96% of solar
irradiation and processed a high infrared emissivity of 0.93 (A ~ 8-13
pm), thereby achieving a cooling power of 93 W/m? under direct sun-
light [9]. Mandal and Yang et al. experimentally realized ultrawhite
poly(vinylidene fluoride-co-hexafluoropropene) coatings with micro-
and nano-pores using a phase inversion-based method, which exhibited
a solar reflectance of ~0.96 and an infrared emittance of ~0.97,
resulting in a subambient cooling of 6 °C and an average cooling power
of 96 W/m? during midday [48]. Recently, Wang et al. fabricated a hi-
erarchically porous polymethyl methacrylate (PMMA) film with a close-
packed micropore array and abundant random nanopores using a tem-
plate method, which achieved a high solar reflectance of 0.95 and su-
perior infrared thermal emittance of 0.98, and thereby realizing
excellent subambient cooling performance [49]. Tian et al. synthesized
an inorganic hydroxyapatite-based cooling paper with ultrahigh solar
reflectance (0.99) and infrared emittance (0.9), which enabled cooling
up to 5.1 °C below ambient temperature and yielded a cooling power of
104 W/m? under direct sunlight [38]. Nonetheless, achieving an
optimal balance between structural designs and processing costs

Solar reflection
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remains challenging for the majority of reported PDRC structures, which
hinders impactful large-volume PDRC commercial applications. There-
fore, a facile, cost-effective, and highly efficient PDRC approach is
highly desirable for widespread practical radiative cooling applications.

Although the low-cost PMMA is widely used in radiative cooling
because of its inherent extinction coefficient, the practical fabrication of
micro/nanoscale structural characteristics for reflecting sunlight for
practical applications remains a challenge. Here, we demonstrate a
PMMA-based metafilm with hierarchically gradient internal micro/
nanopores driven by a high-efficiency and low-cost multistage solvent
displacement method. The as-obtained ultrawhite PMMA metafilm with
gradient pore distribution (Fig. 1a) exhibits an excellent solar reflec-
tance of 0.99 and noteworthy infrared thermal emittance of 0.97 within
the atmospheric transparency window. This results in a superb PDRC
performance, exemplified by the average and peak subambient tem-
perature drops of 4.6 °C and 8.2 °C, respectively. Additionally, it
maintains an average radiative cooling power of 90 W/m? during day-
time a 24-h uninterrupted thermal measurement, obtained in conditions
where the PMMA metafilm is directly exposed to sunlight and convec-
tive heat transfer without any wind cover. Both experimental data and
theoretical calculation results verify that the hierarchically gradient
micro/nanopore distribution in the PMMA metafilm significantly

Thermal radiation

Hierarchically gradient porous PMMA metafilm

’ PMMA particle | Acetone

PMMA-acetone-ethanol precursor

porous
structure

Ethanol Water

PMMA metafilm

Fig. 1. Schematic illustrating the radiative cooling mechanism of the PMMA metafilm and its fabrication process. (a) Hierarchically gradient porous PMMA metafilm
with high Ryojar and €, enables subambient cooling temperature under direct solar irradiance. (b) Schematic of the multistage solvent displacement-based process,
showing the formation of a hierarchically gradient porous polymer from a solution of PMMA particles, acetone (solvent), ethanol (nonsolvent), and water (non-

solvent, pore-forming medium).
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enhances its solar reflectance and thermal emittance. With these ad-
vantages, the gradient porous PMMA metafilm offers a superior material
candidate for energy-efficient passive radiative cooling. Moreover, the
multistage solvent displacement method is highly promising for fabri-
cating porous radiative cooling structures at scale, which is essential for
achieving widespread global sustainability benefits through high-
volume applications.

