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Enhancing Passive Radiative Cooling Films with Hollow
Yttrium-Oxide Spheres Insights from FDTD Simulation

Jeehoon Yu, Chanil Park, Byeongjin Kim, Sohyeon Sung, Hyun Kim, Jaeho Lee,

Yong Seok Kim,* and Youngjae Yoo*

Passive daytime radiative cooling (PDRC) presents a promising avenue for
efficient thermal management without relying on electrical power. In this
study, the potential of integrating Hollow Yttrium-Oxide Spheres (HYSs)
within a Polydimethylsiloxane (PDMS) matrix to enhance PDRC is
investigated. Through a combination of experimental characterization and
computational analysis, the optical properties and radiative cooling
performance of PDMS films embedded with HYSs are evaluated. These
results demonstrate that HYSs significantly improve both solar reflectivity and
long-wave infrared (LWIR) emissivity of the PDMS matrix. Finite-Difference
Time-Domain (FDTD) simulations confirm the scattering efficiency of HYSs
across various wavelength ranges, highlighting their effectiveness as
additives for enhancing the radiative properties of passive cooling materials.
Experimental validation reveals enhanced reflectivity and emissivity of PDMS
films with embedded HYSs, resulting in superior cooling performance
compared to non-HYS counterparts. Overall, this study underscores the
potential of HYS-infused PDMS films as a promising solution for passive
radiative cooling, with broad applicability in diverse domains requiring
efficient thermal management solutions. Additionally, these research insights
pave the way for establishing an Al database for passive radiative cooling
research, offering new avenues for further exploration and application in this

radiation through the atmospheric window,
allowing heat to escape into outer space.!!
Thus, the thermal equilibrium on Earth is
maintained through the emission of the ab-
sorbed heat through the atmospheric win-
dow, covering wavelengths between 8 and
13 pm.[?] Passive daytime radiative cool-
ing (PDRC) refers to the emission of radia-
tive energy, manifested as electromagnetic
waves, occurring directly under sunlight.’]
Materials designed for PDRC inhibit the
warming of spaces and objects without rely-
ing on electrical power. In contrast to tradi-
tional air-conditioning systems, structures
treated with PDRC materials can achieve in-
terior cooling without electricity.l**! Conse-
quently, PDRC has emerged as a promis-
ing strategy for efficient heat management
in various applications, such as buildings,
where it can reduce cooling costs by reflect-
ing solar radiation; vehicles, where it can
lower internal temperatures and improve
fuel efficiency; and energy storage systems
(ESS), where it aids in maintaining opti-

field.

1. Introduction

The Earth absorbs solar radiation and reaches thermal equi-
librium Dby releasing the absorbed heat as long-wave infrared

mal thermal conditions for improved bat-

tery performance.[67]
The performance of daytime radiative
cooling depends on various factors. A
representative factor is the high emissivity in the long-wave in-
frared (LWIR) range, which facilitates effective thermal radiation
through the atmospheric window. This window is characterized
by nearly ideal total atmospheric transmittance, attributable to
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minimal absorption by atmospheric molecules (H,0, CO,, and
0,) within the 8-13 um wavelength spectrum.¥l According to
KirchhofPs law of thermal radiation, the radiative emission of
a body is equivalent to its absorptive capacity under thermody-
namic equilibrium.®! Consequently, to attain substantial electro-
magnetic emission within the infrared atmospheric window, ma-
terials with strong absorptive properties in the LWIR region must
be used.!!%)

Increased reflectiveness in visible and near-infrared (NIR) re-
gions can suppress the surface heating of objects exposed to
sunlight.''l Considerable research efforts have been dedicated
to the enhancement of LWIR emissivity using metamaterials,
including photonic crystals and dielectric materials. Photonic
structures, especially those made of polar dielectrics, have been
used to enhance thermal emission in the atmospheric window by
leveraging optically active resonances.!"?] Furthermore, to attain
heightened solar reflectivity, a layer of Ag has been introduced
at the base of metamaterial structures.['*} Yao et al. noted that
microspheres coated with resonating polar dielectrics exhibit an
infrared emissivity of 0.93 and deliver a radiative cooling power
of 93 W/m?.' In our pursuit of effective PDRC coatings, we ex-
plored the use of yttrium-oxide (Y,0,;) microspheres randomly
dispersed within a polymer matrix.

