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Plant Pollen-Derived Radiative Cooling: Eco-Synthetic
Designs with Integrated Air-Gaps

You Jin Kim, Jingyu Deng, Munho Kim,* and Nam-Joon Cho*

To prevent global warming and an excessive energy footprint, sustainable and
innovative solutions are essential. Radiative cooling presents a promising
approach, traditionally relying on additives like TiO,, SiO,, and MgO to
promote cooling but raising environmental concerns. Learning from nature,
an alternative solution utilizing natural pollen grains, processed through a
traditional soap-making technique to produce a natural cooling paper is
proposed. Introducing air-gap structures to improve sunlight reflectivity and
maintain infrared emittance, the approach demonstrates significant cooling
effects—6.6 °C by day and 8.1 °C by night in South Korea—without reliance
on external energy inputs. Eco-synthetic design with integrated air-gaps
technology offers an efficient cooling strategy, but also advances
environmental sustainability by eliminating the need for synthetic additives.
Representing a leap toward eco-friendly cooling, the approach emphasizes the
potential of natural materials in addressing climate change challenges,
aligning with the pursuit of sustainable development without an excessive

energy footprint.

1. Introduction

Today, there’s a pressing need for eco-friendly, sustainably
produced materials with multifunctional capabilities.l'!! Global
warming has led to rising temperatures, increased evaporation,
and shifts in rainfall patterns, particularly impacting urban areas
due to the Urban Heat Island (UHI) effect.?] To combat global
warming,[?l we’ve relied on energy-intensive cooling systems,
contributing to higher energy costs and environmental pollution
through CO, emissions.[**]
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In response, researchers have explored ra-
diative cooling as an innovative solution,!®
which involves emitting heat as infrared
(IR) radiation into outer space, taking
advantage of the Earth’s atmosphere’s
high transmittance in the 8-13 pm wave-
length range.”) This range aligns with
the peak thermal radiation emitted by a
black body according to Planck’s law at
a typical ambient temperature (300 K).[!

For the past decade, researchers have
developed various strategies to increase
the cooling efficiency of radiative coolers
made of various materials, including syn-
thetic polymers (PE,”) PDMS,”] PTFE,1
PVDE,[1!l PMMA,["? PET/®) and PEO!'%),
dielectric materials (Si;N,'*], HfO, and
Si0,),[%] and metals (Cu).'] While these
materials have shown promise in cool-
ing performance, they also come with
their own set of challenges and limi-
tations. For example, synthetic polymers
demonstrate excellent cooling properties but are predom-
inantly derived from non-renewable petroleum sources,
which raises environmental concerns due to their limited
biodegradabilityl'®! and recyclability.l'’] On the other hand,
materials like dielectrics,!%'* and metals!™! offer benefits such
as outstanding durability, electrical insulation properties, and
efficient heat conduction. However, their production requires
substantial energy inputs, contributing to the overall environ-
mental carbon footprint of radiative cooling technologies.*®!

In recent investigations, biomaterial-based radiative cooling
has emerged as a promising approach to address the challenges
discussed earlier.[') Notably, Zhu et al. achieved significant re-
sults with silk as a radiative cooling material, achieving a day-
time cooling effect of —3.5 °C below ambient air temperature and
a nighttime cooling effect of —7 °C below ambient temperature
by incorporating Al,O, nanoparticles into chemically modified
silk.?%1 This modification enhanced reflectivity in the ultraviolet
(UV) region, aligning the nanoparticle diameter with the wave-
length of light to be reflected. Cellulose-based radiative coolers
have also garnered attention in research efforts. Gamage et al.
demonstrated a daytime cooling effect of —4.9 °C below the in-
ner chamber temperature,l?!] while Jaramillo-Fernandez et al.
achieved a daytime cooling effect of —5.5 °C below ambient air
temperature using pure cellulose with a porous structure.*?l To
further enhance cooling efficiency, researchers have introduced
nanoparticles such as SiO,,"””l MgO,[?*l and TiO,**] to optimize
thermal emission and solar reflectance. However, the inclusion
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Figure 1. Schematic illustration of the pollen-based radiative cooler derived from nature. As a naturally abundant source, camellia pollen was used to
fabricate natural pollen papers (NP?) for radiative cooling. Based on this, the natural air-gap pollen paper (NAP?) was formed via a freeze-drying process,
which was a great candidate as a passive radiative cooler by introducing large amounts of nanopores on the surface and air-gaps in the cross-section.

