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Bioinspired Hierarchical Radiative-Phase Change Hybrid
Cooling Composite with Record-Breaking Cooling Power

Xinpeng Hu, Bingqing Quan, Zhanjin Shi, Xiangyu Zhao, Gangchen Lu, Yang Ding,

Jiancheng Lai, Jinping Qu,* Yucan Peng,* and Xiang Lu*

Passive daytime radiative cooling (PDRC) offers a sustainable route to
reducing cooling energy consumption and greenhouse gas emissions.
However, conventional PDRC materials exhibit limited cooling power

(<150 W m~2), insufficient for growing cooling demands. While integrating
phase change materials enhances cooling capacity, to balance radiative
cooling, latent heat, and heat transfer performances remains challenging due
to their conflicting requirements. Inspired by the light scattering mechanism
of nacre-pearl systems, hierarchically microstructured radiative-phase change
hybrid cooling (RPHC) composites with a homogeneous morphology are

energy for air conditioning.l’! Therefore,
there is a growing need for energy-efficient
cooling technologies that can reduce both
building energy consumption and green-
house gas emissions.[’] Passive daytime ra-
diative cooling (PDRC), which emits ther-
mal radiation through the atmospheric win-
dow (8-13 pm) to dissipate heat, repre-
sents a promising, eco-friendly solution for
cooling.l*%1 Moreover, PDRC requires no
energy input, offers a diverse selection of

developed via a water pre-removal strategy. The composite combines a
multilayered microfibrillated cellulose (MFC) matrix with core-shell phase
change capsules (PCCs), achieving solar reflectivity of 0.969 and mid-infrared
emissivity of 0.958. Efficient PCC integration provides a high latent heat of
132.1 ) g7'. This nacre-pearl-inspired design enables a record-high PRHC
power of 226 W m~2 and an average temperature reduction of 10.1 °C below
ambient. Applied to building envelopes, the MFC/PCC composite reduces
cooling energy use by up to 4.4%, potentially cutting global CO, emissions by
1.22 billion metric tons annually. Overall, this work provides innovative
energy-saving materials for energy savings and carbon neutrality.

1. Introduction

As global warming intensifies, the frequency and severity of ex-
treme heat waves have increased, posing substantial risks to
both human health and economic stability."! Buildings, which
serve as essential shelter for humans, consume ~15% of primary

materials, is easy to install and shows en-
vironmental friendliness.[1]

Various innovative PDRC material de-
signs, including photonic structures, hybrid
metamaterial films,['!! cooling wood, %]
and structured polymer materials,['*-1]
have been reported to achieve impressive
cooling performance with simultaneou-
sly high reflectivity and emissivity. Strateg-
ies such as dual-transmittance windows, ¢!
and fluorescence emittancel'’l have been
introduced to further boost net cooling
power.['8] However, the practical cooling po-
wer remains limited to below 150 W m2,
despite the advances in optical properties.['! Such cooling capa-
bility is insufficient to satisfy the surging cooling demand. There-
fore, advanced cooling technologies are needed to provide supe-
rior cooling capacities to conventional radiative cooling.

Phase change materials (PCMs) absorb heat during their
phase transitions, typically from solid to liquid states.!?*?!] Their
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Figure 1. RPHC cooling design and its potential for building cooling energy saving. a) Design of bioinspired hierarchical RPHC composites. b) Working
mechanism of RPHC composites. c) Illustration of the advantages of MFC/PCC composites. d) Comparison of MFC/PCC and conventional PDRC

materials.[13-16.22.33]

latent heat absorption associated with these phase changes al-
lows PCMs to remove excess heat during periods when con-
ventional radiative cooling alone cannot satisfy the cooling de-
mand, thus representing a promising approach to complement
PDRC (Text S1, Supporting Information).?>-*] However, opti-
mizing both radiative cooling and phase change performance
simultaneously presents a significant challenge due to their in-
herently conflicting requirements. The conventional method to
combine radiative cooling and PCMs involves coating a radia-
tive cooling layer onto the surface of the phase change layer.[222¢]
However, this approach faces limitations in efficiently transfer-
ring heat from the radiative cooling layer to the phase change
layer, hindering the effectiveness of the phase transition. Con-
sequently, the actual cooling performance of bifunctional phase-
change composite film prepared by Wang et al. (average cool-
ing power is less than 112 W m~?) falls significantly short of the
theoretical ideal value with high reflectivity (0.94) and emissivity
(0.96).1221 An alternative approach is to integrate PCMs directly
into PDRC materials to create a homogeneous composite that
improves heat transfer.[?’! Nevertheless, common PCMs, such
as paraffin wax (PW) and polyethylene glycol (PEG), often pose
leakage risks, and their low reflectivity or emissivity can com-
promise radiative cooling performance (highest cooling power
of 89 W m~2 with latent heat of 88.3 ] g~!, Table S1, Supporting
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Information).?’-3%! Besides, high-performance PDRC materials
are typically porous,[73132 which is critical for enhancing light
scattering and achieving high solar reflectivity. The embedment
of PCMs tends to decrease solar reflectivity due to possible dis-
ruption of the porous structure and the low refractive index con-
trast between PCMs and PDRC materials.l%! While coaxial elec-
trospun fiber could be a good matrix to maintain the porous struc-
ture and keep PCM from leakage, it faces the limitation of low
latent heat (always less than 100 ] g~!) in order to maintain excel-
lent radiative cooling performance.?’”) In summary, these meth-
ods are difficult to simultaneously achieve the requirements of
reflectivity, latent heat, and heat transfer.