Notably, hollow spheres embedded in a polymer matrix
are promising materials for radiative cooling, owing to their
significant solar reflectivity.’**] When exposed to sunlight,
hollow spherical materials undergo non-interfering scattering,
and multiple boundary interfaces enhance the diffusion of
scattered light.'%) For example, porous polymers have been
noted to exhibit improved solar reflectivity and radiative cooling
efficacy even without an Ag coating. This enhancement is at-
tributable to the porous nature of the coating layer, which helps
amplify light scattering.'>17-1°] Recently, the development of
straightforward and scalable coating techniques has emerged
as a critical requirement for the commercial success of PDRC
technologies. Consequently, researchers are actively exploring
eco-friendly and uncomplicated coating methods based on
boundary scattering, e.g., by leveraging hollow spheres and
porous structures.[’’] In this context, materials designed for
passive radiative cooling by exploiting the scattering properties
of hollow spheres offer excellent optical characteristics with
lightweight films that can be efficiently applied to diverse struc-
tures through wet-coating techniques.?*?!l However, previous
studies have not conclusively correlated the surface structure
of hollow microspheres with their effectiveness in radiative
cooling.

In our research, we embedded Hollow Yttrium-Oxide Spheres
(HYSs) within a Polydimethylsiloxane (PDMS) matrix to improve
both solar reflectivity and Long-Wave Infrared (LWIR) emissiv-
ity. Detailed studies were conducted to elucidate the impact of
the surface morphology of these hollow spheres on their per-
formance in radiative cooling. We hypothesized that the diffuse
reflection of light from the rough surfaces of hollow spheres
is more pronounced compared with that associated with their
smooth counterparts. To validate this hypothesis, we minimized
experimentation by employing FDTD simulation for optical anal-
ysis of materials, and analyzed the optical properties in radia-
tive cooling through simulation, thus envisioning the advance-
ment of passive radiative cooling through computer science. Ad-
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ditionally, micrometer-sized hollow spheres with both smooth
and uneven surfaces were fabricated using melamine formalde-
hyde (MF) spheres as disposable templates. The hollow struc-
ture of the HYSs was achieved by adsorbing Y,0; nanoparticles
onto the uneven surfaces of the MF spheres through the Stober
process.[?2] The enhanced solar reflectivity of HYSs was noted
to enhance the daytime cooling performance of polymer matri-
ces in PDRC materials. Outdoor field experiments highlighted
the efficacy of the HYS films as radiative cooling agents for en-
ergy management. These films could reduce the temperature
by an average of 9.8 °C below the ambient temperature, posi-
tioning them as viable alternatives for passive radiative cooling
applications.

2. Results and Discussion

2.1. Preparation of Hollow Y,0; Microspheres

Figure 1 illustrates the synthesis procedure and morphologies
of the HYSs. The Y,0; hollow structure was obtained using
MF spheres as sacrificial templates owing to their uniform
diameter.[?] Moreover, a urea precipitation method was used to
obtain the MF@Y(OH)CO, core/shell microspheres.[?#?] The
SEM image (Figure 1c) shows that the Y(OH)CO; nanoparticles
adsorbed onto the smooth surface of the MF spheres with an
average diameter of ~2 pm (Figure 2a). The morphology of the
Y(OH)CO; shell was influenced by the Y** concentration. Dur-
ing the formation of the core/shell structure, when the Y(NO,),
concentration was 5 mmol g~! (per 1 g MF), the Y(OH)CO, shell
was not dense and exhibited a porous structure (Figure S2, Sup-
porting Information). When 8 mmol g™ of Y(NO;); was used,
a raspberry-like Y(OH)CO, shell was observed, and the rough
surface was expected to facilitate light scattering. The MF core
templates were removed through calcination, yielding the HYSs
(Figure 1d). The TEM images confirmed the achievement of a
well-defined Y, O, hollow structure.