of these nanoparticles raises concerns about potential environ-
mental pollution, compromising the overall environmental sus-
tainability of radiative cooling solutions.[?>2¢ Of particular note,
TiO, nanoparticles have been associated with adverse effects, in-
cluding lung inflammation and tumor formation.?”] This height-
ened toxicity and reactivity are attributed to the small sizes of
nanoparticles, which exhibit an exponentially increased surface-
to-volume ratio.[?%]

Flowers in tropical environments have presented tempera-
ture adaptations in nature via transpiration and solar reflection
to cool the environment.[”) Learning from nature, we were in-
spired by the biophysical characteristics of plant pollen as a
choice of materials, which can help trap radiant heat and con-
tribute to climate change.[**3!l Our strategy marks significant
progress in radiative cooling technology, leveraging the natural
properties of camellia pollen and eliminating the requirement
for synthetic additives. Pollen grains are abundant in naturel®]
and play a vital role in ecosystems,!*)] known for their natu-
ral biodegradability.?4] Utilizing recent pioneering research to
transform rigid raw pollen grains to soft microgels by the tra-
ditional soap-making process,[*?) the microgel building blocks
are the foundation for creating pollen papers through a simple
evaporation technique.*>7 To further enhance the properties of
pollen paper, we have introduced air-gaps within the pollen pa-
per layers using a freeze-dry casting method, effectively boosting
reflectivity.*8] This innovation maximizes cooling efficiency un-
der direct sunlight, spanning both the visible and near-infrared
spectra, which collectively account for over 94% of the total solar
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spectrum energy according to AM 1.5 standards. The alternating
refractive index between air gaps and pollen layers significantly
enhance reflectivity, particularly benefiting daytime cooling ap-
plications.

We have demonstrated the impact of our approach across dif-
ferent climate conditions. In the mid-latitudes of South Korea,
we have achieved a remarkable daytime cooling of ~6.6 °C, with
a further reduction in nighttime temperatures by 8.1 °C. In the
tropical weather of Singapore, where intense sunlight and high
humidity pose challenges that limit daytime cooling, our pollen-
based radiative cooler still delivers a substantial 4.4 °C cooling
effect during the night. Importantly, the unique air-gap struc-
ture with inherent chemical components of pollen allows it to
serve as an efficient and sustainable radiative cooling solution,
addressing eco-friendly footprint, sustainable production, and
multifunctional capabilities for a sustainability goal.

2. Results and Discussion

2.1. Pollen Radiative Cooler Derived from Nature

Inspired by the natural radiative cooling strategy of flower plants
and pollen,231 pollen-derived materials were expected to con-
tribute to the radiative cooling performance, involving their nat-
ural inherent properties, as presented in Figure 1. The natural
air-gap pollen papers (NAP?) were fabricated from the camel-
lia sinensis pollen grains, renewable and naturally abundant
materials.[*! The fabrication process is noninvasive and simple,
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Figure 2. Mechanism analysis of natural air-gap pollen paper (NAP?) as a radiative cooler. a) lllustration of solar reflectance and long-wave infrared
(LWIR) emission on NAP2. b) Cross-sectional FESEM images of NAP?. ¢) Schematic of high reflectance in the vis—NIR range on NAP? through air-gap
and nanopore scattering. d) Schematic of infrared emission by molecular vibration of the cellulose functional groups inside pollen particles.

