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ABSTRACT
In this study, transparent passive radiative cooling coatings are introduced by immobilizing solid and hollow silica (SiO2) spheres
on glass substrates. It is showcased that particle morphology within a sub-monolayer coating strongly influences visible and
atmospheric window reflectance of glass. Solid and hollow-sphere particles of total diameter within the Mie regime reduce
atmospheric window reflectance (RAW) at the expense of higher visible reflectance (RVIS). This trade-off is dependent on particle
and core diameter. Solid particles with particle diameter >1000 nm can reduce the RAW of glass by up to 65 %, though increase RVIS
by 25 %. Meanwhile, the use of hollow-sphere nanoparticles of similar diameters and thin shells (25–50 nm) can reduce the RAW
of glass by up to 35 % with minimal changes to RVIS. These spectroscopic trends are validated numerically via both Mie theory and
effective medium theory. The work demonstrates that hollow-sphere morphology is a valuable lever to control passive radiative
cooling for various solar applications requiring transparency, such as coatings for windows or photovoltaic devices.
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Introduction

s average global temperatures reach new heights due to climate
hange, there is a growing need for sustainable cooling systems
1, 2]. Passive cooling technologies offer a zero-energy solu-
ion by drawing upon shading, ventilation, endothermic phase
ransitions, solar reflection, and infrared (IR) emission [3–5].
mong these, the latter two cooling mechanisms are particularly
avorable for reducing weight and material use, versatility, and
ost [6]. Surfaces covered by these passive radiative cooling (PRC)
oatings can maintain lower temperatures than the surrounding
nvironment by (1) reflecting sunlight, with wavelengths (λ)
panning 0.3–2.5 µm; (2) re-emitting absorbed heat into the
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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cold outer space through Earth’s atmospheric window (AW,
8 < λ < 13 µm); and (3) minimizing absorption of downward
atmospheric radiation (light reflected back onto the earth’s
surface by the atmosphere) (Figure 1a). Achieving strong passive
cooling via coatings provides an opportunity to drastically reduce
energy costs in buildings, transportation, and food storage, via
application onto both new and existing systems [7].

The foundational studies that addressed PRC focused on simple
bulk and hybrid material systems. These works spotlighted mate-
rials with: (1) strong solar reflectance (e.g. aluminum/silver foils);
(2) broadband or selective infrared emittance (mainly polymeric
materials, for example PVDF, PE, PDMS, PTFE, PMMA), and
se, which permits use, distribution and reproduction in any medium, provided the
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FIGURE 1 Ideal requirements of non-transparent and transparent passive radiative coolers (PRC). (a) AM1.5G spectral irradiance andmid-infrared
(commencing at 5.6 µm) atmospheric transmittance (measured at Gemini North Telescope, 1.0 mm water vapor column, AM1.5) (https://www.gemini.
edu/). Overlayed is the 300 K blackbody emission, calculated using Planck’s Law, and the ideal reflectance of transparent and non-transparent PRC.
(b) Schematic representation of ideal light interactions of a typical passive radiative cooler vs. a transparent passive radiative cooler. The former seeks
to maximize reflectance of solar irradiation while the latter seeks to allow only the visible wavelengths to pass through. Emission in the mid-infrared
(MIR) range is ideally maximized in both cases.
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3) combined solar reflectance and infrared reflectance (mainly
ielectrics, e.g. TiO2, BaSO4, SiO2, MgO, LiF) [7–13]. Many of
hese systems were able to achieve sub-ambient cooling dur-
ng night-time, but the primary challenge was achieving this
nder ∼1000 W/m2 of solar flux (i.e., during the day-time). The
omineering approach to tackling this was to enhance the solar
eflectivity, negating this flux. Typical material formulae have
ince been established to reach sub-ambient daytime cooling:
tilizing either bilayer films of emissive polymers over highly
eflective metal foils [14], or polymer nanocomposites in which
olymer materials are embedded with strongly scattering inor-
anic oxide nanoparticles [15, 16]. Though notably, other unique
trategies have also seen success, including materials that incor-
orate fibrillar structures [17, 18], dynamic cooling systems that
ctively reflect the dominant component of solar irradiation [19,
0], and the development of novel reflector materials [21]. Fur-
hermore, recent research also integrates nanophotonic designs
hat enhance reflectivity, emissivity, and add functionalities such
s adaptive cooling/heating, tunable wettability, and improved
esthetics [22–25]. Concepts to infer colorationwithout solar light
bsorption, for example, via structural coloration, require a fine
alance between an improved optical impression and cooling
erformance [26]. Importantly, surrounding this development
s the increasing consideration of scalability and sustainabil-
ty, which are necessary qualities for the proliferation of the
ystem.