2. Material and methods

2.1. Fabrication of PMMA metafilm with hierarchically gradient micro/
nanopores

PMMA, molecular weight of ~120,000 from Sigma-Aldrich was first
dissolved in acetone (Lab Alley), and then had ethanol (Lab Alley) added
to produce a PMMA-acetone-ethanol precursor solution with a 1:2:2
mass ratio. The precursor solution was then drop-cast onto a smooth
surface to achieve the desired thicknesses. Sufficient standing time of the
precursor solution is essential to prevent irregular deformation of the
sample due to the buoyancy of water in the following water immersion
process. For a thickness of 1 mm, a 10 min standing time is used, and this
standing time of precursor solution will increase with the thickness of
the sample. After that, DI water was added to the container and sub-
merged the PMMA sample for 12 hours. Finally, the PMMA sample was
dried at 60 °C overnight.

2.2. Optical characterizations of the cooling structural polymers

The hemispherical spectral reflectance R (1) and transmittance t (A)
of PMMA sample were measured by a spectrophotometer (Jasco V770)
in the ultraviolet, visible and near-infrared (0.3-2.5 pm) wavelength
ranges. R (A) and t© (A) over the mid-infrared (2.5-20 pm) wavelength
ranges were characterized using the FTIR spectrometer (Jasco 6600)
equipped with a gold integrating sphere. The average values were
calculated by six measurements at different sites of the PMMA sample.
According to Kirchhoff’s law, the spectral absorptivity a (1) is equal to
the spectral emissivity € (A) when an object in thermodynamic equilib-
rium; thus, o (A) or € (\) can be calculated as € (A\) = 1-R (A\)-t (A). The
angular reflectance spectra of PMMA sample in the wavelength range of
0.3-18 pm at varying angles of incidence were measured by using
standard wedge blocks of varying angles.

2.3. Theoretical model of the radiative cooling performance

When the PMMA metafilm is given access to a clear sky, its energy
balance can be estimated by considering four heat transfer terms:
absorbed incident solar radiation, absorbed atmospheric thermal radi-
ation, heat transfer based on ambient conduction and convection, and
the radiant output of the PMMA film. Using this model, the net cooling
power P, of the PMMA metafilm can then be described as
[8,10,17,50]:

Pcoul (T) = Prad (T) 7Pa!m(Tamh) - Psolar - Pnon-rad (1)
where T and Ty are the surface temperature of the radiative cooler and
the ambient temperature, respectively. Here, P,q(T) is the radiative
cooling power of the PMMA metafilm, and P,im(Tamp) is the incident
thermal radiation from the ambient absorbed by the structure. Py, is
the incident solar power absorbed by the structural PMMA film,
and Ppop.raq is the non-radiative power due to ambient heat convection
and conduction. Increasing solar reflectance (Rsolar) and infrared ther-
mal emissivity of the cooling structure will enhance the net cooling
power defined in Eq. (1). P;a4q(T) can be determined as follows:

Pua(T) = A / dQcost / " Ay (T, 2)e(2,0) @
0
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where A is the surface area of the radiative cooler. Here, Q2 is the solid
angle, and 0 denotes the angle between the direction of the solid angle

__ 2hc? 1 s
=55 e IS the

spectral radiance of a blackbody. ¢(4, 6) is the directional emissivity of
the surface at wavelength 4 and angle 6.

The portion of the incident thermal radiation from atmosphere
absorbed by radiative cooler Py (Tamb) is given by:

and the normal direction of the surface. Iyg (T, 1)

"0

Puos(Tans) = A / 49050 / Al (T, 1) ) am (4, 0) 3)
0

Here, the emissivity of the atmosphere is eqm(4, 6) =1 — t(A)1/°5 ¢,
where t(1) is the atmospheric transmission coefficient in the zenith di-
rection. Solar irradiation absorbed by the radiative cooler Py,,, can be
calculated by:

Psolar =A / d/lé'(/l. gsolar )IAMI,S (/1) (4)
0

where Invi 5()) is the spectral irradiance intensity of solar irradiation at
AM 1.5. In addition, the non-radiative heat transfer between the radia-
tive cooler and the ambient environment can be determined as follows:

Pron-rad (T, Tamb) = Ahc(Tamb - T) (5)

In Eq. (5), he = heond +heony is @ nonradiative heat coefficient considering

the heat conduction and convection ranging from 0 to 12 W/m?%/K.
The average hemispherical solar reflectance Rgolar is @ function of

wavelengths and incident angles, which is defined as [51,52]:

>oum Ixalz/r (ﬂ) b R(lv G)dﬂ.

