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The cover glass of solar photovoltaic (PV) modules is known to suffer from reflectance losses, while elevated
operating temperatures further reduce PV efficiency. This study investigates the application of porous silica
coatings to reduce solar reflectance in the spectral range of 300-1200 nm and enhance thermal emissivity in the
mid-infrared range of 8-13 pm. A sol-gel method employing a base/acid double-catalysis technique was used to
synthesize a silicon dioxide (SiO3) sol, which was subsequently spin-coated onto glass substrates to form porous
silica layers. The materials and optical properties of the coatings were characterised using scanning electron
microscopy, Fourier transform infrared spectroscopy, and spectrophotometry. A two-layer design demonstrates a
1.2% absolute increase in solar transmittance (300-1200 nm) with a porous silica layer, along with an
enhancement in mid-infrared emissivity (8-13 pm) from 87% to 90%, compared to bare glass. A three-layer
configuration increases the emissivity to 96%, but with a 1.1% absolute reduction in transmittance within the

Emissivity

300-1200 nm range.

1. Introduction

Two key challenges that affect photovoltaic (PV) module perfor-
mance are optical reflection losses from the front side of the cover glass
and reduced electrical output due to elevated operating temperatures
[1]. At the air-glass interface, reflection losses can account for ~5% of
the incident solar radiation, depending on the deviation of the angle of
incidence. These losses decrease the amount of light absorbed by the
solar cells, limiting the generation of electron-hole pairs and thus
reducing overall power output [2].

Typically, a modern silicon-based PV module is rated with a power
conversion efficiency of 22-24% when tested under standard test con-
ditions (STC), which means under 1000 W/m? intensity of the air-mass
1.5 global (AM1.5G) solar spectrum and, most importantly, operating at
25 °C. This means that more than 70% of sunlight contributes to heat
build-up, raising the PV module's operating temperature to 60 — 80 °C on
summer days [3]. For every 1 °C increase in operating temperature

above its 25 °C rating, the power output of a silicon PV module declines
by approximately 0.24% to 0.35% [4]. Therefore, among the broader
range of strategies being studied to improve PV system performance,
reducing front-surface reflection and enhancing waste heat dissipation
are two important approaches [5,6].

To address these issues, various surface coatings and cooling tech-
niques have been developed [7]. Typical anti-reflection coating struc-
tures include porous coating (e.g., porous silica [8]) and
micro-structured coating (e.g., moth-eye-like structure [9],
micro-pyramid structure [10], micro-cone structure [11] etc). Cooling
strategies include active cooling, passive cooling, phase change mate-
rials (PCMs), and enhanced PCM methods with additives such as
nanoparticles or porous metals [7,12]. Among these, passive daytime
radiative cooling (PDRC) has gained significant recent attention [13,
14]. PDRC materials exhibit high solar reflectance and strong
mid-infrared (MIR) emissivity (8-13 pm), enabling them to dissipate
heat to the cold sky without energy input. Compared to active cooling
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systems, which consume additional energy, PDRC offers a more
energy-efficient and sustainable solution [15]. Recent analysis shows
that radiative cooling can increase the annual electricity yield of PV
modules by ~3 rel.% [16].

Porous silicon dioxide (SiOy), or silica, has been widely studied for
optical coatings due to its low refractive index (~1.44), mechanical
durability, and chemical resistance [2,17]. Its tuneable pore size and
ability to form nanostructured coatings make it ideal for developing
anti-reflective surfaces. Additionally, porous silica can effectively emit
thermal radiation in the atmospheric transparency window (8-13 pm),
helping to reduce PV module temperatures and thus enhance energy
conversion efficiency [18]. The radiative cooling behaviour is primarily
due to the vibrational modes of Si-O-Si bonds, which strongly interact
with mid-infrared radiation [19]. Compared to bare glass, which also
contains silica as a primary component, the porous silica coating can
enhance thermal emission [20].

The sol-gel method is a cost-effective and versatile technique for
synthesising silica nanoparticles used in optical coatings [21,22]. In the
sol-gel process, alkoxysilane precursors such as tetraethyl orthosilicate
(TEOS) and methyltriethoxysilane (MTES) are hydrolysed and
condensed, typically in the presence of catalysts like hydrochloric acid
(acidic) or ammonium hydroxide (basic) [22-24]. Acid catalysts pro-
mote hydrolysis and produce branched, adhesive structures, whereas
base catalysts enhance condensation, yielding spherical nanoparticles
that adhere less strongly to substrates [22,25]. A double-catalysis
approach, combining acid and base catalysts, can produce
scratch-resistant, high-quality porous coatings with low refractive
indices [25]. The porosity of the silica coating, and hence its refractive
index, can be tailored using agents like Pluronic F127, which create a
more porous nanostructure [26,27]. The sol is then deposited on sub-
strates via methods such as dip coating or spin coating. Spin coating is
particularly preferred due to its precise control over coating thickness,
uniformity, simplicity and easy to set up, making it ideal for research,
although it is limited to small sample size up to 6 cm [28,29]. The sol's
viscosity plays a key role in determining the coating thickness: higher
viscosity results in thicker films, while lower viscosity yields thinner
layers. For anti-reflective purposes, coating thicknesses lower than
200 nm are considered optimal to avoid scattering of light in the
300-1200 nm range.