Nacre, a naturally occurring biomaterial, is renowned for its
exceptional mechanical properties and sophisticated hierarchi-
cal structure. When pearls are embedded within the nacre, the
surrounding regions remain visually bright — a phenomenon at-
tributed to the synergistic enhancement of light scattering by
both the layered nacre and the core—shell architecture of the
pearls (Figure 1a). This nacre-pearl system exhibits pronounced
counter-scattering effects due to the high refractive index con-
trast between the interface of the nacre-pearl system and the
entrapped air, thereby significantly amplifying optical scatter-
ing efficiency. Inspired by this natural design, we hypothesized
that encapsulating core-shell PCMs within a multilayered matrix
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could simultaneously enhance solar reflectivity and PCM load-
ing, thereby improving the overall cooling performance of PDRC
systems.

Building on this concept, we developed a rapid water pre-
removal strategy to fabricate a hierarchically microstructured
radiative-phase change hybrid cooling (RPHC) composite with
a homogeneous morphology (Figure 1b). This composite inte-
grates a microfibrillated cellulose (MFC) matrix exhibiting self-
assembled multilayered lamellae with well-distributed core—shell
structured phase change capsules (PCCs). The resulting material
achieves a high mid-infrared (MIR) emissivity of 0.958, while its
porous morphology, coupled with the PCCs, contributes to a solar
reflectivity of 0.969. Furthermore, the effective encapsulation of
PCCs within the MFC network imparts a substantial latent heat
capacity of 132.1 ] g7!, enabling efficient thermal energy storage
and release.

As a result of the concurrent realization of high solar reflec-
tivity, high MIR emissivity, elevated PCM loading, and robust
latent heat capacity, the MFC/PCC composite delivers a record-
high passive cooling power density of 226 W m~2 (Figure 1c,d).
This value markedly exceeds those reported for conventional ra-
diative cooling materials (typically <150 W m~2) [13-162233] and
other RPHC composites. Notably, under direct solar irradiation,
the composite can achieve a daytime temperature reduction of
up to 10.1 °C below ambient. Energy modeling further demon-
strates its substantial potential for building energy savings: when
deployed on building roofs and facades across diverse climatic
regions in China, the MFC/PCC composite enables reductions
in cooling energy consumption by as much as 4.4%, offering
both economic benefits and environmental gains through re-
duced greenhouse gas emissions.

2. Results

2.1. Design and Fabrication of the MFC/PCC Composite

The MFC/PCC composite was designed to simultaneously
achieve several key attributes to maximize cooling power, specifi-
cally: i) a nacre-pearl inspired structure with high solar reflectivity
and MIR emissivity, ii) high latent heat to enhance cooling capa-
bility, and iii) cost-effective materials and processing to achieve
homogeneous heat transfer. To meet these objectives, we selected
MEC and PCC as the primary components and developed a wa-
ter pre-removal approach to fabricate the MFC/PCC composite,
as illustrated in Figure 2a. We adopted the pre-filtration method
to remove water to accelerate the drying process and control the
structure of the obtained composite. The MFC was selected as
the primary matrix material due to the multiple functional group
vibrations that contribute to high MIR emissivity (Figure S1, Sup-
porting Information) [133+35] and its intrinsic property to assem-
ble to be a layered structure (Figure 2b). The PCM mimicking
the pearl with the core-shell structure was introduced into the
MFC matrix, providing additional phase change cooling power
while preventing leakage. Specifically, melamine (with a high re-
fractive index of n = 1.81) [/ and PW (with a low refractive index
of n = 1.30) ¥l were used as shell and core materials for the PCC,
respectively (Figures S2 and S3, Supporting Information). Com-
pared to PW alone, the core—shell PCC exhibits enhanced scatter-
ing efficiency in the solar spectrum, attributed to the enhanced
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scattering caused by the core—shell structure and impedance
mismatches,®* as demonstrated by Finite-Difference Time-
Domain (FDTD) simulations (Figure S4, Supporting Informa-
tion). This structure leads to enhanced sunlight scattering and
a significant increase in reflected light. Additionally, the core—
shell PCC shows a scattering spectrum closely aligned with the
trend of the solar AM1.5 spectrum, indicating efficient scattering
across a wide range of wavelengths.['*38] Overall, the composi-
tion and structure of the PCCs enhance light scattering, thereby
improving reflectivity. Notably, the shell thickness does not sig-
nificantly affect scattering efficiency, highlighting the versatility
of PCC preparation (Figure S5, Supporting Information).