Rxalar(l>a) = O3pem (},)d}[’ (6)

"2.5um
S Lt

Where 1 is the wavelength of incident solar radiation over the range of
0.3-2.5 pm. R(4, 6) is the surface’s spectral directional reflectance.

The average hemispherical thermal emittance ¢r within the atmo-
spheric transmittance window is defined by [51]:

1 ra(A) e £(2, 0)dA

ew(4,0) = = s (A)dA @
BB

8um

where Igp(4) is the spectral radiation intensity by a blackbody based on
Planck’s law and er(4, ) is the surface’s spectral directional thermal
emittance over the range of 8-13 pm.

2.4. Thermal measurements of cooling temperature and cooling power
tracking

PMMA metafilms and a wood sheet (control group) were placed in-
side a 100-Quart modified cooler box with a high thermal insulation,
consisting of PS thermal insulation foam with thermal conductivity of
30 mW/m/K covered by a layer of reflective foil. The PMMA thin film
with a diameter of 90 mm and a thickness of 1 mm was placed on a
copper sheet (90 mm in diameter and thermal conductivity, 380 W/m/
K) attached to the Kapton thin-film heater with a diameter of 90 mm in
diameter and a thickness of 200 pm. T-type thermocouples were
adhered the back of the PMMA metafilms to measure their real-time
temperature. All thermocouples were connected to the National In-
struments (NI) PXI-6289 multifunction I/0 module to record tempera-
ture data during the test. The temperature tracking of the PMMA thin
film to the ambient was performed by automatically switching the back-
covered thin film heater on and off, controlled by a NI PXI-2586 relay
module, which was driven by a NI LabVIEW program. The PID control
algorithm controls the Kapton heater to intermittently heat PMMA film
and maintains a temperature difference of less than 0.5 °C between the
PMMA metafilm and ambient air during the experimental period. Here,
the radiative cooling power from the PMMA film was equal to the
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heating power generated by the electric heater. For comparison, the
wood sheet (90 mm in diameter and 1.5 mm in thickness) was also
adhered to the same copper sheet to measure its real-time temperature.
As a control group, the wood sheet was also exposed to the sky while
mounted in the same apparatus to compare the subambient cooling
performances of PMMA metafilm. The outdoor radiative cooling
experiment of PMMA film during both day and night were carried out on
the rooftop of a four-story building at Northeastern University, Boston,
MA, USA, 42.36- N, 71.06> W, May 31 - June 1, 2023).

3. Results and discussion
3.1. Fabrication and characterization of PMMA metafilm

Figure 1billustrates the fabrication process of PMMA metafilm.
Briefly, our multistage solvent displacement-based method for fabri-
cating hierarchically gradient porous polymer begins with the prepa-
ration of a precursor solution of PMMA (polymer), acetone (solvent) and
ethanol (nonsolvent). The precursor solution is then drop-cast onto the
smooth surface to achieve the desired thicknesses. The solution is rested
for dozens of minutes, depending on the area and thickness of the PMMA
film, to prevent irregular deformation of the sample due to the buoyancy
of water in the following water immersion process. The deposited
PMMA-based film gradually generates gradient micro/nanopores within
the cast thin film and finally solidifies during the immersion of DI water.
A freestanding PMMA metafilm is obtained by peeling the film off the
smooth surface. The joint effect of the rapid diffusion of acetone and
ethanol in water and the hydrophobic PMMA separated from the water
causes the gradient porous structure of PMMA metafilm. A 1 mm thick
PMMA metafilm achieves a strong balance between high Rgar, €1r, and
ductility. This thickness is treated as the default state of the PMMA
metafilm in the following sections unless otherwise specified.