Qualitative analysis was performed to more comprehensively
characterize the Y,0; hollow structure. The FTIR spectra of
the as-prepared MF and MF@Y(OH)CO, microspheres revealed
characteristic bands of MF. The absorption bands at 1540-1345,
1060, 1000, and 811 cm~! were attributable to the vibrations of
amino (—NH,), ether (C—0—C), hydroxyl (—OH), and C—N—C
groups, respectively.?#26] After calcination, the MF absorption
bands disappeared, and an absorption peak associated with Y-O
stretching appeared at 556 cm™!, as observed in the FTIR spec-
trum of the HYSs (Figure 2b).*”] The calcination process re-
moved the MF templates and converted the Y(OH)CO, precur-
sor to crystalline Y,0,. TGA results indicated that the thermal
decomposition of MF initiated above ~400 °C and was nearly
complete at 650 °C. Conversely, the TGA curve of the HYSs indi-
cated only a minor decrease in weight owing to the evaporation of
physically adsorbed water. Therefore, when the MF@Y(OH)CO,
core—shell microspheres were subjected to calcination at 800 °C
for 2 h, the MF templates were effectively removed, yielding well-
defined Y, 0, hollow structures. In addition, XRD results demon-
strated that the calcination process yielded HYSs with high crys-
tallinity. Calcined Y,0; exhibited a strong peak (222) at 20 =
29.2°, indicating the crystallite size, as shown in Figure 2d.128]

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 1. a) Schematic of the preparation of hollow Y,0; microspheres using a scrificial template method. SEM images (middle) and TEM images
(bottom) of the b,e) MF sphere, ¢,f) MF@Y(OH)COj; core/shell sphere, and d,g) hollow Y,0O3 sphere (Scale bar: 1 um).

2.2. Simulating the Optical Properties of HYSs Films Through
Finite-Difference Time-Domain Method

We have engineered a novel PDRC coating, integrating highly re-
flective hollow yttrium oxide spheres (HYSs) into a PDMS (Poly-
dimethylsiloxane) matrix. Our initial conjecture, drawn from ob-
servations depicted in Figure S3b (Supporting Information), hy-
pothesized that the porous structure of HYSs could significantly
enhance the reflection of light. To validate this hypothesis and
explore the potential implications for our passive radiative cool-
ing system, we conducted an exhaustive analysis. Utilizing finite-
difference time-domain simulations, we systematically investi-
gated three distinct models of HYSs: HYSs with a diameter of
2 pm, solid yttrium oxide spheres, and pre-assembled nano yt-
trium oxide spheres with a diameter of 200 nm, as delineated in
Figure 3d.

Our FDTD simulation results, depicted in Figure 3a—c, eluci-
date that HYSs exhibited notable scattering efficiency within the
spectral range of 1.2-2.8 pm, spanning the entirety of the visible
and near-infrared spectrum. This is in contrast to the solid
yttrium oxide spheres, which demonstrated lower scattering
efficiency due to the lack of internal boundaries, particularly
at shorter wavelengths. Notably, the presence of well-defined

Macromol. Rapid Commun. 2025, 46, 2400770 2400770 (3 of 8)

sine curves indicates the efficient realization of backscattering
phenomena by these spheres. Conversely, solid yttrium oxide
spheres demonstrated suboptimal scattering efficiency within
the spectral range of 0-0.2, particularly in the ultraviolet and
shorter visible wavelength regions. Pre-assembled nano yttrium
oxide spheres exhibited promising scattering efficiency primarily
within the wavelength range of 0-0.5 um, with minimal efficacy
observed elsewhere across the spectrum. These findings under-
score the potential of HYSs as effective additives for enhancing
the radiative properties of passive cooling materials. Further-
more, as shown in Figure 3e, the PDMS matrix induced radiation
owing to the impedance mismatch caused by the sudden change
in the refractive index within the atmospheric window region
(8-13 pm), demonstrating the suitability of PDMS as an excellent
polymer matrix for PDRC. This phenomenon not only under-
scores the intrinsic compatibility of PDMS with radiative cooling
strategies but also accentuates its potential for diverse applica-
tions demanding precise thermal management. By effectively
inducing radiation within this spectral range, PDMS emerges
as a versatile and robust polymer matrix, with applications
ranging from passive cooling systems to optoelectronic devices.
In optoelectronic devices, PDMS is used for LED packaging to
manage heat without compromising optical performance, in