imultaneously, there has been growing interest in PRC mate-
ials, which are fully or partially transparent in the visible
of 10
region (i.e., 400–700 nm), for applications in windows, skylights,
electronics, and photovoltaics. This completely shifts the design
criteria as the reflection of visible light must now be minimized
(Figure 1b). The reflection of near-infrared light (3 < λ <

8 µm) would ideally also be maximized, though it is not always
necessary for strong cooling effects. This is because objects (e.g.,
PV cells) to be cooled are often at a higher temperature than ambi-
ent during operation—the nominal operating cell temperature
(NOCT) of silicon solar cells is 40◦C–50◦C [27]. It has been shown
in the ideal scenario that a coating with unity AW emissivity can
reduce the standard operating temperature of silicon cells by up
to 18.3 K [28]. Such high emissivity materials rely on procuring
precise photonic gratings on SiO2, PDMS, and PMMAwith maxi-
mum temperature reductions of up to 13 K [29–31]. Minimizing
the operating temperature of photovoltaic modules is vital, as
efficiency declines, while degradation processes accelerate at
higher temperatures. However, these transparent cooling systems
often have complex designs, UV-sensitive thermoset matrices,
poor recyclability, and require large material thicknesses (10–
3000 µm), highlighting a need for more straightforward andmore
scalable solutions [32–36]. For example, Lee et al. showcase a
PDMS/SiO2 aerogel metamaterial which exhibits temperature
reductions of 5.1–6.2 K when thicknesses are increased from
30–3000 µm [33]. Thinner cooling materials have also been
achieved through emissivity enhancements via a 10 µm coating
of PDMS/dendritic SiO2, as showcased by Yu et al. [36]. This film
is found to greatly enhance a multi-layer cooling film (ITO/PET),
resulting in maximum temperature reductions of up to 12.6 K
compared to glass.
Advanced Materials Interfaces, 2026
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he idea of creating an “invisible” passive cooling coating, both
n terms of minimal material usage and high optical trans-
arency, relies on careful optical considerations. Jaramillo et al.
niquely showcased how passive cooling effects can be enhanced
redominantly through surface phonon polariton effects [33].
hey showed that coating a monolayer of silica particles with
diameter, d, of around 8 µm on glass results in an average
W emissivity (εAW) of > 98 %, while maintaining a moderate
verage visible transmittance (TVIS) of > 82 %. When covered
y this monolayer, the temperature of a Si wafer was found
o be 14 K lower during the day. This enhancement of εAW is
ue to the higher absorption (as per Kirchhoff’s law) arising
rom propagating and higher-order surface phonon polaritons
SPhPs). These modes are generated within micro- and nano-
tructured silica, facilitating strong thermal absorbance, even
ithin the Reststrahlen band, which would otherwise result in
eflectance. Additionally, the introduction of a periodic lattice
urther enhances emissivity by enabling diffraction into the far-
ield. However, this configuration is limited by its high scattering
n the visible region, and achieving such periodicity may be
hallenging at larger scales. It is known that dielectric particles
f d < λ support low-order mode resonances [37]. While less
ffective, these resonances can still support enhanced absorption
hile reducing Mie scattering. Furthermore, visible scattering
ay be reduced further by lowering the effective refractive index
f the monolayer through hollow-sphere particles with less-
ense packing. A key question thus emerges: can the use of
iO2 nanoparticles or hollow-spheres (0.2–1.2 µm) result in highly
isible transparent coatings with high thermal emissivity?