transforming defatted camellia pollen grains into soft microgel
particles through alkaline treatment as described previously.*!
This process induced de-esterification reactions in camellia
sinensis pollen grains, leading to the emergence of numerous hy-
droxyl and carboxyl groups on the surface of the pollen microgel
particles.[*?! Following this, the existence of inherent nanopores
on the hydrophilic pollen microgel particles’ surface was un-
veiled through field emission scanning electron microscopy (FE-
SEM) images (Figure S1a, Supporting Information). However, af-
ter forming natural pollen papers (NP?) via ambient evaporation
from pollen microgel suspension, the surface pores disappeared,
leading to the tight assembly of pollen particles into densely
structured layers.[3>3¢! Due to the abundance of hydrophilic func-
tional groups on the surface of NP?, the natural pollen papers
readily absorbed water, trapping water molecules within the sur-
face nanopores and the interstitial gaps between the layers of
pollen particles.[’”! After this water absorption, we further per-
formed a freeze-drying process to maintain the nanopores and
air-gaps to form natural air-gap pollen papers (NAP?) (Figure
S1b, Supporting Information). Camellia pollen paper presented
great mechanical properties at ambient relative humidity (RH
60%), with the Young’s modulus of NP? being around 0.54 GPa
and that of NAP? being around 0.42 GPa, which ensured greater
mechanical integrity during freeze-dry casting and stable outdoor
cooling performance in Singapore (Figure S2, Supporting Infor-
mation). Numerous studies have reported on radiative cooler re-
search, focusing on multilayer thin films composed of metallic
films (Au, Al) and dielectric materials (SiO,, HfO,) to achieve
high reflection across the UV, visible, and IR spectra.’l The
construction of multilayered composites traditionally entails re-
peated cycles of material layering, leading to intricate manufac-
turing steps and elevated expenses.[*1*?] In a departure from this
conventional method,!*?] our study harnessed naturally derived
materials, specifically using the inherent properties of pollen pa-
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per to create a novel air-gap architecture via a simple freeze-
drying and casting technique.®) The NAP? presented a lighter
appearance than NP2, which was ascribed to the light scattering
difference of the surface nanopores (Figure 1). The surface cross-
sectional morphologies were detected and presented through FE-
SEM, as shown in Figure 1. Large amounts of nanopores were
observed on the surface of NAP?, and air-gaps in sizes of 3-7 um
were found on the cross-sectional images of NAP?, while the NP?
displayed intact structures on both surface and cross-section.

2.2. Mechanism Analysis of Pollen Radiative Cooler

Incorporating the air-gap structure observed in the cross-section
along with the chemical constituents derived from the intine
layer of pollen in NAP?, this mechanism has been thoroughly
analyzed and explored as a promising approach for radiative cool-
ing, as depicted in Figure 2a. Substantial air-gaps, ranging from 3
to 7 um, were identified between layers of pollen particles in the
cross-sectional views of NAP?, as illustrated in Figure 2b. Con-
currently, the inherent surface nanopores of camellia pollen par-
ticles, characterized by their distinct rough microarchitectures,
were also revealed on the surface of each pollen layer in NAP?,
which contributed to the light scattering.

The unique structure of NAP? significantly enhanced the re-
flection of solar radiation by arranging alternating layers of air
gaps and pollen material. The effectiveness of this arrangement
can be attributed to the stark difference in refractive indices be-
tween pollen and air. Furthermore, the presence of intrinsic sur-
face pores, with dimensions in the hundreds of nanometers,
on NAP? facilitated an elevated reflection of visible light, span-
ning the 400-700 nm wavelength range. The synergy of abun-
dant air-gaps and surface nanopores inherent to each pollen grain
resulted in multiple internal reflections of light within NAP?,
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Figure 3. Optical properties of the pollen radiative cooler. a) Measured transmittance and b) reflectivity of NP? and NAP? using UV-vis spectroscopy
along with AM 1.5 solar spectrum. c) Refractive index (n) and extinction coefficient (k) of NP2, Comparison between measured and simulated reflectivity
of d) NP? and e) NAP?. f) Calculated emittance of NP? and NAP? along with atmospheric transmittance.

thereby significantly enhancing its radiative cooling capabilities,
as detailed in Figure 2c. Additionally, cellulose-derived chemi-
cal structure, a primary constituent of the pollen’s shell, along
with sporopollenin, promotes robust infrared emissions through
molecular vibrations and stretching, while also exhibiting strong
UV light absorption, as depicted in Figure 2d. The distinctive air-
gap configurations combined with the natural chemical makeup
of pollen endow NAP? with exceptional qualities, positioning it
as an advanced radiative cooling solution. This innovation of-
fers considerable promise for sustainable development endeav-
ors aimed at mitigating the global energy consumption crisis.