When structured by the solvent displacement-based technique, the
PMMA film assembles into a hierarchical gradient porous structure,
consisting of decreasing pore sizes from the bottom layer to the top
layer, as seen in Fig. 2a-c. This structure simultaneously enables high -
Rgolar and e;g when the bottom layer of the PMMA metafilm is faced

.
ji"‘ﬁ *'*1!;‘
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towards the sun directly. Pore-size measurements indicate that the pore
sizes of the bottom layer possess a broad distribution centered at ~1.0
pm (Fig. 2a), which can efficiently scatter the full spectrum of sunlight.
Meanwhile, Rgojar Will be further improved by smaller nanopores with
sizes below 1.0 pm, further enhancing the scattering of shorter and
visible wavelengths (Fig. 2d-f). More SEM images of the cross-section
view of the PMMA metafilm with gradient porous structure at
different magnifications are presented in Supplementary Material
(Fig. S1). Figure 3 demonstrates the hemispherical spectral reflectance
and emissivity of a 1 mm thick PMMA metafilm displayed against the
normalized AM 1.5 spectrum (ASTM G173), and the atmospheric
transparency window. The PMMA metafilm placed backside up (the face
with large pore size) with ~60% porosity exhibits an ultrahigh
normalized solar reflectance Rgolar = 0.99, which can strongly reflect
sunlight regardless of the angle of incidence (0 - 60°) due to randomly
distributed pores in the horizontal direction and gradually decreasing
pore sizes in the vertical direction, thereby minimizing solar heat gain.
Meanwhile, the PMMA metafilm also processes angle-independent and
ultrahigh thermal emittance of 0.97 over the atmospheric transparency
wavelengths (8-13 pm), thus ensuring massive heat loss based on
infrared radiation to the cold outer space through the atmospheric
window. One notable characteristic of the structural PMMA metafilm is
that the hierarchical and gradient nano/micropores significantly de-
creases the mean scattering path and reduce transmission within the
material, which further facilitates the scattering of ultraviolet-visible-
near-infrared (UV-Vis-NIR) sunlight. Furthermore, PMMA-air void
boundaries generate a distinct change in refractive index at the in-
terfaces between the PMMA and air (An = npyma —Nair = 1.49-1 =
0.49), which further contributes to the strong solar scattering.

PMMA is one of the commonly used polymers for passive radiative
cooling due to its negligible extinction coefficient in the solar wave-
length region and multiple extinction peaks from 8 to 13 pm [53], as
shown in Fig. 4a. These two characteristics protect the PMMA film from
heating under direct sunlight and significantly facilitate infrared radi-
ative emission through the atmospheric transparency window, respec-
tively, making the material intrinsically ideal for radiative cooling
applications. Fourier transform infrared (FTIR) transmission spectra

Fig. 2. Surface characterizations of PMMA metafilm. SEM micrographs of PMMA metafilm (a) bottom view, (b) cross-section view, and (c) top view. (d-f) Gradient

decreasing pore distribution along the cross section of PMMA metafilm.
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solar reflectance Ryl and (c) thermal emissivity eig of PMMA metafilm at
different angles of incidence.

show that PMMA exhibits strong emission bands between 8-13 pm, as
seen in Fig. 4b, assigned to the stretching vibrations of C-O-C of the
PMMA, showing that the infrared emission of PMMA naturally falls in
the atmospheric transparency window. With these advanced charac-
teristics good for PDRC application, our structural PMMA metafilm with
ultrahigh Rgojar and er can be able to achieve highly efficient passive
daytime radiative cooling.