n this work, we attempt to answer this question by apply-
ng disordered sub-monolayers of structurally controlled SiO2
anoparticles on glass. We examine and compare the effects
f particle diameter, core diameter, and shell thickness on the
isible and infrared spectroscopic properties of coated soda-
ime glass substrates. This data is further validated through
umerical methods employing Mie theory and effective medium
heory. In doing so, we showcase how nanoparticle size and
orphology influence the trade-off between visible transparency
nd mid-IR emissivity. We find that a sub-monolayer of SiO2
anoparticles applied on glass can significantly increase IR emis-
ivity within the atmospheric window while preserving optical
ransparency—with the right particle geometries. We thereby
how that harnessingMie resonances in solid and hollow spheres
an enhance passive radiative cooling effects whilst minimizing
isible scattering. Given that such coatings are also capable
f introducing superhydrophobicity with mechanical resilience
38], the work highlights the prospects of hollow silica spheres as
low-cost, scalable, and sustainable material strategy for impart-
ng multifunctional properties to next-generation photovoltaics
nd other applications benefiting from passive cooling.

Results and Discussion

.1 Sub-Monolayer Coating

olid and hollow silica spherical particles were synthesized via
base-catalyzed Stöber process, whereby tetraethyl orthosilicate
TEOS) is hydrolyzed and condensed in ethanol with ammonia.
hree sizes of silica spheres were synthesized: 320, 473, and
dvanced Materials Interfaces, 2026
1082 nm in diameter. Silica hollow-spheres were formed by
first synthesizing sacrificial cationic polystyrene cores (PS) via
azobisisobutyronitrile (AIBN) initiated emulsion polymerization,
with 2-Methacryloxyethyl trimethylammonium chloride (MTC)
as the positively-charged co-monomer—according to previously
developed procedures [39]. The size of the PS cores was deter-
mined via scanning electron microscopy (SEM): 130, 202, 323,
493, and 602 nm. Encasing these particles in silica involved the
dispersion of these particles in ethanol with ammonia, and the
subsequent dropwise addition of TEOS. By extracting particles
during this shell formation, a range of shell thicknesses could be
acquired. This was done using the 202 nm PS cores to obtain 296,
357, 405, 442, 474, and 497 nm core–shell particles. The particle
size distributions of all synthesized particles are described in
Figure S1, and all particle geometry data are summarized in Table
S1.

To form the disordered nanoparticle sub-monolayers, soda-lime
glass slides with a poly(diallyl dimethylammonium chloride)
(p-DADMAC) coating were immersed in an aqueous solution
containing the solid and core–shell (SiO2/PS-SiO2) nanoparticles.
Adhesion of the nanoparticles to the surface was achieved
through electrostatic interactions between the positive ammo-
nium groups and partially negative surface silanols. The core–
shell nanoparticle coatings were further calcined at 500◦C to
remove the polystyrene cores and yield silica hollow spheres. The
schematic shown in Figure 2 further illustrates this immersion
coating process and themechanism by which transparent passive
cooling is achieved.

Through SEM, we observe that this facile immersion coating
process results in disordered sub-monolayers of the various
nanoparticles with low surface coverage (θ < 43 %) (Figure 3).
This bath deposition process during immersion is typically
described by the random sequential adsorption (RSA) model,
as electrostatics fix particles onto the surface. The formation
of a multilayer is prevented by the electrostatic repulsion of
previously immobilized particles and the like-charged objects
still in dispersion. This model predicts a maximum coverage of
38.4 % for monodisperse spheres [40]. It also suggests that larger
spheres reach their coverage saturation much faster compared
to smaller particles. Additional factors governing the achievable
surface coverage are the solution ionic strength, particle den-
sity, concentration, dispersity, and surface roughness [41]. For
example, it is known that particle deposition rates are strongly
affected by particle size and ionic strength [42]. Compared to
the ideal RSA model, we find marked deviations from the ideal
behavior in our systems. First, themaximum surface coverage has
not always been reached, particularly for particles with smaller
diameters, indicating the necessity for a longer deposition time.
More importantly, we observe a substantial degree of cluster-
ing. These clusters evolve during the drying process as strong
capillary forces between the particles displace them from their
initial position. Such aggregation effects could only be prevented
through a solvent exchange process during drying or via particle
fixation to the substrate. Nevertheless, the simple coating process
used here yielded sub-monolayers of colloidal particles with a
homogenously disordered distribution. Visually, greater surface
coverage results in higher visible opacity through increased
scattering. This is explicitly seen in the insets of Figure 3. The
scattering may also be enhanced by the clustering of particles
3 of 10
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FIGURE 2 Schematic of the fabrication process and mechanism for passive cooling of the silica sub-monolayer coatings. (i) Negatively charged
silica nanoparticles are adsorbed onto the positively charged glass slide in a simple bath immersion process. (ii) This yielded the sub-monolayer coating
on glass, with high visible transparency. (iii) The high absorption (resulting in high emission) in the atmospheric window (8–13 um) is due to phonon-
polariton effects. Hollow spheres provide a lower effective refractive index of the coating, thereby reducing backscattering in the visible region.