2.3. Optical Properties and Reflectivity Simulations

The strategic introduction of an air-gap structure into NP2, trans-
forming it into NAP?, is a deliberate alteration designed to im-
prove its radiative cooling efficiency when exposed to direct
sunlight during the day. This modification leads to a signifi-
cant decrease in the material’s transmittance, indicating an en-
hanced capability to reflect sunlight and thereby reduce heat ab-
sorption (Figure 3a), accompanied by an increase in reflectivity
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(Figure 3b). This alteration can be ascribed to the variance in the
refractive indices between pollen paper (x1.5) and air (1), result-
ing in pronounced scattering effects in accordance with Snell’s
law.[*3] The visibility and NIR transmission of NAP? markedly
diminished across the 0.4-0.8 ym and 0.8-2.5 um wavelength
spans, respectively, as a consequence of enhanced reflectance
within these specific wavelength intervals. Incorporating pores
changed the semi-transparent NP? into opaque NAP?, effectively
blocking sunlight from heating the materials beneath the radia-
tive cooler. Notably, the majority of solar energy is concentrated
in the visible and NIR spectrums, as illustrated by the AM 1.5
solar spectrum.[*4]

To explore how the air-gap structure contributes to increased
reflectivity, we conducted finite-difference time-domain (FDTD)
simulations, utilizing the empirically determined refractive in-
dex (n) and extinction coefficient (k) of NP? (Figure 3c). The
schematic of the simulated structure for NAP? is provided in
Figure S3 (Supporting Information), which is modeled after the
cross-sectional FESEM image depicted in Figures 1 and 2. In our
simulations, we specified the thickness of the pollen layer to be 1-
2 pm and that of the air-gap to be 3-7 pm. Reflectivity simulations
with variations in the thickness of pollen layers and air gaps are
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also included in Figure S4 (Supporting Information). Parametric
FDTD results predict maximum solar-band reflectance when the
pollen layer is 1 um thick and the inter-layer air-gap is 7 ym. Ex-
perimentally, only the sample freeze-dried at —196 °C develops
such gaps (Figure S5, Supporting Information) and correspond-
ingly shows the strongest reflectance enhancement (Figure S6,
Supporting Information). It is worth noting that the freeze-dry
casting technique employed not only succeeded in generating
the targeted air-gap configuration but additionally induced the
formation of pores within the pollen layers, averaging 300 nm
in diameter (Figure S7, Supporting Information). In our sim-
ulation model for NAP?, pores measuring 300 nm in diameter
were incorporated. As shown in Figure 3d, the reflectivity of NP?
simulated based on this model closely matched the observed re-
flectivity across the wavelength span of 0.3-1.3 um, according to
the measured values of refractive index (n) and extinction coeffi-
cient (k), highlighting the naturally low reflectivity of NP2. Con-
versely, the simulated reflectivity for NAP? displayed a marked
increase across the same wavelength range. The FDTD domain
(0.3-1.3 pm) matches the wavelength range over which reliable
n and k values were obtained by spectroscopic ellipsometry (J.A.
Woollam M-2000); this window encompasses the vast majority
of AM 1.5 solar energy. The simulation results comparing the re-
flectivity of the air-gap structure, both with and without pores, are
detailed in Figure S8 (Supporting Information). The inclusion of
pores in our simulation model led to a marginal increase in re-
flectivity. These simulation findings allow us to deduce that the
improved reflectivity observed in NAP? can be mainly attributed
to the air-gap structure, which emerges from the alternating re-
fractive indices of pollen and air. Moreover, the incorporation of
pores within the pollen not only augmented this effect but also
amplified reflectivity via Mie scattering.[*! Figure 3f displays the
emittance levels of NP? and NAP? in comparison with the atmo-
spheric transmittance. Given that the Earth’s atmosphere allows
for high transmittance in the atmospheric window (8-13 um),
achieving effective radiative cooling necessitates that the cooler
exhibits high emittance within this specific wavelength range.
The high emittance was primarily attributed to the C—O stretch-
ing vibration in the acetyl group of pollen paper, which corre-
sponds to the FTIR peak at 1216 cm™, positioned within the at-
mospheric window (Figure S9, Supporting Information).*! Al-
though NP? and NAP? share identical molecular composition,
NP? shows a slightly higher emittance. This difference originates
from geometry: the freeze-drying step introduces an air gap into
NAP?, lowering the areal density of IR-active C—O bonds and
adding pollen/air interfaces that partially reflect LWIR photons.
The trade-off is intentional, as introducing air-gaps sacrifices a
few percent of LWIR emittance yet boosts solar-band reflectance,
yielding an overall gain of enhanced cooling performance during
daytime. This strategy enabled the achievement of effective day-
time cooling by preserving the radiative cooling capacity while
also enhancing reflectivity to minimize the absorption of incom-
ing solar radiation.

