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Hydrangea-like silica-alumina oxide microspheres (HSAOM), bio-inspired
by Hydrangea flowers, show excellent photothermal properties, achiev-
ing 90% solar reflectance and 97% atmospheric window emissivity.
With their corrugated surface and hollow structure, HSAOM facilitated
multifaceted light-regulation mechanisms, demonstrating potential for
radiative cooling materials.

Rising global energy demand and extreme climate events necessitate
zero-energy cooling technologies. Passive radiative cooling (PRC)
addresses this by exploiting the Earth’s 8-13 um atmospheric
window."? Effective PRC materials require near-unity thermal emit-
tance in this window and high solar reflectance (0.3-2.5 pm)—
demanding specific micro-nano structures and chemical com-
positions.’® From a micro-nano structural perspective, precisely
ordered photonic crystal structures can significantly enhance solar
reflection, while constructing scattering centres (e.g;, Mie scattering
or Rayleigh scattering) across multiple length scales also effectively
boosts solar reflectance, which concurrently facilitates infrared
emission.”® Regarding material composition, inorganic oxides like
silicon dioxide (SiO,) or aluminium oxide (Al,O;) are ideal: SiO,
offers strong mid-infrared emission via phonon polaritons, while
AL,O; provides stability and ultraviolet resistance.” ™ Silica-alumina
composites, exemplified by Li et al.’s** nanofibrous aerogels demon-
strating 90% solar reflectance and 97% window emittance, are thus
highly promising for scalable PRC applications."**®

Despite progress in engineered micro-nano radiative cool-
ing materials, their optimization and scale-up face challenges
like complex processing, high cost, and limited durability.
Natural evolution offers inspiration, having produced complex
structures that efficiently manage light and heat.'”™ Bio-
inspired radiative cooling materials mimic these multi-scale
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structures, achieving superior optical performance through sim-
pler, eco-friendly methods.”*>* For example, the Saharan silver
ant’s triangular hair-like structures scatter sunlight and enhance
mid-infrared emission,>® while the white beetle’s disordered
chitinous fiber network achieves near-perfect diffuse solar reflec-
tance—principles transferable to material design.**

Hydrangea petal structures suggest ideas for PRC design.
Their inflorescences form multi-scale corrugated surfaces
(10-30 cm in diameter) through densely clustered small
flowers.>® This morphology enhances light scattering, reduces
solar absorption, and enables the upper petals to shade the
lower ones, mitigating heat accumulation.”®*” Consequently,
researchers are developing Hydrangea-like materials.**>° Exam-
ples include Wang et al’s’’ Hydrangea-like MoS,-modified
kapok fibers enhancing electromagnetic wave scattering, and
Chang et al.’s** Hydrangea-like TiO, structures boosting perfor-
mance in photoelectric devices. Overall, this work aims to
construct silica-alumina oxides featuring both surface corrugations
and internal hollow structures inspired by Hydrangea. By leveraging
these dual characteristics, surface corrugations and internal hol-
lowness can be used to elevate reflectance in the ultraviolet-visible-
near-infrared (UV-vis-NIR) and emissivity in the atmospheric trans-
parent window. In addition, by exploring their photothermal
properties, we seek to pioneer a novel pathway for next-gene-
ration radiative cooling materials characterized by high efficiency,
low cost, and robust environmental adaptability.

The spherical aggregation of densely clustered small flowers
in Hydrangea results in a characteristic corrugated surface and
an inherently hollow structure (Fig. 1a). Our objective is to
synthesize Hydrangea-like silica-alumina oxide microspheres,
named HSAOM. The fabrication of HSAOM involves a two-step
process: first, obtaining acidic octacarboxyl polyhedral oligo-
meric silsesquioxane (OCP) via the addition reaction of octavi-
nyl polyhedral oligomeric silsesquioxane (OVP) and 3-mercapto-
propionic acid (MPA); subsequently, HSAOM is produced
through a solvothermal reaction between OCP and alumi-
nium ions (Fig. S1, SI). The detailed synthesis procedure is