The simple combination of MFC and PCC does not yield op-
timal optical properties. To achieve the desired performance, it
is essential to regulate the composite structure, which was ac-
complished by adjusting the water content in samples before
the freeze-drying process. By controlling the water filtration ratio
while integrating PCCs with MFC, MFC/PCC composites with
varied porous structures can be fabricated. The MFC/PCC com-
posite, vacuum-filtrated to a dry state, is referred to as MFC/PCC-
dry, while the MFC vacuum-filtrated to a dry state is termed MFC-
dry. The remaining samples underwent both vacuum filtration
and vacuum drying. During the vacuum filtration process, the
proportion of water removed from the original water is called
the water filtration ratio (20-90 wt.%). The corresponding result-
ing samples were designated as MFC/PCC-20 to MFC/PCC-90,
respectively.

2.2. Optical Property and Phase Change Performance

When directly vacuum-filtrated to be dry, the MFC-dry forms
a multilayered structure naturally after the vacuum filtration
process owing to the intrinsic self-assembly behavior of MFC
(Figure 2b). The MFC/PCC-dry exhibits a dense microstructure
due to the crowding of MFC and PCCs, which limits the pore
formation and causes the loss of spherical shape in the PCCs
(Figure S6, Supporting Information). This structural disruption
hinders light scattering, leading to a limited solar reflectivity of
0.478 (Text S2 and Figure S7, Supporting Information). In con-
trast, when 90% of water is removed by vacuum filtration before
freeze-drying, MFC/PCC-90 shows markedly enhanced reflectiv-
ity (0.851) by promoting the formation of a porous structure and
preserving the spherical morphology of PCCs within the MFC
matrix (Figures S7 and S8, Supporting Information). At this wa-
ter content, MFC self-assembles into a nacre-like structure to sur-
round the PCC (Figure 2c¢,d). Solar reflectivity initially improves
as the removed water ratio decreases (from full drying to 60%
removal), but further reductions (from 60% to 20%) result in a
decline in reflectivity. The MFC/PCC-60 owns the most homoge-
neous morphology with a bioinspired microstructure (Figures S9
and S10, Supporting Information). Higher magnification images
reveal a nacre-pearl-like arrangement, in which spherical PCCs
act as “pearls” embedded in a nacre-like MFC matrix (Figure 2c).
The PCCs retain their spherical shape, which is important for
effective light scattering. These nacre-pear]l domains are located
within larger pores, creating a distinct hierarchical microstruc-
ture, which explains the high solar reflectivity. Besides, the pore
size distribution of MFC/PCC-60 peaks at 174 nm (Figure 2e),
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Figure 2. Optical and phase change properties of MFC/PCC composite. a) Fabrication illustration of MFC/PCC with water pre-removal freeze-drying.
b) SEM image of MFC-dry. ¢)SEM image of MFC/PCC-60. d) Illustration of the fabrication difference between MFC-dry and MFC/PCC-60. e) The pore
structure characterizations of MFC/PCC composite with varying water filtration ratio. f) The reflectivity and emissivity of MFC-60 and MFC/PCC-60.
g) Mechanical performances of MFC/PCC with varying PCC weight ratios. h) The typical DSC curve and phase change parameters of MFC/PCC-60 with
a heating and cooling rate of 1°C min~'. i) Comparison of MFC/PCC-60 with RPHC materials in the literature.

with the pore distribution aligning better with the AM1.5 solar
spectrum, further enhancing scattering efficiency and reflectiv-
ity. However, when the water filtration ratio is further reduced to
40 wt.%, the peak pore size increases to 1.26 um. A further reduc-
tion to 20 wt.% introduces non-uniform pore distribution, with a
significant presence of pores exceeding 10 pm, likely due to struc-
tural defects,!*!] as evidenced by the morphology of MFC/PCC-20
(Figure S9, Supporting Information). Optimally, the MFC/PCC-
60 composite maintains a hierarchical porous structure and best
preserves the spherical morphology for PCCs, yielding an excep-
tionally high reflectivity of 0.969.

The microstructural adjustments have a negligible impact
on MIR emissivity (Figure S7, Supporting Information), with
all MFC/PCC composite samples exhibiting high emissivity
in the 8-13 um atmospheric window. The emissivity values
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of MFC/PCC-20/30/40/50/60,70/80/90 and MFC/PCC-dry are
0.962, 0.955, 0.953, 0953, 0.958, 0.964, 0.973, 0.963, and 0.971,
respectively. Overall, all the MFC/PCC samples achieved suffi-
ciently high emissivity values.