3.2. Size and distribution effects of porous structure on the optical
properties of PMMA metafilm

To investigate the effect of adding ethanol (a nonsolvent of PMMA)
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into the precursor solution on the formation of the PMMA metafilm with
micro/nanopores, we further compared the optical characteristics of
PMMA-based films with different ethanol inputs (0g,5g, 10 g, and 15 g,
respectively) during the fabrication process. The precursor solution
before adding ethanol consists of 5 g PMMA and 10 g acetone, as shown
by the optical images in Fig. 5a-d. It is clearly seen that adding ethanol to
the samples (PMMA,sg, PMMA,10g, and PMMA,1sg) provides a distinct
white appearance after water immersion, which is absent from the
sample where ethanol is omitted (PMMAeog), shown in Fig. 5a.
Furthermore, Fig. 5e-h show the SEM images of the bottom layers of
PMMAeog, PMMAesg, PMMA,10g, and PMMA,;sg, respectively. Interest-
ingly, the average pore size of these PMMA samples increases with the
increasing proportion of ethanol in the PMMA-acetone-ethanol precur-
sor solution, but no micro/nanopore formation (glitch-like structure)
was seen in PMMAgg. For this reason, its solar reflectance suffers
greatly, as the absence of pores significantly impedes scattering per-
formance. Meanwhile, Fig. 6 compares their solar reflectance of the four
PMMA films. The PMMA,10g4 presents the highest average solar reflec-
tance Rgolar = 0.99, while PMMA¢s; and PMMA,1s4 drop gradually to
lower average solar reflectance of 0.88 and 0.9, respectively. This is
because their disordered pores are partially covered by excess PMMA for
PMMAsg and their pore sizes are larger (~2 pm average diameter) for
PMMA g, respectively, then suppressing scattering of the full range of
sunlight effectively for PMMAsg and PMMA og. Figure 6b shows that all
PMMA-based films exhibit strong thermal emittance in the atmospheric
transparency window. Similarly, the thermal emissivity of the PMMAesg,
PMMA¢10g, and PMMA; s films rises in the range of mid-IR wavelengths
compared with PMMA., films. This phenomenon can be attributed to
the presence of hierarchically gradient micro/nanopore distributions in
PMMAesg, PMMAc10g, and PMMA.1sg films, which provide smoother
gradient transitions in refractive index across the interface between
PMMA and air in comparison to PMMA,og without a porous structure,
resulting in the reduction in surface reflectance and then enhancing of
thermal emissivity for these three films with ethanol involving in mid-IR
wavelengths.

Figure 7 illustrates the mechanism of micro/nanopores formation in
PMMA metafilm based on the multistage solvent displacement process.
Here, the “ouzo effect” [54-57] works as the driving force for micro/
nanopore formation by solvent displacement. Ouzo is an alcoholic
beverage in Greece. Prior to consumption, it is customary to pour the
clear liquor into a water-filled glass, causing it to swiftly transform into
an opaque, milky-white solution, which results from the spontaneous
aggregation (emulsification) of the water-insoluble solute trans-anethol.
The ouzo effect has been extended to describe a general physical phe-
nomenon that entails the spontaneous creation of metastable colloid
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Fig. 4. Optical properties of PMMA. (a) Spectral refractive index (n) and extinction coefficient (x) of PMMA. The extinction coefficient illustrates the negligible
absorptivity of the material in the solar wavelength range (0.3-2.5 pm) and high emissivity with multiple extinction peaks between 8-13 pm. (b) FTIR transmittance
spectrum of PMMA showing the C-O-C absorption bands within the atmospheric transparent window (8-13 pm).
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Fig. 5. Surface characterizations of PMMA-based films with different ethanol inputs (0 g, 5 g, 10 g, and 15 g, respectively). (a-d) Optical images and (e-h) SEM
micrographs of the bottom layer of PMMAcog, PMMA,5g, PMMAc10g, and PMMA,1sg, respectively.
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dispersions when water (acting as a nonsolvent) is mixed with a water-
miscible solvent containing hydrophobic solutes. In the case of the
PMMA metafilms, hydrophobic PMMA particles are dissolved in an
acetone solvent. The concentration of acetone is then lowered by adding
ethanol into the precursor solution, due to the insolubility of PMMA in
ethanol and mutual dissolution of ethanol and acetone. Finally, the
concentrations of acetone and ethanol both drop dramatically during the
process of water immersion. Local supersaturation of hydrophobic