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.mrc-journal.de

ADVANCED
SCIENCE NEWS

{M}glgc%br

Rapid Communications

www.advancedsciencenews.com

a
A15 LA LI AN
§ | Average diameter = 1.98 um |
T
3
e 10 E
2
Q L J
3
(2]}
c
0 -
-
[=
) NPT D S GUTTTH BT
0.1 1 10 100
Diameter (um)
C q0f— T T — T T~ 1 T~ T T ]
80 -
§ -
- 60 —
L
= |
é 40 + s
| —wF
20 - ——MF@Y(OH)CO, corelshell
L Hollow Y,0,
ob— v o1y )
0 100 200 300 400 500 600

Temperature (C°)

www.mrc-journal.de

b
— T 1T T T T T T T 1
=
t =
] g5
13 e
c
£ T
= &
£ ﬁ\\
]
c
E —— MF spheres @
= —— MF@Y(OH)CO, core/shell ki
——Hollow Y,0, spheres
| PR I R R MR B
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
d T T T T T T T T T T T T
—Y,0,
——Precursor
[y
3
©
-
>
=
(72}
c
[]
i
=L
1 P | N 1 | T

10 20 30 40 50 70

20 (degree)

60 80

Figure 2. a) DLS size distribution and average diameter of the MF microspheres. b) FTIR spectra and c) TGA results of the MF microspheres,
MF@Y (OH)CO; core/shell spheres, and HYSs. d) XRD patterns of the Y(OH)CO; precursor and HYSs.

flexible displays to provide transparency and thermal stability,
and in optical sensors as a protective layer that ensures signal
transmission and environmental resistance.[?’]

To further investigate the synergy between the filler and the
matrix, we applied each yttrium oxide filler into the PDMS matrix
and conducted experiments as shown in Figure 3f. The modeling
setup was as follows:

Light source: 0.2-2.5 um wavelength

Source type: Planewave

We simulated the reflectivity across the UV-vis—NIR spectrum
by constructing a unit of the passive radiative cooling material.
As illustrated in Figure 3g, the hollow yttrium oxide spheres,
due to their assembly from nano-sized particles, exhibited supe-
rior reflectivity compared to solid yttrium oxide spheres in the
0-0.5 ym range. Moreover, they demonstrated a uniquely high re-
flectivity in the 0.5-1 pm range, which is likely attributed to their
hollow particle structure. Across other spectral ranges, they also
showed the most consistent reflectivity, indicating the potential
of this passive radiative cooling material to reflect solar energy
effectively, especially in the UV region, which is a critical heating
point. The material also maintains good reflectivity across other
spectral regions, further proving its viability as a passive radiative
cooling solution.

2.3. Optical Properties of HYS Films

Utilizing Finite-Difference Time-Domain (FDTD) simulations,
the optical characteristics of the HYS film were validated. To elu-