We evaluated the effect of thickness on the reflectivity and
emissivity of the MFC/PCC composite. Characterization of sam-
ples with varying thicknesses (100/400/800/1000 um) revealed
that the optimal reflectivity and emissivity for MFC/PCC appear
at a thickness of 1000 um, while further increasing the thickness
from 800 to 1000 um does not improve reflectivity and emis-
sivity significantly (Figure S11, Supporting Information). Over-
all, both the introduction of PCCs and the adjustment of wa-
ter content to construct a porous composite are effective strate-
gies for optimizing optical performance especially the reflectiv-
ity (Figure 2f), as the incorporation of PCCs and hierarchical
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nacre-pearl inspired microstructure markedly increases the scat-
tering interface. The MFC/PCC achieved both remarkable reflec-
tivity and emissivity for radiative cooling, among the best per-
formance compared with other PDRC materials reported in the
literature (Figure 2i; Tables S1 and S2, Supporting Information).
Besides, the MFC/PCC composites exhibit notable mechanical
enhancement with increasing PCC content. As the PCC loading
increases from 60 to 70 wt.%, the tensile strength and elongation
at break improve by 131.3% and 95.6%, respectively. Further in-
creasing the PCC content from 70 to 80 wt.% results in additional
improvements of 31.4% and 41.5%, respectively (Figure 2g). A
significant performance trade-off exists between the PCC con-
tent and mechanical performance: when the PCC content is more
than or equal to 80 wt.%, insufficient skeletal support leads to
a significant decline in mechanical properties; when the PCC
content is less than or equal to 60%, the latent heat is relatively
small, which makes the phase change cooling performance in-
significant. Based on this conflicting balance, this study ulti-
mately determined 70 wt.% PCC (PCC/MFC = 7:3) as the op-
timal ratio. With such PCC content, the MFC/PCC-60 composite
(with 70 wt.% PCCs) demonstrates substantial flexibility, it can
be bent and twisted into various shapes (Figure S12, Supporting
Information).

Given the significant influence of density and latent heat on
the phase change cooling power (Ppcc), both the latent heat
and density were measured. The differential scanning calorime-
try (DSC) curve reveals that PCC has a high melting en-
thalpy of 201.7 ] g7! (Figure S13, Supporting Information). The
MFC/PCC-60 composite still has a high latent heat of 132.1] g™
(Figure 2h), which is a significantly high value in homogeneous
RPHC composites (Table S1, Supporting Information), due to the
high content (70.0%) of PCCs. The high latent heat endows the
MFC/PCC-60 with excellent phase change cooling performance.

When the MFC/PCC-60 composite was put on a heating stage
at ~60 °C (Figure S14, Supporting Information), the MFC/PCC-
60 composite exhibited a gentle temperature rise (38—42 °C) dur-
ing heating, while MFC-60 showed no obvious decay in the whole
process. The maximum temperature difference between MFC-
60 and MFC/PCC-60 could reach more than 10.0 °C at 54 s. The
gradual rise of MFC/PCC-60 corresponds to the phase change
process of absorbing heat, which reveals its great potential to im-
prove cooling power based on traditional radiative cooling meth-
ods. In addition, due to the excellent encapsulation integrity of
the microcapsules, the latent heat of MFC/PCC-60 decreased
only slightly after 200 solid-liquid phase change cycles, demon-
strating excellent long-term cycling stability (Figure S15, Sup-
porting Information). These results highlight the effective ther-
mal management capabilities of the MFC/PCC composite, vali-
dating its potential for advanced cooling applications.

2.3. Cooling Performance Assessment of MFC/PCC Composite

The remarkable optical and phase change properties of
MEC/PCC-60 equip itself with the great potential to achieve
hybrid subambient cooling. We conducted continuous cooling
measurements from 7:00 on July 12th to 7:00 on July 13th, 2023,
under clear sky conditions in Wuhan, which is in the central
part of China and is a typical city with a subtropical monsoon

Adv. Mater. 2025, e10988

€10988 (5 of 10)

www.advmat.de

climate type. To minimize conductive heat transfer, the samples
were insulated with polystyrene (PS) foam, which was then
covered with reflective foil to reduce solar absorption and further
shielded with polyethylene (PE) film to reduce heat convection
(Figure 3a). Temperature variations were monitored using ther-
mocouples attached to the underside of each sample, along with
concurrent measurements of ambient air temperature and solar
irradiance (Figure 3b).