FIGURE 3 Distribution and coverage of low-coverage silica nanoparticles sub-monolayers via SEM (10kx, 4.8mm, 2 kV, 30 µm). Insets: Photograph
of respective sub-monolayer coating on glass slides over a checkerboard backdrop (0.5 cm× 0.5 cmper square). Percent coverage (θ) determined via binary
image processing. Size measured via SEM (n >50). (a–c) Solid silica nanoparticles. (d–f) Hollow-sphere nanoparticles with a constant core diameter of
202 nm. (g–i) Hollow-sphere nanoparticles with thin shells.

4 of 10 Advanced Materials Interfaces, 2026

 21967350, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202501095, W
iley O

nline L
ibrary on [19/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



d
d
a
n
t
M

2
P

S
h
m
U
d
t
i
a
f
8
s
s
f
y

T
b
(
i
f
p
w
a
a
s
e
t
i
s

A
(
p
r
(
c
o
m
a
t
w
t

T
n
t
e
t
t
f

A

 21967350, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202501095, W
iley O

nline L
ibrary on [19/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reativ
ue to attractive capillary forces upon solvent evaporation in the
rying process. The contrast of the checkerboard-patterned insets
lso serves as a visual indicator of optical clarity. Hollow-sphere
anoparticles with thin shells and a small total diameter appear
o improve the clarity of the coating, likely due to a reduction in
ie scattering (Figure 3g,h).

.2 Spectroscopic Analysis and Cooling
erformance

oda-lime glass is transparent in the visible region due to its
igh optical bandgap, but interacts strongly with light in the
id- to far-infrared due to Si─O vibrational resonances [43].
nder these conditions, total reflectance (R) can be used to
erive both TVIS and εAW of glass. Here, the measured R of
he solid and hollow-sphere sub-monolayer coatings on glass
s compared with theoretical calculations (Figure 4). Averaged
cross the visible range, total reflectance (RVIS) is preserved
or all particle morphologies, remaining below 11.5 % (TVIS =
8.5 %). The highest reflectance was observed using the largest
olid spheres (Figure 4a). Meanwhile, the use of smaller hollow-
phere nanoparticles exhibited a minor reduction in reflectance;
or instance, the 303-nm diameter thin-shelled hollow-spheres
ielded RVIS = 8.8 % (compared to 9.2 % for bare glass) (Figure 4c).

he spectral trends in the visible range are compared to the
ackscattering efficiency (Qbsc) calculated using Mie theory
Figure 4a,c,e). These calculations assume isolated silica spheres
n air, neglecting multiple scattering effects, substrate inter-
erence, particle dispersity, and particle clustering—which are
resent in the experimental analysis. Further imperfections
ithin the silica particle and silica shell, respectively, can lead to
dditional light scattering. The calculated backscattering profiles
re found to be redshifted compared to experimentally obtained
pectra. This is most evident in Figure 4c. Nevertheless, the gen-
ral trends of the reflectance spectra are well captured, justifying
he use of Mie theory for the morphology optimization discussed
n Section 2.3. Additional Mie-calculation data (e.g., absorption
pectra, resonance orders, etc.) are presented in Figures S4–S6.

veraged across the atmospheric window, the total reflectance
RAW) of coated substrates is reduced, with larger and solid
articles having a greater effect (Figure 4b,d,f). The largest
eduction is observed using the largest tested solid spheres
d = 1082 nm), with RVIS-glass = 5.6 % (vs. RAW-glass = 15 %). This
orresponding to εAW = 94.4 % (εAW = 100–RAW). The magnitude
f this reduction is less than that of the close-packed system of
uch larger, 8 µm, silica spheres (εAW > 98 %), although it is still
ppreciable [33]. Hollow-sphere systems were not able to reach
hese emissivity values; however, thin-shelled hollow-spheres
ith d < 350 nm were able to reduce RAW to 13 %, corresponding
o εAW >87 % without sacrifice of visible transmittance.