Macromol. Rapid Commun. 2025, 46,2400770 2400770 (4 of 8)

cidate how these simulated optical features manifest in practi-
cal scenarios, films incorporating well-dispersed HYSs within
PDMS were meticulously fabricated and subjected to com-
prehensive optical measurements, as delineated in the cross-
sectional views of Figure 4a—c. As delineated in Figure 4d,
the HYS-infused film demonstrates significantly augmented re-
flectance in contrast to its pristine PDMS counterpart, with re-
flectance escalating commensurately with filler content. This pro-
nounced enhancement underscores the efficient light scatter-
ing facilitated by the porous architecture inherent to HYSs. Fur-
thermore, a thorough investigation into the emissivity of the
HYS film across the visible and infrared spectra (wavelength
range: 0.4-16 pm) was conducted. Emissivity, regarded equiv-
alently to absorptivity as per Kirchhoff’s radiation law (¢ = 1-
reflectivity—transmissivity),/®) was meticulously scrutinized. No-
tably, the HYS film exhibited a discernibly elevated emissiv-
ity in the long-wave infrared (LWIR) region, surpassing that
of the pristine PDMS film (Figure 4e). This augmentation un-
derscores the potential utility of HYS-infused materials in ap-
plications necessitating efficient thermal radiation modulation,
such as thermal management systems and infrared shielding
technologies.

2.4. Radiative Cooling Performance of HYS Films
The effectiveness of the HYS films in radiative cooling was as-

sessed through outdoor experiments. The test setup was opti-
mized to reduce non-radiative heat transfer, such as conduction

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 3. FDTD-simulated scattering efficiency of a) the hollow Y, 05 spheres, b) the solid Y, O3 spheres and c) the nano Y,03 spheres. d) Schematic of
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and nano Y,0; spheres.

and convection, influenced by environmental elements such as
wind and solar radiation. To prevent heat conduction from nearby
roof structures, PDRC films with a thickness of 2 mm were
placed on polystyrene (PS) foam blocks coated with an aluminum
reflective layer (Figure 5b). The top of the PS enclosures was cov-
ered with an LDPE film to simplify the heat exchange dynamics
against wind and weather changes. The wind-breaking feature
of the LDPE film was crucial for analyzing the radiative transfer
between the sample and ambient air.

Temperature variations near the samples within the experi-
mental setup were continuously monitored using thermocou-
ples attached to the underside of the PDRC films. Figure 5¢,d
shows the cooling performance of the HYS films and transpar-

Macromol. Rapid Commun. 2025, 46, 2400770 2400770 (5 of 8)

ent PDMS films in outdoor settings in Daejeon, South Korea
(latitude 36.39° N, longitude 127.36° E). The HYS films exhib-
ited a pronounced cooling impact, validating our optical design
approach (Figure 5a). Further examination of daytime temper-
ature differentials between the samples and the environment
showed that the HYS films maintained an average temperature
~8.3 °C lower than the PDMS films without HYS. This result
highlights the superior solar reflectivity of the HYSs and veri-
fies their applicability as an efficient filler for PDRC. Addition-
ally, the HYS films could reduce the temperature by an aver-
age of 9.8 °C below the ambient temperature during the day,
underscoring their effectiveness as materials suitable for PDRC
applications.

© 2024 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH
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3. Conclusion

This study delves into the exploration of Hollow Yttrium-
Oxide Spheres (HYSs) integrated within a Polydimethylsiloxane
(PDMS) matrix to enhance Passive Daytime Radiative Cooling
(PDRC). Through a fusion of experimental and computational
analyses, we investigated the optical characteristics and radia-
tive cooling efficacy of PDMS films embedded with HYSs. Our
findings present compelling evidence that the incorporation of
HYSs within the PDMS matrix markedly improves both solar
reflectivity and Long-Wave Infrared (LWIR) emissivity. Leverag-
ing Finite-Difference Time-Domain (FDTD) simulations, we vali-
dated the scattering efficiency of HYSs across diverse wavelength
ranges, underscoring their potential as effective enhancers of
the radiative properties of materials employed in passive cool-
ing systems. Experimental validations corroborated the height-
ened reflectivity and emissivity of PDMS films augmented with
HYSs, affirming the effectiveness of our optical design strat-
egy. Furthermore, outdoor thermal measurements unveiled that
HYS-infused films exhibit an average temperature differential
~8.3 °C lower than non-HYS counterparts, thus showcasing su-
perior cooling performance. In conclusion, our study elucidates
the promising prospect of HYS-infused PDMS films as a solu-
tion for passive radiative cooling, with wide-ranging applicabil-
ity across diverse domains necessitating efficient thermal man-
agement solutions. These research insights, facilitated by simu-
lations, lay the groundwork for establishing an Al database for
passive radiative cooling research, signaling prospective avenues
for further exploration and application in this domain.