The results highlight the advantages of incorporating PCCs
and utilizing a hierarchical structure in MFC/PCC composite for
enhancing cooling performance. Across all samples, temperature
increases were slow when solar irradiance was below 200 W m~2.
Afterward, as solar irradiance intensified, both ambient and sam-
ple temperatures rose rapidly. Although there is a significant dif-
ference in solar reflectivity between MFC/PCC-dry and MFC-60,
their temperature rise curves during the morning heating phase
(08:00—-09:00) are highly similar. This is because the PCC melt-
ing process in MFC/PCC-dry absorbs a large amount of latent
heat, effectively delaying its own temperature rise, thereby fully
demonstrating the excellent thermal management capabilities of
PCM. However, after the phase change process concludes, the
low solar reflectivity of MFC/PCC-dry becomes a notable draw-
back, as it absorbs a large amount of solar radiation, causing
its temperature to rise rapidly and significantly exceed that of
MFC-60. By midday, when solar irradiance peaked at ~1000 W
m~2, ambient temperatures reached a maximum of 68.1 °C. The
MEFC-dry, lacking PCCs and structural adjustments, exhibited a
peak temperature of 71.6 °C. This substantial temperature rise
in MFC-dry is attributed to its dense layered structure, which re-
sults in low reflectivity (< 0.4, Figure S16, Supporting Informa-
tion) and significant solar energy absorption, leading to consis-
tently higher temperatures. On average, the temperature of MFC-
dry was 4.8 °C higher than the ambient temperature. In contrast,
MFC-60, which incorporated water to optimize the microstruc-
ture, demonstrated notably enhanced cooling performance. Ow-
ing to high solar reflectivity and elevated MIR emissivity, MFC-
60 effectively maintained temperatures significantly lower than
ambient levels, achieving a peak temperature of 54.2 °C and an
average temperature of 6.8 °C lower than the ambient conditions.

The introduction of PCCs into the MFC matrix further en-
hanced cooling capabilities. MFC/PCC-dry consistently main-
tained lower temperatures than MFC-dry, and MFC/PCC-60 out-
performed MFC-60. On average, the addition of PCCs resulted in
temperature reductions of 1.8 and 3.3 °C, respectively (Figure 3c).
Furthermore, the combination of phase change processes and hi-
erarchical structure in MFC/PCC-60 led to a significant improve-
ment in cooling performance, achieving a temperature reduction
0f 12.4 °C below ambient at midday and an average cooling effect
0f10.1 °C from 8:00 a.m. to 6:00 p.m., both of which are remark-
able values. These findings underscore the efficacy of RPHC as
an advanced cooling strategy. More importantly, under conditions
of dynamic changes in solar radiation heat flux, PPC achieves
dynamic regulation of its cooling capacity through its reversible
phase change process. During the morning when solar radiation
intensifies, the ambient temperature rises significantly. At this
time, PPC absorbs latent heat through phase change, effectively
slowing its own temperature rise rate and thereby avoiding ther-
mal shock caused by sudden temperature increases. During the
afternoon when solar radiation rapidly decreases, the ambient
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Figure 3. Cooling performance assessment of MFC/PCC composite. a) Experimental setup for the subambient cooling characterization. b) Solar intensity
and sample temperatures measured in Wuhan (China, July 12th, 2023). c) Maximum and average temperature differences (AT) of samples compared
with the ambient environment. d) Experimental setup for characterizing cooling power. e) The picture of samples (Scale bar: 20 mm). f) The cooling
power of MFC/PCC-60, MFC-60, wood, and SWB in Wuhan (China, May 17th, 2024, June 14th, 2024, and June 15th, 2024). g) The cooling power curve
and average cooling power each hour in Sipsongpanna (China, March 19th, 2024). h) Cooling power comparison of different reported PDRC materials

with MFC/PCC-60.

temperature drops sharply. At this point, PPC undergoes a re-
verse phase change and releases latent heat, maintaining its own
temperature relatively constant, thereby effectively buffering the
cold shock caused by the sudden drop in ambient temperature
and the continuous effect of radiative cooling. These findings in-
dicate that integrating PCM with radiative cooling technology is a
highly adaptive solution for addressing dynamic environmental
changes and achieving efficient daytime cooling.

The cooling power of MFC/PCC-60 in Wuhan (China) was
measured, using MFC-60 and two typical building materials
(stone wool board (SWB), wood) as control samples (Figure 3d,e;
optical properties of SWB and wood: Table S3, Supporting In-
formation). To measure cooling power, a heater enclosed by an
infrared-transparent polyethylene (PE) film was put beneath each
sample, the heater would generate heat once the temperature
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differential exceeded 0.5 °C to compensate for the cooling power,
with output recorded at the interval of 0.21 s.

In three separate tests, the solar irradiance, wind speed as well
as humidity were collected (Figures S17-S19, Supporting Infor-
mation). At peak solar intensities of approximately 850, 900, and
850 W m~2, the average cooling powers of MFC/PCC-60 are 202,
212, and 264 W m~2, respectively, while the average cooling pow-
ers of MFC-60, wood, and stone wool board (SWB) are 109, 75,
and 31 W m~2, respectively (Figure 3f). The MFC/PCC-60 consis-
tently maintained cooling power (average cooling power = 226 W
m~?%) beyond the power limit (150 W m~2) of traditional radia-
tive cooling, where the typical SWB and wood only have lower
cooling power compared to MFC-60 with high reflectivity and
emissivity. Beyond Wuhan (China), we assessed the cooling per-
formance of the MFC/PCC-60 in Sipsongpanna (China), which is
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Figure 4. Cooling performance of MFC/PCC-60 as the roof and walls on a simulated house in an outdoor environment. a) Schematic of the basic
principles of MFC/PCC-60 and setup of cooling performance characterizations. b) Solar intensity in Sipsongpanna (China, March 16th, 2024). c) Wind
speed and relative humidity in Sipsongpanna (China, March 16th, 2024). d) Temperatures of MFC-60 and MFC/PCC-60 measured in Sipsongpanna
(China, March 16th, 2024). e) Temperatures of Wood, SWB, MFC/PCC-60 and ambient condition measured in Sipsongpanna (China, March 16th,
2024). f) The temperatures of MFC/PCC-60 and ambient environment measured in Wuhan (China, September 23rd, 2024). g) The subambient cooling
performances of MFC/PCC-60 in Wuhan (China) and Sipsongpanna (China).