he validity of these infrared results is also confirmed via
umerical simulations. First, as d << λ in the AW region,
he effective permittivity of the monolayer is determined using
ffective medium theory [44]. Then, reflectance is calculated via
he transfer matrix method using this effective permittivity, with
he thickness given by the particle diameter (the details can be
ound in the Method section and Figure S3). We note that this
dvanced Materials Interfaces, 2026
effective medium approach is a simplification, since the effective
refractive index will assume a maximum along the z-direction at
the particle’s equator. Furthermore, considering the particle clus-
tering observed in the lateral direction, patches of variable optical
density are expected to contribute to the overall reflectance in the
AW region, too. Deviations from the effective medium approach
are expected to be strongest for the most efficient scatterers
(solid spheres) and particles/particle clusters of the largest sizes.
Despite these deficiencies, we find that the calculated reflectance
captures the measured reflectance reasonably well for all particle
morphologies. It confirms for all cases the reduced reflectance
compared to bare glass (Figure 4b,d,f, smooth lines).

Solid sphere absorption increases with particle size due to the
larger effective thickness of the coating. For particles with a
constant core size, increasing shell thickness results in higher
absorption due to both the effective thickness and absorption
coefficient increasing (Figure S8). For hollow-sphere particles
with thin shells, the effective absorption coefficient remains small
even when particle size increases, so the reduction in reflectance
is small (Figure S8). Interestingly, hollow spheres with thin shells
exhibit two resonant conditions from the inner and outer surfaces
of the shell. As the shell progressively thins, these two resonant
modes hybridise, resulting in bonding and antibonding modes
at around 9 and 8 µm, respectively (Figure S7). As absorption
is weak, this results in little change in infrared reflectance.
Evidently, the characteristic absorption due to localized phonon-
polariton resonances is stronger for hollow-sphere particles with
thicker SiO2 shells and solid SiO2 spheres. The larger polarizable
volume of a solid particle allows for resonance modes to be
excited–represented by a larger imaginary component of effective
permittivity, ε′′.

We performed a proof-of-concept test to substantiate the added
value of particle immobilization on the cooling performance.
This involved coating glass slides (5 cm diameter) with 1082 nm
solid spheres and 602 nm/673 nm (core/shell diameters) hollow
spheres. To emulate the heat input to a solar cell, the coated glass
slides were placed on top of a Si wafer. A thin layer of water was
used to reduce interfacial reflection and to increase the thermal
conductance. We used our indoor testing setup for assessing the
radiative emittance improvement under nighttime conditions (no
solar radiance input). We found a small temperature decrease
between an uncoated glass slide and both particle-immobilized
substrates (Figure S9a,b). Furthermore, we conducted an outdoor
test, using the same experimental layout during the daytime.
Here, we could also confirm the increase in cooling performance
caused by the particle immobilization with a temperature reduc-
tion of about 1◦C (Figure S9c,d). Both experiments demonstrate
the added benefit of improving the emissivity via silica nanopar-
ticle immobilization on a glass substrate. We could, however, not
measure a significant difference between a solid and a hollow
sphere.