New J. Chem., 2025, 49, 16909-16913 | 16909


https://orcid.org/0009-0007-4504-7792
https://orcid.org/0000-0002-4729-7951
http://crossmark.crossref.org/dialog/?doi=10.1039/d5nj02774h&domain=pdf&date_stamp=2025-09-24
https://rsc.li/njc
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nj02774h
https://pubs.rsc.org/en/journals/journal/NJ
https://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ049039

Open Access Article. Published on 25 September 2025. Downloaded on 1/24/2026 11:26:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

g
5
£
g
£
o
o

Fig. 1 (a) Image of Hydrangea. (b)-(d) SEM images of HSAOM 1# (b),
HSAOM 2# (c) and HSAOM 3# (d). (e) SEM image, (f) TEM image and (g)
EDS of fractured HSAOM.

comprehensively described in the SI, with the three prepared
HSAOM samples differing solely in the stoichiometric ratios of
the reactants. Fig. 1 presents the microstructural characteriza-
tion of the synthesized HSAOM. As shown in Fig. 1b—-d, HSAOM
is manifested as spherical microparticles (~1.5 pm in dia-
meter) exhibiting a distinctive corrugated surface morphology.
Complementary EDS analysis (Fig. S2, SI) confirmed a uniform
elemental distribution throughout the HSAOM particles, verify-
ing their successful preparation. The homogeneous corrugated
features across the HSAOM surface demonstrate effective bio-
mimicry of the structural topology of Hydrangea. Furthermore,
examination of the HSAOM SEM image in Fig. le reveals a
hollow spherical morphology, confirming the successful repli-
cation of another feature of Hydrangea. Therefore, the HSAOM
material has been successfully synthesized.

TEM-EDS mapping of fractured HSAOM (Fig. 1f-g) revealed
a uniform elemental distribution across the corrugated regions.
Comparative EDS analysis (Table S1, SI) showed Al/Si enrich-
ment within corrugations while maintaining consistent atomic
ratios, indicating coordination-driven assembly between alumi-
nium ions and OCP. HSAOM 1# exhibited fewer corrugations
due to the lower Al content in the reactants, reducing alumi-
nium ions and OCP coordination and altering the morphology.
All samples maintained elemental uniformity, confirming the
successful solvothermal synthesis of Hydrangea-like structures.

To further confirm bonding between aluminium ions and
OCP, HSAOM was characterized using ATR-IR and XPS. The
expected HSAOM with the target chemical composition is
shown in Fig S1, SI; consequently, characterization for specific
Si-O-Si and Al-O functional groups is necessary. ATR-IR
(Fig. 2a) showed characteristic OVP peaks (¥Si-O-Si:

1055 cm ™ '; £8i-C: 782 ecm™?), confirming the retained siloxane
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Fig. 2 (a) ATR-IR pattern and (b) element contents obtained by XPS of
HSAOM. (c)—(h) XPS spectra of survey of HSAOM (c), Al 2p (d), Si 2p (d), C 1s
(f), O 1s (g) and S 2p (h).

cage structure. The symmetric and asymmetric stretching
vibrations of C-O bonds at 1469 cm ™" and 1618 em™ " indicated
the successful progression of the addition reaction. Crucially,
the intensity of the vAl-O peak increased with reactant Al
content, demonstrating the formation of an Al-O bond. Con-
currently, XPS results (Fig. 2d) provided additional confirma-
tion of bonding between aluminium ions and OCP. The Si 2p, C
1s, and O 1s spectra of HSAOM (Fig. 2e-g) confirmed that the
cage structure of siloxane remained intact, consistent with the
target structural formula. Elemental analysis (Fig. 1b) revealed
rising Al and O content in HSAOM with higher Al loading,
providing direct evidence of the incorporation of Al-O and
synthesis of the target oxide. These results collectively confirm
the reaction between aluminium ions and OCP, although the
precise structural formula requires further study.