a typical city with tropical monsoon rainforest climate type in the
subtropics to further validate its cooling performance (Figure 3g).
With a solar intensity reaching up to ~700 W m~2 and the tem-
perature difference curve is present in Figure S20 (Supporting
Information), the MFC/PCC-60 achieved cooling power exceed-
ing ~150 W m™ for 5 hours in daytime with the solar irradiance
less than 700 W m~2, the validation underscores the engineered
MEC/PCC’s capability to meet and exceed the demands for high-
efficiency daytime cooling, crucial for addressing escalating en-
ergy demands associated with cooling in diverse climatic regions.
Previous works concerning the cooling power based on radiative
cooling and radiative-phase change hybrid cooling are summa-
rized (Figure 3h; Table S1, Supporting Information). The cooling
power value of MFC/PCC-60 is much higher than these reported
works based on radiative cooling and radiative-phase change hy-
brid cooling, showing great potential in cooling applications.

2.4. Energy-Saving Evaluation of MFC/PCC

To evaluate the potential of the MFC/PCC composite, a simu-
lated house with MFC/PCC-60 roof and walls was constructed
and exposed to direct sunlight in both Sipsongpanna (China)
and Wuhan (China) (Figure 4a; Figure S21, Supporting Informa-
tion). Control structures were similarly constructed using MFC-
60, stone wool board (SWB), and wood. A thermocouple mon-
itored the internal air temperature within the enclosed struc-
ture, while external atmospheric temperature variations were
recorded. The solar irradiance, wind speed, and humidity were
provided in Figure 4b,c. As sunlight intensity increases, the in-
ternal temperatures of the house with varying roofs and walls
increase simultaneously (Figure 4d). Under solar irradiance
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below 700 W m™2, the inner temperature of the house built
by MFC-60 composite reaches as high as 40 °C, consistently
higher than that of MFC/PCC-60. Additionally, the houses with
the wood and SWB materials simultaneously own the high in-
ner temperatures, which are more than 5 °C higher than that of
MFC/PCC-60 (Figure 4e). Moreover, the cooling performance of
MFC/PCC-60 is more than 11.3 °C compared with ambient tem-
perature, showing excellent cooling performance of MFC/PCC-
60. The results are consistent with the optical and cooling power
characterization.

To verify the widespread applicability of the cooling perfor-
mance of MFC/PCC-60, the characterization is simultaneously
conducted in Wuhan (China, Figure 4f). With the solar irradi-
ance peaks at ~700 W m~2, the house with the MFC/PCC-60 roof
and walls has a temperature always lower than the ambient tem-
perature, and the average cooling temperature reaches as high
as 11.3 °C (Figure 4g). These results collectively demonstrate the
exceptional cooling ability of the MFC/PCC-60 composite, lever-
aging enhanced reflectivity through structure engineering and
high latent heat to optimize cooling performance in real-world
applications.

To evaluate the sustainability potential of MFC/PCC compos-
ites, we conduct an energy consumption simulation to quantify
the associated energy savings and carbon emission reductions
by integrating the MFC/PCC composites onto building roofs
and walls of a two-floor mall (total air-conditioned area: 1608.58
m?, Figure S22, Supporting Information). Annual cooling energy
reductions across 104 Chinese cities were calculated, with the
average savings for each province shown in Figure 5a (Table
S4, Supporting Information). The energy savings in 12 climat-
ically representative provinces (Figure 5b) and their respective
savings ratios (Figure 5¢) illustrate the MFC/PCC composite’s
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Figure 5. Modeling energy savings by covering MFC/PCC-60 composite o
saving ratios of two-floor malls extended for all Chinese cities based on loc

n the roofs and external walls of a mall. a) Total predicted cooling energy
al climate zones. b) Total cooling energy savings per year among 12 cities.

c) Total cooling energy savings percentage per year among all 12 cities. d) Predicted average annual source electricity and source natural gas savings.
e) Predicted average annual CO, emission reduction per capita and globally.

energy-saving capabilities. In terms of energy saving, Hainan and
Yunnan (close to the equator) with hot weather have more en-
ergy saving, which reaches as high as 45.4 and 42.5 M] m~2.
The energy savings of Xinjiang and Tibet in eastern China are
also relatively high, exceeding 30.0 M] m~2, mainly because the
cooling demand in these places is also relatively high in sum-
mer. The climate in the north is colder, such as Heilongjiang
and Beijing, and is generally cold, so the energy saving is rel-
atively low. The Guangdong Province, Jiangsu Province, and
Shanghai also save cooling energy of more than 30.0 M] m~2
due to low latitude and following high summer cooling de-
mands. Interestingly, Qinghai Province, though cooler due to
its high altitude, exhibited high energy-saving efficiency (over
15%) due to lower total energy demands for cooling. In contrast,
the energy saving rate in coastal areas is relatively low, in the
range of 0-5%, mainly because the cooling capacity is relatively
high.