2.4. Outdoor Cooling Performance
Figure 4a shows the outdoor measurement arrangement used

to assess the radiative cooling effectiveness of NP? and NAP?
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in actual environmental conditions. NP? and NAP? were each
placed in distinct acrylic chambers, both configured in the same
manner. To avoid unintended increases in temperature inside
the chambers, we wrapped them in aluminum foil. The radia-
tive cooling devices were set on polystyrene foam to minimize
convective heat transfer.[*! For insulation purposes, while still
allowing for IR emission, the chambers were topped with NIR-
transparent polyethylene (PE) film. Within the chamber, two ther-
mocouples were installed: one situated between the cooling de-
vice and the polystyrene foam to monitor the temperature of the
cooler, and the other located inside the chamber to measure the
temperature within. A diagram illustrating the setup is provided
in Figure S10 (Supporting Information). The outside ambient air
temperature and relative humidity data were collected from the
weather center with permission.*’*8] We measured the cooling
performance of NP? and NAP? in two different locations in South
Korea (Mid-latitudes 38.173° N, 128.584° E) and Singapore (Trop-
ical 1.343° N, 103.681° E) (Figure 4b). In Figure 4c, we present the
cooling performance measured in South Korea. The graph illus-
trates the temperature profiles of the Inner chamber, NP2, NAP?,
and Ambient air, along with the temperature difference (dT) for
NP? and NAP? compared to the Inner chamber temperature. The
measurements were carried out over a span of 24 h, from 9:30
AM to the following day at 9:30 AM. At the onset of the measure-
ment until around 10:50 AM, the temperature of the Inner cham-
ber closely paralleled that of the ambient air. During this period,
the dT values for NP? and NAP?, compared to the Inner chamber
temperature, were —5.2 and —5.7 °C, respectively. NAP? exhibited
greater cooling during this time due to its heightened sunlight re-
flection capability in comparison to NP2, After 11 AM, as direct
sunlight began to heat up both the chamber and the coolers, the
temperatures of NP2, NAP?, and the Inner chamber exhibited an
upward trend. Around midday, NP?’s cooling effect disappeared
as it absorbed sunlight, while NAP? sustained a cooling of —4 °C,
showing its ability to remain cool under direct sunlight. NAP?
reached its peak cooling performance of —6.6 °C around 2 PM,
attributed to the combined effect of sunlight reflection from the
air-gap structure and pores. After 3:30 PM, with the decline of di-
rect sunlight, the temperatures of NP? and NAP? decreased. Dur-
ing the nighttime measurements, NP? and NAP? recorded dT
values of —8.8 and —8.1 °C, respectively. NP?’s higher emittance
in the atmospheric window contributed to a more pronounced
cooling effect during the night because the absence of sunlight
absorption and lower relative humidity further facilitated cool-
ing (Figure S11, Supporting Information). Solar irradiance data
for the Korean measurement are provided in Figure S12 (Sup-
porting Information). When compared to the Ambient air tem-
perature, NP? demonstrated a cooling effect of —10.4 °C, which
persisted throughout the night until sunrise. This cooling effect
extended to the Inner chamber, resulting in a temperature re-
duction of —4.3 °C compared to the Ambient air at 7:40 AM,
as the cooler lowered the temperature of the Inner chamber. By
presenting the cooling performance measured in South Korea,
we demonstrate the cooler’s ability to efficiently modulate tem-
perature in a sustainable manner. Figure 4d presents the cool-
ing performance measurements conducted in Singapore with the
identical setup and methodology used for the measurement in
South Korea. The data was collected from 5:40 PM to 08:30 AM,
in a nighttime period on a clear sky with minimal cloud cover.
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Locations and weather