PMMA molecules leads to spontaneous nucleation in the form of small
structures that grow with time, resulting in the formation of abundant
micro/nanopores in the PMMA metafilm. Here, the ethanol acts as a
buffer during pore formation. Since PMMA particles are slowly soluble
in acetone, it is hard for acetone to escape from the PMMA-acetone
mixture quickly in the water immersion process if without adding
ethanol, making it difficult to form micro/nanopores in PMMA film
under the condition of maintaining the overall film structure without
deformation, which is why PMMA; has no micro/nanopores inside
shown in Fig. 5e. However, the addition of ethanol in advance can
reduce the binding force between PMMA and acetone, helping the
acetone break away from PMMA quickly once immersed in water. Over
time, this facilitates the subsequent pore formation with time in PMMA
metafilm. Thus, ethanol is added to act as a buffer during pore
formation.

The formation of hierarchically gradient micro/nanopores in the
PMMA metafilm is primarily attributed to the adhesion force between
the PMMA metafilm and the supporting substrate. During the initial
stage of PMMA solidification in the water immersion process, the bottom
surface of the PMMA-acetone-ethanol precursor solution establishes
good contact with the supporting substrate and exhibits strong adhesion,
primarily due to PMMA'’s inherent viscosity. Consequently, the bottom
layer of the PMMA metafilm undergoes a stronger external traction force
from the fixed-position substrate, thereby preventing the pores in the


https://en.wikipedia.org/wiki/Solvent

Y. Liu et al.

lower layers driven by the solvent displacement from becoming smaller
or being reduced by the penetration of the surrounding PMMA solution.
However, the impact of the external traction force from the supporting
substrate gradually weakens toward the upper layers of the PMMA
metafilm. As solidification progresses in the PMMA, the pores forming in
the upper layers may not fully develop and could gradually shrink in size
or become filled by the surrounding PMMA solution. Therefore,
throughout the solidification process of PMMA, the diminishing external
traction force from bottom to top contributes to the hierarchically
gradient micro/nanopores in the PMMA metafilm.

To further explore how the hierarchical gradient pores in the PMMA
metafilm impact its solar reflectance, we compare decreasing (back side
up) and increasing (front side up) pore size distributions of PMMA
metafilm, as shown by the schematic diagrams in Fig. 8a,b, respectively.
It is clearly seen that, compared with increasing pore size distribution of
PMMA metafilm (front side up), more large micropores will participate
in the reflection process of sunlight for PMMA metafilm with decreasing
pore size distribution (back side up). But for the increasing pore size
distribution, these disordered nanopores in the upper layers are too
small to effectively scatter such longer wavelengths of solar light, and
the sharply-changed gradient refractive index difference across the top
PMMA-air boundary will cause a certain degree of reversed thermal
reflection, resulting in a decrease in the long-wavelength reflectivity, as
indicated by the red arrow in Fig. 8b. This is corroborated by the
measured solar reflectance spectra in Fig. 8c. The solar reflectance of the
PMMA'’s front side is significantly lower than that of the back side in
longer wavelengths from 1.0 pm to 2.5 pm. Therefore, to achieve better
cooling effect in the following outdoor cooling experiment, the PMMA
metafilm is placed its backside facing the sun, as shown in Fig. 8a.