Overall, there is a trend that the absolute value of energy sav-
ing is high in hot areas, but the energy saving efficiency is re-
duced. It is worth mentioning that after installing RPHC com-
posites, except for the three northeastern provinces and Qinghai,
most of the actual energy savings can reach more than 20 MJ
m~2. At the same time, the energy-saving efficiency in more than
two-thirds of the country exceeds 5%, both of which are remark-
able values.[*?] Nationally, an overall energy-saving efficiency of
4.4% indicates the promising potential of MFC/PCC composites
for energy saving.
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In addition, we transformed the energy saving of the simulated
building each year into source and energy saving and source of
natural gas, the results are shown in Figure 5d,e. The MFC/PCC
composite acting as the cover of the roofs and external walls can
save 13608.1 kWh of source power and 1393.2 m? of natural
gas each year for the two-floor mall. According to the Interna-
tional Energy Agency, this is equivalent to reducing 8164 kg of
greenhouse gas emissions and 154.28 kg per capita greenhouse
gas emissions. According to the world population in 2023, we
roughly estimate that it is equivalent to reducing the emissions
of 1.22 billion tons of greenhouse gas, which is equivalent to a
decrease of 3.3% (the total amount of greenhouse gas emissions
in 2023 was 37.4 billion tons). The above results show that the
RPHC composite is of great significance for energy conservation
and emission reduction.

3. Conclusion

In summary, this study introduces an efficient water pre-removal
freeze-drying method to optimize the structure and cooling per-
formance of a porous RPHC composite by integrating PCCs
within an MFC matrix. Combining the water content adjust-
ment to tune the structure of MFC/PCC, the addition of PCCs
substantially enhances light scattering and efficiently absorbs
excess heat, facilitating superior cooling performance. The re-
sulting MFC/PCC composite exhibits remarkable properties,
with high solar reflectivity (0.969), emissivity (0.958), latent heat
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capacity (132.1 J g!), and comparable density (0.652 g cm™3),
achieving an exceptional cooling power of 226 W m~2, which sur-
passes the conventional limits of radiative cooling. Additionally,
the MFC/PCC composite demonstrated an average temperature
reduction of 10.1 °C below ambient. This innovative RPHC com-
posite offers significant environmental benefits, with the poten-
tial to reduce 4.4% of the building’s cooling energy consumption
and global carbon emissions by approximately 1.22 billion metric
tons annually. Furthermore, the hybrid cooling composite may
propel advancements in passive cooling applications, including
the thermal management of buildings, electronic devices, vehi-
cles, and especially outdoor environments. Outdoor tasks such
as cold chain transportation and personal thermal management
can benefit from the MFC/PCC’s cooling capabilities, which are
crucial for maintaining low temperatures. Importantly, the entire
hybrid cooling process employed in this composite requires no
additional chemicals, ensuring a fully environmentally friendly
production, and achieving emission reductions through energy
savings in cooling applications.

4. Experimental Section

Materials:  Microfibrillated cellulose (MFC) aqueous dispersion was
purchased from Qihong Technology Co., Ltd. (Guilin, China). Melamine
powder, formaldehyde, and n-docosane were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China) and Aladdin Biochemi-
cal Technology Co., Ltd. (Shanghai, China), respectively. Styrene-sodium
maleic anhydride copolymer (SMA) was obtained from Wuzhi Zhihui Tech-
nology Co., Ltd. (Henan, China).

Material Preparation: Phase Change Capsules: Melamine powder,
formaldehyde solution, and deionized water were mixed in a three-necked
flask. The pH of the mixture was adjusted to 8.5 using triethanolamine,
and the solution was stirred at 70 °C for 60 minutes to form a melamine-
formaldehyde prepolymer. Concurrently, n-docosane and a 4.26 wt.% SMA
solution were emulsified using a high-speed homogenizer (IKA T-25 Ultra
Turrax) at 9000 rpm and 60 °C for 45 minutes, resulting in a stable emul-
sion. The melamine-formaldehyde prepolymer was then added dropwise
to this emulsion under mechanical stirring at 500 rpm for 30 minutes. The
reaction mixture was cooled to room temperature, yielding a microcapsule
dispersion.