2.3 Morphology Dependence

The application of disordered, low-coverage solid and hollow-
sphere silica nanoparticles can maintain high TVIS and improve
εAW when coated on glass. These two properties can be plotted
against each other to show how particle morphology influences
5 of 10
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FIGURE 4 Solar and mid-IR spectroscopic properties of the silica nanoparticle coatings of differing particle morphologies, and their comparisons
to theory. UV–vis–NIR and mid-IR spectra, respectively for (a,b) solid silica particles (red); (c,d) hollow silica particles varying shell thickness (blue);
(e,f) hollow silica particles varying core size (green).
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hese properties simultaneously (Figure 5a). It can be seen that
trade-off exists via the linear trend lines, with the negative
radients indicating that transparency is sacrificed for increased
assive cooling effects. For example, as the size of solid sphere
articles increases, the coating exhibits a significant reduction
n AW reflectance and a slight increase in visible reflectance
ompared to uncoated glass. RAW/RAW-Glass = 0.35, RVIS/RVIS-Glass
1.2 for 1082 nm particles. This corresponds to εAW = 94.6 %,
nd a TVIS = 88.5 %. Conversely, increasing particle size whilst
aintaining a thin shell (i.e., increasing core size) reveals a much
maller trade-off. We find that by using ∼300 nm, thin-shelled
ollow-spheres, RAW/RAW-Glass = 0.86 and RVIS/RVIS-Glass = 0.94,
hich correspond to εAW = 87 %, and a TVIS = 91.2 %. Achieving
of 10
increased IR reflectance without sacrificing visible transmittance
is ideal for PV applications. It is noted that the averaged values
of reflectance shown in Figure 4 fall short of showcasing the
wavelength dependent nature of the monolayer films (as seen in
Figure S2). For example, when comparing coated samples to bare
glass, one recognizes spectral ranges of reduced reflectance in
almost all samples. This could be understood as an anti-reflective
property in this spectral range, which can be of great value for the
optimization toward a specific application, however is beyond the
scope of this work.

The correlation between experiment and simulation (Figure 4)
allows for a comprehensive comparison of a range of particle
Advanced Materials Interfaces, 2026
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FIGURE 5 Comparison of changes to atmospheric window reflectance, RAW, and visible scattering for various particle morphologies. (a)
Experimental data of normalized RAW (8–13 um) vs. RVIS (400–700 nm). (b) Calculated data of normalized RAW vs. average visible backscattering
efficiency, Qbsc. Ratios in legend refer to the particle-diameter to core-diameter ratio (i.e., 2:1 refers to the particle diameter being twice as large as
the core size).
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orphologies, including particle-diameter to core-diameter ratio
nd shell thickness (Figure 5b; note that this graph plots visible
bsc vs. normalized RAW). The particles are seen to follow two
eneral trends: (1) decreasing particle size, and (2) decreasing
article-diameter to core-diameter ratio reduces visible backscat-
ering at the expense of infrared emissivity. This result confirms
he initial hypothesis that both smaller particles and hollow-
phere particles can improve visible transmittance. Again, large
olid particles have the largest reduction in infrared reflectance
RAW/RAW-Glass = 0.35), albeit with high visible backscattering
RAW = 0.33). Interestingly, hollow spheres with 25 and 50 nm
hells deviate slightly from the aforementioned trend, with
ackscattering efficiency consistently low (Qbsc < 0.1). Increasing
heir particle sizes appears not to affect Qbsc while reducing RAW.
e find that 1200 nm diameter particles with a shell thickness
f 50 nm allow for appreciable reductions in RAW/RAW-Glass (up
o 0.66) while maintaining low backscattering (Qbsc = 0.07). This
ould correspond to an εAW ≈ 90 % with little change in visible
ransmittance. This is attributed to the shell becoming optically
ransparent (as shell thickness<< λ) and simultaneously shifting
he contributing backscattering modes outside the visible range
45].

he findings show that high TVIS alongside increased εAW can be
chieved by utilizing a sub-monolayer of solid or hollow-sphere
ilica nanoparticles—if particle morphology is appropriately
uned. Larger solid silica particle coatings support increased
ocalized SPhP resonance, which enhances the absorption and
mission of infrared light by up to 70 %, but increases visible
cattering by 15 %, compared to uncoated glass. Alternatively, the
se of hollow spheres can sustain strong solar light transmittance
hen thin shells (< 50 nm) are used, while also improving
nfrared emission by up to 40 %. Pushing the particle size bigger
oosts εAW by supporting SPhP resonances but increases backscat-
ering, reducing TVIS. Conversely, thin-shelled hollow spheres (t
50 nm) can maintain glass-like TVIS by reducing scattering

ontributions while retaining useful IR resonances. This creates
wo practical regimes: (i) transparency-first (thin-shelled hollow
dvanced Materials Interfaces, 2026

eativ
spheres and low surface coverage) and (ii) cooling-first (larger
dense spheres and higher surface coverage).