3.3. Passive radiative cooling performance of PMMA metafilm

The subambient radiative cooling performances of the hierarchically
gradient porous PMMA metafilms were measured using a sample of
diameter of 90 mm and a thickness of 1 mm. Measurements were taken
from 6:00 PM on 31 May to 6:00 PM on 1 June 2023 using a 24-h un-
interrupted thermal measurement on the rooftop of a four-story building
at Northeastern University, Boston, MA. The inset of Fig. 9a schemati-
cally illustrates the structure inside the chamber. Further details about
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the experimental setup can be found in the experimental section. The
temperature of the PMMA metafilm was measured in Chamber 1 with no
input from the Kapton heater below. Simultaneously, the temperature of
an identical PMMA metafilm was recorded in Chamber 2, in which the
back-covered Kapton heater input was controlled by a proportional in-
tegral derivative (PID) control algorithm, maintaining the temperature
of the PMMA metafilm at ambient temperature. This comparison allows
for an accurate assessment of the cooling power during the test. As a
control group, a commonly used balsa wood sheet [31] was chosen in
Chamber 3 to further demonstrate the cooling ability of the PMMA -
metafilm. The solar intensity, wind speed, and relative humidity over
the experiment period was timely monitored by a commercial weather
station, whose recorded data during the experimental period are seen in
Fig. 9b,c. In addition, based on practical applications, no wind shields,
such as infrared-transparent low-density polyethylene film, over the
sample were used to reduce the convective heat transfer from ambient
air. The temperature tracking curve, as seen in Fig. 9d, displays that the
surface temperature of the PMMA metafilm follows the varying ambient
temperature with a deviation of +0.5 °C, demonstrating the reliability
of the real-time measurement systems for the radiative cooling power of
the PMMA metafilm. The temperature difference between the PMMA
metafilm and the dew point during the experimental period is shown in
Fig. S2. The PMMA metafilm has an average subambient temperature
drop of 4.6 °C and an average radiative cooling power of 90 W/m? over a
24-h uninterrupted thermal measurement (Fig. 9e). During daytime, the
PMMA metafilm exhibits a subambient temperature drop peak of 8.2 °C
under a solar intensity of 780 W/m? and an average subambient tem-
perature of 5.1 °C under a mean solar intensity of 833 W/m? from 12:00
PM to 2:00 PM (Fig. 9d). Meanwhile, the high-efficiency cooling effect of
the PMMA metafilm decreases the PMMA film temperature below the
ambient by 3.5° at the nighttime. As a comparison, the average tem-
perature of wood sheet is about 8.0 °C higher than that of PMMA film
during daytime, which also illustrates the excellent cooling capability of
the PMMA thin film. The radiative cooling performance of the PMMA
metafilm is comparable to that reported in previous studies (Supple-
mentary Table S1).

We also examined the stability of the PMMA metafilms for outdoor
application. The PMMA metafilm exhibits remarkable mechanical
robustness, with an ultimate tensile strength of approximately 12.5 MPa

0.8

0.6

0.4

0.2

—— Decreasing pore size distribution

0.0

——— Increasing pore size distribution
Solar spectrum
i (AM 1.5)
0.5 1.0 1.5 20 25

Wavelength (um)

Fig. 8. Spectroscopic response of the gradient PMMA metafilm with different orientations. Schematic diagram showing the scattering mechanism of the PMMA
metafilm with (a) decreasing (back side up) and (b) increasing (front side up) pore size distributions. (c) Solar reflectance of the decreasing and increasing pore size

distributions of PMMA metafilm, respectively.
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PMMA metafilm.

(Fig. S3a). Moreover, a free-standing PMMA metafilm measuring
7 cm X 4.5 cm x 1 mm effortlessly bears a load exceeding 5 kg, indi-
cating its suitability for engineering applications (Fig. S3b). And a test
was conducted to assess the anti-fouling property of the PMMA metafilm
in a simulated environment. Wet garden soil was applied to the PMMA
metafilm, yet it failed to stain the surface. Subsequently, the soil was
effortlessly washed away without causing any pollution, as depicted in
Fig. S4. The washing process was captured using a phone camera, as
illustrated in Supplementary Video S1. Besides, different harsh