MFC/PCC Composite: MFC and PCCs were mixed in a 3:7 weight ratio.
The mixture was subjected to vacuum filtration to remove water. Once the
water filtration ratio reached the desired level, the sample was freeze-dried
and designated as MFC/PCC-X, where X represents the water filtration ra-
tio (e.g., MFC/PCC-60 for 60 wt.% water filtration).

Characterization:  Reflectivity was measured using a UV-vis—NIR spec-
trophotometer (Shimadzu UV-3600, Japan) in integrating sphere mode,
with polytetrafluoroethylene as the back plate, scanning from 200 to
2500 nm at 1 nm s~'. Emissivity was determined with a Fourier trans-
form infrared spectrometer (Thermo Scientific FT-IR Nicolet iS50R), using
a mid-infrared integrating sphere accessory to scan from 2.5 to 14.8 um.
Infrared spectra were obtained with a Fourier transform infrared spectrom-
eter (Bruker VERTEX 70) in ATR mode from 600 to 4000 cm~". The mor-
phologies and microstructures were observed with a field emission scan-
ning electron microscope (SEM, Sirion 2000, FEI). Differential scanning
calorimetry (DSC) data were collected using a DSC25 (TA Instruments,
USA) with a heating and cooling rate of 1°C min~" for PCC and MFC/PCC
composites, and 10 °C min~! for cycling tests from 0 to 60 °C. Tempera-
ture data were recorded every 10 seconds with a Keithley 7700 data logger.
Solar irradiation was measured with a GTBQ solar radiation sensor (GT-
BQBA2500, Rika, China), while humidity and wind speed were recorded us-
ing a temperature and humidity sensor (QRAIOA-EBA2000, Rika, China)
and a wind speed sensor (FWSCAA1500, Rika, China), respectively. The
accelerated thermal cycling test was tested via the temperature-control
chamber (KSON KTHB-415TBS, China) between 10 and 90 °C.
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Pore Size Distribution: The pore size distribution was determined us-
ing a mercury intrusion porosimeter. The dried and evacuated sample was
first tested at low pressure to record the initial mercury intrusion volume.
Pressure was then gradually increased, and the cumulative intrusion vol-
ume was measured at each pressure point. The critical pore size was cal-
culated from the applied pressure using the Washburn equation. The cu-
mulative mercury volume—pore size curve was obtained, and the pore size
distribution was derived from the derivative of this curve.

Cooling Test:  Field tests were conducted in Wuhan (China) and Sip-
songpanna (China). To accurately assess the cooling performance of the
RPHC, samples (20 mm x 20 mm X 2 mm) were placed in a foamed
polystyrene groove lined with tin foil. Two K-type thermocouples con-
nected to a Keithley data logger were affixed to the sample’s bottom and
in the corner of chamber, respectively. The groove was sealed with a low
molecular weight polyethylene film, and solar irradiation, humidity, and
wind speed were recorded using meteorological instruments.

For power testing, a polyimide heating plate was placed beneath the
sample. A K-type thermocouple was positioned between the sample
(60 mm x 60 mm X 16 mm) and the heating plate, with an additional
sensor installed in the corner in the chamber. A control feedback system
maintained the sample temperature in alignment with the ambient tem-
perature, and the heating plate power was adjusted to match the sample’s
rated cooling power.['2] The cooling effect was also tested without a wind-
shield or solar radiation shield. The samples and comparison materials
were housed in sealed boxes, with temperature measured by inserting a
K-type thermocouple into the box.

Energy-Saving Calculation: Energy consumption simulations were per-
formed using DEST2.0 software for a two-floor mall measuring 54.62 me-
ters in length and 17.92 meters in width, with a total air-conditioned area
of 1608.58 m? (Figure S22, Supporting Information). The building’s ori-
entation is north-facing, with a window-to-wall ratio of 0.12 on both the
south and north facades. Building envelope parameters were set accord-
ing to the “Public Building Energy Saving Design Standard DB37 5155-
2019”: exterior wall heat transfer coefficient at 0.609 W m~2.K~", roof heat
transfer coefficient at 0.595 W m~2.K~1, exterior window heat transfer co-
efficient at 3.0 W m~2.K~", and shading coefficient at 0.8. The HVAC sys-
tem comprises a fan coil combined with a fresh air system for heating
and cooling. Indoor temperatures are set at 26 °C in summer and 18 °C
in winter. Outdoor meteorological data were sourced from typical annual
data in DEST2.0, including hourly temperature, relative humidity, wind di-
rection, wind speed, and solar radiation. The reflectivity and emissivity of
the building’s exterior surfaces were initially set at 0.50 and 0.85, respec-
tively. This MFC/PCC composite significantly reduces solar heat absorp-
tion, lowering cooling demands. By comparing models with and without
the MFC/PCC composite, annual heating and cooling energy consump-
tion was calculated for 104 cities across China. An energy-saving map was
generated and extrapolated to adjacent areas. The annual energy savings
were normalized by the total floor area of the mall (1608.58 m?).

Supporting Information

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