This coating design, if optimized further, has advantages over
other PRC coatings due to its scalable bath immersion coating
process, minimal material usage, and simple design. Further-
more, particle morphology can be tuned and selected according
to the requirements of the end application. For example, appli-
cations that require high visible transparency, such as windows
or photovoltaic glass, may benefit from particles within the
transparency-first regime. From here, there are many avenues
for further investigation, both experimentally and theoretically,
such as the effect of surface coverage, larger particle sizes (d
> 1000 nm), and maintaining thin shells (t < 100 nm), coating
durability, and the demonstration of cooling at scale. These direc-
tions will be essential for optimizing the coating’s performance in
passive cooling applications requiring high visible transparency.

3 Conclusion

This work demonstrates a sustainable route toward highly trans-
parent passive radiative cooling by employing a sub-monolayer of
silica nanoparticles on glass. This system leverages the vibrational
modes of silica to boost absorption in the atmospheric window.
By manipulating particle design, we identify an intrinsic trade-
off between optical transparency and thermal emittance governed
by morphology-dependent Mie resonances. While large solid
spheres maximize interaction volumes to yield the highest emis-
sivity (>94 %), they incur visible reflectance gains of around 25
% due to increased backscattering. Conversely, small thin-shelled
hollow spheres offered a strategic compromise, suppressing Mie
scattering modes in the visible range while providing some
enhancements in emissivity (>87 %). Validated by numerical
simulations, these findings establish hollow silica spheres as a
scalable, low-cost strategy for enhancing photovoltaics and other
systems requiring passive thermal management and high optical
transparency.
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Experimental Section/Methods

.1 Synthesis of Solid Silica Particles

olid silica nanoparticles of three sizes were prepared via the
töber process. In a 250 mL flask, 80 mL ethanol (Sigma–
ldrich), 10mLMilliQwater (Millipore Direct Q3UV unit, Merck
illipore), 6 mL 35 % ammonia solution (Sigma–Aldrich), and
mL TEOS (added dropwise) (Sigma–Aldrich) were mixed and
llowed to react for 12 h at room temperature.

.2 Synthesis of Hollow-sphere Silica Particles

olystyrene (PS) nanoparticles were first synthesized
s a sacrificial template via emulsion or dispersion
for > 400 nm particles) polymerization using 2-
ethacryloxyethyltrimethylammoniumchloride (MTC,
igma–Aldrich), absolute ethanol (Sigma–Aldrich), and styrene
Sigma–Aldrich) as received. 2,2′-Azobis(2-methylpropionitril)
AIBN, Sigma–Aldrich) was recrystallized from ethanol before
se. The details of this synthesis are described in more detail
y Lechner et al. [37]. Silica shells were synthesized upon these
acrificial PS cores via a modified Stöber process. To create
S-SiO2 core shell particles of varying shell thickness, 2 mL
f an aqueous solution containing 10 wt. % 200 nm PS seed
anoparticles were added into a mixture of EtOH:H2O:NH3 at a
olar ratio of 4.3:2.7:1. A solution of 100 % TEOS in ethanol was
dded last at a rate of 2.5 mL/h. The reaction was left to proceed
or 6 h, and 10 mL was extracted every hour. Each extraction
rovided a solution for a certain shell thickness. The synthesis of
ore–shell nanoparticles of variable core size involved separate
S core syntheses by varying MTC addition. Each core particle
as then coated with silica via the modified Stöber process
escribed previously to provide approximately 30–50 nm shells.

.3 Bath Immersion Coatings

lass slides (Epidea) were washed by sonication for 10 min, sub-
equently in 2 % Hellmanex solution, MilliQ water, and ethanol.
he surface was positively charged via immersion in a petri dish
ath containing 2 % poly(diallyldimethylammonium chloride)
p-DADMAC) (Sigma-Aldrich) for 2 h. Excess p-DADMAC was
emoved by washing with water. Following surface treatment,
he glass slides were placed within a bath containing 0.5wt.
nanoparticle solution (diluted in MilliQ water) for 20 min.
he coated slides were rinsed five times by dipping into a
eaker of water and then ethanol, before being lightly blown
ry using a pressurized air gun. To obtain hollow-sphere silica
articles, the PS cores were calcined at 500◦C for 12 h. For
imulated outdoor cooling performance, 50mmdiameter borosil-
cate glass (1.1 mm thickness) was coated only with 1082 nm
iameter solid SiO2 spheres and 602/673 nm (core/shell dia.)
articles.