4. Experimental Section

Materials:  Formaldehyde solution (37% in H,0), melamine
(C3HgNg), sodium hydroxide (NaOH), formic acid (HCOOH, > 98%),
yttrium(l11) nitrate hexahydrate (Y(NOs)3;-6H,0), and urea (99-100%)
were purchased from Sigma-Aldrich Co. (Korea) and used without
further purification. PDMS (Sylgard 184) was purchased from Sewang
Hightech (Seoul, Korea). Distilled deionized (DDI) water was used for all
experiments.

Synthesis of Hollow Y,03; Microspheres: MF core templates were
synthesized by the polycondensation of melamine and formaldehyde
molecules.[?324] MF@Y (OH)CO; core/shell microspheres were prepared
through urea precipitation, involving the following steps. The MF solu-
tion (2 w/v%) was sonicated for 1 min and stirred at 200 rpm to obtain
a milky suspension. Next, 0.89 mmol urea and Y(NO3); (8 mmol g~ for
1 g MF) were dissolved in the MF solution and stirred at 90 °C for 3 h. The
core/shell spheres were separated from the suspension by centrifugation
and washed several times with distilled water and ethanol. The white prod-
uct was dried at 60 °C overnight and then calcined in air at 800 °C for 2 h.

Characterization: The microsphere morphology was analyzed through
scanning electron microscopy (SEM, Mira 3LMU FEG, Tescan) at an accel-
erating voltage of 10 kV. The hollow structure of the microspheres was ob-
served through transmission electron microscopy (TEM, FEI Talos F200X,
Thermo Fisher Scientific). The surface morphologies of the microspheres
were analyzed through atomic force microscopy (Nanoscope, Bruker). The
size distribution of the MF spheres was determined through dynamic light
scattering (Litesizer 500, Anton Paar). Fourier-transform infrared (FTIR)
transmittance spectra of the microspheres were obtained using an FTIR
instrument (Alpha-P, Bruker) operating in the attenuated total reflection
mode. Thermal decomposition was observed through thermogravimetric
analysis (TGA, TGA Q5000, TA Instrument) conducted in a nitrogen gas
atmosphere at 20 °C min~". Yttrium oxide was characterized through X-ray
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diffractometry (XRD, Rigaku Ultima 1V). The reflectance of the PDRC sam-
ples was measured in the wavelength range of 300-2500 nm, using a UV—
Vis—NIR spectrometer (Cary 5000, Agilent Technologies) equipped with
an integrating sphere (DRA-2500, Agilent Technologies). The reflectance
and transmittance of the PDRC samples over the wavenumber range of
5000-400 cm~" were determined using an FTIR spectrometer (Vertex 80v,
Bruker) equipped with an integrating sphere (MCT, PIKE Technologies).
Spectral emissivity values were determined using Kirchhoff's radiation
law.[9:25]

Outdoor Thermal Measurements:  Outdoor tests were conducted using
a styrene foam box coated with aluminum Mylar tape to prevent radiation
from surrounding the building. The top side of the styrene box was cov-
ered with an infrared transparent low-density polyethylene (LDPE) film to
reduce convection (Figure S6, Supporting Information).[27:3%] PDRC sam-
ples were placed on the styrene foam stage, and K-type thermocouples
were attached to the bottom of the samples. Temperature changes were
recorded using a multichannel data logger (PCE-T 1200, PCE Instruments
UK Ltd.). The ambient temperature around the PDRC samples was mea-
sured. Solar irradiance was recorded using a pyranometer (Apogee Instru-
ments, SP-510 solar system, and AT-100 microCache data logger). Out-
door experiments were conducted in Daejeon, South Korea, on November
8,2021.
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