environmental tests, such as raindrop impact and UV exposure, did not
cause any significant changes in the optical performance (Figs. S5, S6
and Supplementary Video S2). These tests demonstrate that the PMMA
metafilm exhibits good stability under outdoor conditions, contributing
to the preservation of its cooling performance in real-life applications.
Ambient heat convection can significantly affect the radiative cool-
ing performance in practical applications, which is dependent on the
ambient temperature and wind speed. Here, Fig. 10 presents the theo-
retical cooling power of the PMMA metafilm as a function of the PMMA
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metafilm’s temperature under different convection conditions during
the nighttime and daytime, using the radiative cooling theoretical
model, respectively. For these calculations, the ambient temperature
Tamb is assumed to be 25 °C, and the solar radiation is fixed at 1000 W/
m?. With an increase of the PMMA metafilm temperature, the cooling
power climbs until the temperature of the PMMA metafilm becomes
equal to the ambient temperature, where the value of the non-radiative
heat transfer term becomes zero based on Eq. (1) and (5). Various non-
radiative heat transfer coefficients h of 0, 4, 8, and 12 W/m?%/K are
considered in the cooling power calculation. A maximum net cooling
power of 123.0 W/m? can be achieved during nighttime, while the
cooling power maximum during the daytime is up to 91.8 W/m?. The
daytime maximum is lower than the calculated nighttime cooling
power, due to the impact of the absorbed solar irradiance that neutral-
izes the part of the cooling power that the PMMA metafilm radiates out
to the outer space during the daytime. Therefore, given that the actual
cooling impact can be influenced by a range of factors, including at-
mospheric transmittance, water vapor content, inevitable experimental
inaccuracies, and more, the obtained cooling data from our outdoor test
remain justifiable and gratifying.

4. Conclusion

In conclusion, we have demonstrated and fabricated a hierarchically
gradient porous PMMA metafilm for highly efficient subambient
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radiative cooling based on the multistage solvent displacement method,
which can be easily-fabricated at scale for PDRC applications. The “ouzo
effect” works as the driving force for micro/nanopore formation by
solvent displacement and also controls the size of the pores based on
different solution ratios. The obtained PMMA metafilm exhibits ultra-
high solar reflectance over the broadband solar wavelength region -
owing to the efficient backscattering occurring within its abundant,
gradient micro/nanopores. It also has a high thermal infrared emissivity
during the atmospheric transparency window based on the intrinsic
molecular bond vibrations of PMMA. Both theoretical calculations and
outdoor cooling measurements demonstrate the excellent subambient
cooling performance of PMMA metafilm at the daytime and nighttime,
even without convection shields to reduce ambient convection
heat gain. This structural PMMA metafilm achieves an ultrahigh solar
reflectance of 0.99 and a high mid-infrared emissivity of 0.97. These
factors contribute to an average subambient temperature drop and an
average radiative cooling power of 4.6 °C and 90 W/m?2, respectively,
over a 24-h uninterrupted thermal measurement. During the daytime, a
peak subambient temperature drop of 8.2 °C is achieved under a solar
intensity of 780 W/m?2, along with an average subambient temperature
drop of ~5.1 °C under a mean solar intensity of 833 W m 2 from 12:00
PM to 2:00 PM. Furthermore, the multistage solvent displacement
method used to fabricate this PMMA metafilm offers a viable pathway
for efficiently producing all-day passive subambient radiative cooling
materials and structures, which can contribute to a substantial reduction

b 120 . . .
—— 0 W/m2/K
—4 W/ mZ/K 91.8
(\g 90 - —— 8 Wim?K
= — 12 Wm?/K
=
5 60 -
2
o
o
2 30 _
‘s
o
(@]
0 S
-30

-10 -5 0
Touma~Tams (°C)

-15

Fig. 10. Theoretical calculated net cooling power of PMMA metafilm. Calculated net cooling power during (a) the nighttime and (b) the daytime, respectively. h, is
the combined non-radiative heat transfer coefficient. Values of 0, 4, 8, and 12 for h. are used in the calculations.
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of energy consumption to help alleviate the growing crisis of global
warming.
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