Therefore, XRD was utilized for further investigation of the
chemical composition. As shown in Fig. 3a, HSAOM exhibited
no distinct characteristic peaks compared to OVP, indicating an
amorphous state. However, based on the target chemical for-
mula (Fig. S1, SI), complete bonding between aluminium ions
and OCP was expected to yield a repeating unit with a relatively
ordered structure, analogous to a metal organic framework.
Consequently, HSAOM should not theoretically have been
amorphous. To probe this further, we characterized the
chemical composition of HSAOM using MALDI-TOF MS. Tak-
ing HSAOM 1# as an example, mass spectrometry analysis
(Fig. 3b) revealed a relative molecular mass of 1274 Da for
HSAOM 1#, with the closest matching chemical formula being
C,,H34Al16046S,Sig. Comparing this to the target formula from
OCP (C40Hg40,4SsSig, Fig. S1, SI), it was inferred that the
addition reaction converting OVP to OCP did not proceed
to completion. This incomplete addition of carboxyl groups

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 3 (a) XRD pattern (b) and (c) MALDI-TOF MS pattern, (c) N, adsorp-
tion isotherms, (d) specific surface area of HSAOM.
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resulted in either the addition occurring at random positions
on the same OVP molecule or random OVP molecules being
incompletely functionalized. This indeterminacy in the car-
boxyl group positions consequently led to indeterminate coor-
dination sites for aluminium ions. Therefore, HSAOM adopted
a disordered structure rather than a crystalline one, corrobor-
ating the XRD findings. Comparison of the MALDI-TOF MS
results for different HSAOM samples (Fig. 3¢ and Fig. S3, SI)
showed that HSAOM 24 had a higher relative molecular mass of
1436 Da compared to HSAOM 14#. This increase stemmed from
the higher aluminium content in the reactants, leading to a
greater aluminium content in the product. The corresponding
chemical formula for HSAOM 2# was C,,H3,Al,,0:6S,Sig, where
the stoichiometric ratio of Al to Si closely matched the ratio
determined by XPS characterization in Fig. 2b. This further
confirmed the increased aluminium coordination in HSAOM
2# compared to that in HSAOM 14.

Upon determining the chemical composition of HSAOM,
further characterization of its structural features was required.
The porosity of HSAOM, characterized via BET analysis, pro-
vided an effective means to analyse its structure. As shown in
Fig. 3d, HSAOM exhibits a significantly high specific surface
area. The specific surface areas of OVP, HSAOM 1#, HSAOM 24,
and HSAOM 34 were 3.22 m”> g ', 48.57 m* g ', 100.22 m* g ',
and 117.32 m”> g, respectively. Compared to OVP, HSAOM
formed by the coordination between aluminium ions and OCP
demonstrated a substantial increase in specific surface area,
which is also shown in Table S2, SI. Furthermore, the adsorp-
tion isotherm indicated the presence of both micropores and
mesopores within the HSAOM structure. Based on its morphol-
ogy (Fig. 1) and compositional characteristics (Fig. 2), it can be
inferred that the mesopores originate primarily from the hol-
low microsphere structure formed by the coordination of
aluminium ions with OCP, coupled with the corrugated surface
morphology. Concurrently, the inherent cage-like structure of
siloxane was preserved. These combined factors contributed to
the exceptionally high specific surface area of HSAOM. HSAOM
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2# exhibited a larger specific surface area than HSAOM 14,
attributable to increased aluminium coordination leading to
enhanced surface corrugation, which further increased the
specific surface area. The specific surface area of HSAOM 3#
is comparable to that of HSAOM2#, which was also consistent
with its microscopic morphology and chemical composition,
indicating that the aluminium coordination sites approach
saturation. This also indicates that the coordination of alumi-
nium ions in 1# is unsaturated.