.4 Characterization

anoparticle size prior to and following shell synthesis was
etermined using scanning electron microscopy (SEM) and a
of 10
MATLAB-based evaluation software. Surface coverage was also
measured using SEM, via ImageJ threshold adjustment. Spec-
troscopic properties were measured using an Agilent Cary 5000
UV–vis–NIR spectrometer and a Bruker Vertex 70 FTIR spec-
trometer, each equipped with an integrating sphere. Calibration
was performed with the Spectralon diffuse reflectance standard
and Au mirror for UV–vis and MIR measurements, respectively.
Cooling performance measurements were conducted within a
customized indoor “dome” set-up (Figure S9a). Borosilicate
glass coated with nanoparticles was placed on the surface of
a Si wafer of equal diameter. The night-time cooling perfor-
mance was determined by measuring the temperature of the
Si wafer via thermocouple when placed within a highly mid-
IR absorbing graphite hemisphere, cooled by liquid nitrogen
(mimicking the cold-sink of space). Outdoor cooling performance
is measured by placing this system under clear-sky conditions in
Germany.

4.5 Numerical Methods and Simulations

The backscattering of the nanoparticles in the visible region
was calculated using Mie theory [44]. First, the scattered field
of the nanoparticles was computed, and the backscattering was
obtained by integrating the scattered power over the backward
hemisphere. The obtained valueswere normalized by the geomet-
ric cross-section of the nanoparticles to determine the scattering
efficiency. In this calculation, electric and magnetic modes up
to the 10th order were included to accurately account for size-
dependent effects. The refractive index of SiO2 was taken from
the literature [47].

To describe optical behavior in the mid-IR range, the reflection
properties of the solid silica nanoparticle coatings were described
using effective medium theory via the Bruggeman approxima-
tion, where fp is the volume fraction of the particles in the coating,
and εp, εair, εeff, are the dielectric constants of the particle, air, and
the monolayer coating, respectively Equation (1).

𝑓𝑝
𝜖𝑝−𝜖𝑒𝑓𝑓
𝜖𝑝 + 2𝜖𝑒𝑓𝑓

+
(
1−𝑓𝑝

) 𝜖𝑎𝑖𝑟−𝜖𝑒𝑓𝑓
𝜖𝑎𝑖𝑟 + 2𝜖𝑒𝑓𝑓

= 0 (1)

For solid silica nanoparticle coating, εp was simply taken from
the dielectric constant of SiO2 [48]. The dielectric constants of the
coatings composed of the hollow-sphere particles were calculated
in two steps. First, the effective dielectric constants of the hollow-
sphere particles were determined using the Maxwell–Garnett
approximation, in which each hollow sphere was approximated
as a single solid particle. Equation (2).

𝜖𝑐𝑜𝑟𝑒−𝑠ℎ𝑒𝑙𝑙𝑒𝑓𝑓 = 𝜖𝑠ℎ𝑒𝑙𝑙

(
𝜖𝑐𝑜𝑟𝑒 + 2𝜖𝑠ℎ𝑒𝑙𝑙 + 2𝑓 (𝜖𝑐𝑜𝑟𝑒−𝜖𝑠ℎ𝑒𝑙𝑙)
𝜖𝑐𝑜𝑟𝑒 + 2𝜖𝑠ℎ𝑒𝑙𝑙−𝑓 (𝜖𝑐𝑜𝑟𝑒−𝜖𝑠ℎ𝑒𝑙𝑙)

)
, 𝑓 =

𝑟3𝑐𝑜𝑟𝑒

𝑟3
𝑠ℎ𝑒𝑙𝑙

(2)
Next, the obtained effective dielectric constants of the hollow-
sphere particles εcore–shell were substituted into εp in Equation (1)
to calculate the effective permittivity of the coatings. fp in Equa-
tion (1) was experimentally determined from the surface coverage
data. Otherwise, a fixed coverage of 30 % was used. Reflectance
was then calculated using the transfermatrixmethod, εeff, and the
refractive index of a glass substrate [46]. The calculation process
is schematically illustrated in Figure S3.
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