South Korea (Mid-latitudes)

Date  :29 Dec 2022
Weather: Sunny
Location: 38.173° N, 128.584° E

Singapore (Tropical)
Date :18 Jul 2024

Weather: Sunny with few clouds
Location: 1.343° N, 103.681° E
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Figure 4. Measurement of the radiative cooling performance of NP? and NAP? in South Korea and Singapore. a) Photographs of the setup used for

cooling performance measurements in Korea and Singapore. b) Details of the test locations, including geographical and meteorological information.
Recorded temperatures of the inner chamber, NP2, NAP?, and the surrounding air, along with the temperature differential between the inner chamber

and both NP? and NAP?, in c) South Korea and d) Singapore.

A 24-h measurement of data can be found in Figure S13 (Sup-
porting Information). The tropical weather in Singapore is chal-
lenging; the fluctuation observed in the daytime plot stems from
variations in temperature caused by clouds, which block solar
exposure.[**! In Singapore, while the assessments revealed that
neither NP2 nor NAP? displayed pronounced daytime cooling ef-
fects under direct sunlight, it’s important to contextualize these
findings within the region’s unique environmental conditions.
Singapore’s tropical climate, characterized by intense solar irradi-
ance and relatively high humidity levels—typically ranging from
70% to 80% during clear weather—presents a challenging sce-
nario for passive cooling technologies. The high humidity con-
tributes to additional atmospheric radiation, which can inhibit
the effective passage of IR emissions through the atmospheric
window. Despite these environmental challenges, the compara-
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tive analysis of the dT plots for NAP? and NP? offers a noteworthy
insight: NAP? demonstrated a superior ability to reflect sunlight
compared to NP2. This observation underscores the potential of
NAP? in enhancing passive cooling strategies, even in demand-
ing climatic conditions. This marked distinction was evident in
the daytime assessments conducted under direct sunlight, where
the temperature of NAP? remained ~6 °C lower than that of NP2,
Such findings highlight NAP?s enhanced capability to reflect
sunlight, contributing to its effectiveness in mitigating tempera-
ture increases during periods of intense solar exposure. This per-
formance attribute of NAP? was further examined in the night-
time cooling evaluations carried out on July 18, 2024 (Figure 4d).
NAP? demonstrated a reduction in temperature of 4.4 °C relative
to the inner chamber and 6.4 °C in comparison to the ambient air
temperature, despite the presence of 60-80% relative humidity
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Figure 5. Benchmarking of cooling performance. Temperature difference of NAP? in comparison to the inner chamber and ambient air, along with
a comparison to previously reported data. The data is categorized into three sections: Natural Biomaterials (i.e., cellulose, silk, wood, etc., without
additives), Composite Biomaterials (i.e., biomaterials added with SiO,, TiO,, carbon black, etc., to enhance reflectivity), and Synthetic Materials (i.e.,

coolers made of synthetic polymers, metals, and semiconducting materials).

(Figure S14, Supporting Information). Additional cooling runs
in Korea and Singapore, demonstrating the reproducibility of the
cooling performance, are shown in Figure S15 (Supporting Infor-
mation). This result underscores the efficacy of our pollen-based
cooling technology in tropical climates after sunset, presenting a
significant contribution to cooling strategies.