Following characterization of the microscopic morphology
and chemical composition of HSAOM, it was confirmed that
the synthesized HSAOM exhibited the anticipated features: a
Hydrangea-like corrugated surface morphology and a hollow
microsphere structure. Theoretically, HSAOM was expected
to possess excellent photothermal properties. Consequently,
the atmospheric window emissivity and solar reflectance of
HSAOM were characterized via the equations in SI. As shown in
Fig. 4a, HSAOM 1#, HSAOM 24, and HSAOM 3# exhibited solar
reflectance values of 91.35%, 89.04%, and 88.99%, respectively.
Their atmospheric transparent window (8-13 pm) emissivity
values were 97.02%, 97.41%, and 97.03%, respectively. HSAOM
comprised hollow microspheres with a ‘“Hydrangea-like”” corru-
gated surface morphology, with a particle size of approximately
1-2 pum. Therefore, the micron-scale size of the microspheres
effectively enhanced Mie scattering in the near-infrared (NIR)
region, which can be proved by the increase in solar reflectance
compared with OVP in Fig. S4, SI. Concurrently, the alteration
in light propagation direction induced by the surface corruga-
tions ensured high light scattering within the visible spectrum.
These combined effects resulted in the high solar reflectance
observed in HSAOM. As the primary chemical constituents of
HSAOM were silica-alumina oxides, it inherently possessed
high emissivity in the mid-to-far-infrared (MIR-FIR) region.
Furthermore, the hollow microsphere structure facilitated mul-
tiple internal reflections and transmissions of light. This spe-
cific structure promoted the efficient dissipation of heat from
the interior via radiation. The increased effective surface area
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Fig. 4 (a) Reflectance and emissivity of HSAOM, AM 1.5 solar spectrum
and atmospheric transmittance. (b) and (c) Schematic diagram of HSAOM
(b) and the mechanism of photothermal properties (c).
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provided by the corrugated morphology additionally enhanced
thermal radiative emission capability. Consequently, HSAOM
demonstrated high atmospheric transparent window emissivity
(Fig. 4c). Considering the excellent solar reflectance and high
atmospheric transparent window emissivity exhibited by
HSAOM, the excellent photothermal properties of the material
demonstrated significant potential for radiative cooling appli-
cations. This performance stemmed from the dual regulation
achieved through its tailored chemical composition and opti-
mized microstructure.

In summary, inspired by the characteristic surface corruga-
tions and internal hollow structure of Hydrangea flowers, Hydran-
gea-like silica-alumina oxide hollow microspheres (HSAOM) were
successfully synthesized via a two-step synthetic approach, invol-
ving an addition reaction followed by a solvothermal reaction.
This process enabled coordination bonding between aluminium
ions and OCP. Characterization of the HSAOM chemical compo-
sition confirmed the presence of characteristic peaks corres-
ponding to siloxane and Al-O bonds, confirming successful
coordination and formation of HSAOM. The chemical formula
of HSAOM was determined. Analysis revealed the presence of
indeterminate coordination sites attributed to incomplete addi-
tion reactions, which accounted for the amorphous structure of
HSAOM. The synthesized HSAOM exhibited the targeted features
of a corrugated surface and an internal hollow cavity, effectively
mimicking the morphology of Hydrangea flowers. Crucially, this
unique corrugated and hollow microstructure endowed HSAOM
with a significantly high specific surface area. This substantial
specific surface area, afforded primarily by the surface corruga-
tions, enhances light scattering capabilities and improves photo-
thermal properties. Concurrently, the micron-scale particle size of
HSAOM effectively promoted Mie scattering, while the internal
hollow structure facilitated multiple internal reflections, thereby
augmenting radiative heat dissipation. Consequently, through the
synergistic effects of scattering, Mie scattering, reflection, and
radiation, HSAOM demonstrated high solar reflectance and high
atmospheric transparent window emissivity. These combined
characteristics underscore the excellent photothermal properties
of HSAOM and its significant potential for radiative cooling
applications, offering a novel strategy for the exploration of novel
radiative cooling materials.
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