2.5. Comparative Assessment of Advanced Radiative Cooling
Materials for Sustainable Cooling Efficiency

Figure 5 presents a comparative assessment of the cooling perfor-
mance among various radiative cooler materials. In this graphi-
cal representation, the horizontal axis (x-axis) delineates the tem-
perature differential, denoted as dT, while the vertical axis (y-
axis) is utilized to classify radiative cooling materials into three
main categories based on their compositional makeup: Natural
Biomaterials, Composite Biomaterials, and Synthetic Materials.
The variation in dT is visually distinguished using color cod-
ing: blue signifies a comparison to Ambient air temperatures,
whereas red illustrates a comparison to temperatures within the
Inner chamber. Furthermore, the specific sites of measurement
are denoted by various symbols for clarity. Within the category
labeled “Natural Biomaterials,” the focus is on materials that are
derived from natural sources—including pollen, cellulose, silk,
and wood—without the incorporation of any synthetic additives,
highlighting their pure and unaltered state. For the Composite
Biomaterials category, the integration of biomaterials with addi-
tives such as SiO, and TiO, was employed to augment reflectivity
and IR emission characteristics. The Synthetic Materials category
encompasses radiative cooling devices fabricated from an array of
synthesized entities, including synthetic polymers, metals, and
semiconductors. The benchmarking figure with reference infor-
mation is provided in Figure S16 (Supporting Information). Ad-
ditionally, Figure S17 (Supporting Information) provides a com-
parison between the cooling performance of our work measured
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in Singapore and previously measured data from another group,
also conducted in Singaporel*!. The establishment of a compar-
ative assessment plot facilitates a straightforward juxtaposition
of our cooling technology’s performance against the forefront of
achievements recently unveiled by various research collectives.
Remarkably, the cooling efficacy of our specimen, as indicated by
a pronounced value, stands out when compared to that of other
Natural Biomaterials, hinting at its enhanced cooling prowess.
Moreover, relative to the performance metrics of both Composite
Biomaterials and Synthetic Materials, the majority of outcomes
reveal diminished cooling capabilities when juxtaposed with our
results. This underscores the import of our accomplishment,
proposing a compelling cooling methodology rooted in natural
biomaterials. Crucially, our strategy distinguishes itself as a vi-
able, sustainable alternative, obviating the need for the incorpo-
ration of exogenous substances like SiO, or TiO, particles. This
accentuates the capability of our radiative cooler to deliver effec-
tive temperature regulation while embracing sustainability and
simplicity.

3. Conclusion

Our work pioneers a sustainable methodology for radiative cool-
ing, leveraging natural materials. Through the innovative use of
camellia pollen, we have showcased a radiative cooler that ex-
hibits exceptional cooling capabilities with air-gap incorporation.
This configuration, featuring alternating refractive indices be-
tween pollen and air, enhances sunlight reflectivity, thereby fa-
cilitating radiative cooling during daylight hours. Outdoor eval-
uation of NAP?’s cooling efficiency in South Korea, under di-
rect sunlight conditions, revealed a peak cooling achievement of
—6.6 °C relative to the internal chamber temperature. The air-
gap structure significantly contributes to improved reflectivity
across the visible and NIR spectrum, capturing the majority of
solar energy influx. Remarkably, the integration of air-gap struc-
tures did not markedly impair the IR emittance of NAP? in the
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atmospheric window, compared to NP2, enabling NAP? to attain
anotable cooling effect of —8.1 °C at night in Korea. Our approach
foregrounds environmental sustainability by intentionally avoid-
ing external additives, thus preserving the eco-friendly integrity
of our innovation. By utilizing natural materials, we achieve
notable cooling efficiency without compromising ecological
overburden.

4. Experimental Section

Defatting of Camellia Bee Pollens: 500 g of camellia bee pollen (Shanxi
GTL Biotech Co., Ltd) was mixed in deionized water (1L, 50 °C) and stirred
for 2 h. The pollen suspension was passed through a nylon mesh (pore
size: 200 um in diameter) to remove sand and contaminants. The remain-
ing pollen grains were collected by vacuum filtration and mixed with ace-
tone (1L, room temperature). The mixture was stirred for 3 h (800 rpm)
with an IKA disperser and vacuum filtered. The obtained pollen particles
were washed 3—4 times with fresh acetone again until the filtrate became
clear. The filtered pollen powders were left in the fume hood overnight
(12 h) to evaporate the acetone fully. Thereafter, the dried pollen powder
was dispersed and stirred in diethyl ether (1L, room temperature) for 2 h.
This process was repeated twice more. The pollen was then mixed with
fresh diethyl ether (1 L, room temperature) and stirred overnight to com-
plete the reactions. Finally, the pollen powder was transferred into a glass
petri dish and left in the fume hood to fully dry and recover the defatted
pollen powder.

Fabrication of NP? and NAP?:  Defatted pollen (20 g) was refluxed with
aqueous 10 wt.% potassium hydroxide (KOH) (200 mL) solution (80 °C,
2 h) with stirring at 800 rpm. The suspension was collected using a nylon
mesh for filtration (pore size: 30 um) and then washed with fresh KOH
solution (10 wt.%) until the filtrate was clear. Following this, the samples
were incubated in fresh KOH solution (10 wt.%) at 80 °C for different in-
cubation periods to undergo de-esterification, as previously reported!(32.
Neutralization of the samples was then carried out with deionized (DI) wa-
ter via the same nylon mesh (pore size: 35 um) until the pH value reached
around 7.5, forming pollen microgel. The resulting pollen microgel sus-
pension was poured into a square Petri dish with lateral dimensions of
14 cm x 14 cm, followed by drying under an ambient environment for 5
days. Then, the NP? was obtained after peeling off from the petri dish. Af-
terward, the NP2 was immersed in DI water for 15 mins to absorb water
and swell completely, and the wet NP? was then frozen at —196 °C for 15
mins, followed by freeze-drying in a lyophilizer (Labcocon) for 48 h. Then,
NAP? was formed after being removed from the lyophilizer.

Characterizations: The morphology and cross-sectional structures
were characterized using a Field-Emission Scanning Electron Microscope
(FESEM) (JSM-7600F Schottky field-emission scanning electron micro-
scope). Samples were sputter-coated (JEOL) for 30 s under 40 kV before
observation. Reflectance and transmittance spectra were tested by a UV—
vis—NIR spectrometer (PerkinElmer Lambda 950) coupled with an inter-
nal integrating sphere (150 mm Spectralon). Fourier Transform infrared
(FTIR) spectra of pollen samples were obtained with the PerkinElmer Spec-
trometer (PerkinElmer, UK) equipped with a diamond cell attenuated to-
tal reflection. Reflectance IR spectra were obtained between 4000 and
600 cm™! by means of 16 scans per measurement. Background spectra
were subtracted from each sample spectrum automatically by the Spec-
trum 10 Software (PerkinElmer, UK). To correct spectra with sloped base-
lines and reduce the amount of noise in the spectrum, a baseline correc-
tion and smoothing process was conducted after sample measurements
using the software. Refractive index (n) and extinction coefficient (k) of
NP2 were obtained by ellipsometry measurement (M-2000 ellipsometer,
J.A. Woollam). During measurement, the NP? was clamped at its coners
with low-residue black Kapton tape to create a flat, specular area within
the beam footprint (Figure S18, Supporting Information). The simulation
of reflectivity for NP? and NAP? was carried out using Lumerical’s finite-
difference-time-domain (FDTD) method, based on the n, k values of NP2,
A plane-wave light source was utilized for normal incident illumination,
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and a perfectly matched layer (PML) was applied to the vertical ends, with
the reflectance monitor positioned at the rear of the light source. The struc-
ture of NAP? was replicated based on the cross-sectional FE-SEM image
of NAP2. The infrared emittance spectra of NP? and NAP? were acquired
by examining the infrared reflectance spectra using Fourier transform in-
frared spectroscopy (FTIR, PerkinElmer Spectrum 3TM) equipped with a
gold integrating sphere (PerkinElmer Mid-IR Integrating sphere, featuring
an 8° incident angle).

Cooling Performance Measurements: The measurements were con-
ducted outdoors in both South Korea (38.173° N, 128.584° E) and Sin-
gapore (1.343° N, 103.681° E). NP2 and NAP? were placed inside acrylic
boxes, with aluminum foil attached to the box surface to reflect sunlight. A
polyethylene film (16 um) covered the top of the acrylic box for sealing. To
minimize heat conduction, NP? and NAP? were positioned on polystyrene
foam, and a 4-channel datalogging thermometer (SDL200, K-type, Extech)
was employed to measure the temperatures of NP2, NAP?, and the inner
chamber. Ambient air temperature, relative humidity, and wind speed data
for the respective locations in Korea and Singapore were obtained from the
Korea Meteorological Administration (Open Weather Data Portal) and the
Meteorological Service Singapore, respectively, with permission.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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