While sol-gel porous silica coating has been applied to either anti-
reflective [30,31] or radiative cooling [32,33], the dual functionality
of sol-gel porous silica coatings, i.e., enhancing both light transmittance
and radiative heat dissipation at the same time, remains underexplored.
In the current literature, such combined performance for solar cells is
mainly achieved wusing silica micro-grating coatings [34] or
micro-pyramid coating [35].

This study aims to fabricate porous silica coatings with tailored pore
sizes and porosity that offer simultaneous anti-reflective and radiative
cooling performance. The coatings were sintered on the low-iron soda-
lime glass (Fig. 1), acting as both anti-reflective layers and thermal
emitters. The coatings are characterised in terms of transmittance,
reflectance, and thermal emissivity. This work offers a pathway to
higher energy yield for PV modules.
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Fig. 1. The concept of porous silica coatings for radiative cooling and anti-
reflection for enhancing PV module performance.
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2. Experimental methods
2.1. Materials preparation

Tetraethyl orthosilicate (TEOS) (99.9%) purchased from VWR
(Germany) was used as the precursor for the synthesis of SiO5 coatings.
Ammonium hydroxide served as the base catalyst, while 0.1 M hydro-
chloric acid was used as the acid catalyst. The triblock copolymer
Pluronic F127 (99.9%), purchased from VWR (Germany), functioned as
a surfactant to enhance porosity. Ethanol (99.9%) was employed as the
solvent. All chemicals were used as received, without further purifica-
tion. Prior to experimentation, all containers and apparatus were thor-
oughly cleaned with ethanol, rinsed with deionised water, and dried.

2.2. Chemical process and coating fabrication

In this study, three silica sols were synthesised using a sol-gel method
based on a base/acid double-catalysis process. This method involves the
preparation of two separate sols: one catalysed with hydrochloric acid
(acid-catalysed) and the other with ammonium hydroxide (base-
catalysed) [36,37]. After individual preparation, the two sols were
combined and aged for 24 h prior to spin coating. The sols were prepared
in two parts, referred to as Part A and Part B. The base-catalysed sol (Part
A) was prepared using approximately 150 mL total volume of TEOS,
ethanol, and distilled water in the ratio of 20 : 115: 8 mL, respectively.
Ammonium hydroxide was added dropwise to act as the base catalyst.
The experimental setup consisted of a 250 mL three-neck round-bottom
flask: the central neck was connected to a water-cooled condenser, while
one of the remaining openings was used for reagent addition and pH
measurement, and the third housed a thermometer for real-time tem-
perature monitoring.

As illustrated in Fig. 2, 20 mL of TEOS was first added into the flask,
followed by 115 mL of ethanol. The mixture was stirred at room tem-
perature for 5 min using a magnetic stirrer. Subsequently, the solution
was heated to 60 °C, and 8 mL of distilled water was added. While
stirring, 5 mL of ammonium hydroxide was added dropwise until the pH
reached 10. The mixture was then stirred at 60 °C for 90 min. During this
stage, a colour change from clear to bluish-white was observed, likely
indicating nanoparticle formation via condensation and light scattering
[38]. The sol was then transferred to an oven and aged for 3 h at 35 °C, to
stabilise the sol. It was later returned to the flask and heated to 86 °C for
reflux. The steady reflux temperature was observed to be 76 °C. Reflux
was maintained for approximately 7 h until the pH dropped to 7,
ensuring ammonia evaporation. This step is critical as residual ammonia
can adversely affect the final coating properties [39].

The acid-catalysed sol (Part B) was then prepared. The volume ratio
of TEOS: ethanol: water was 5 : 80: 3 (mL). Initially, 77 mL of ethanol
and 3 mL of distilled water were added into a 250 mL beaker and stirred
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Fig. 2. Schematic illustration of the sol-gel synthesis process (Part A and
Part B).
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with a magnetic stirrer. Separately, 0.25 g of Pluronic F127 was dis-
solved in 3 mL of ethanol in a 50 mL beaker by stirring for 20 min to
ensure complete dissolution. Pluronic F127 acts as a soft template to
create porosity in the silica matrix (Fig. 3) [40,41].

The surfactant solution was then added to the ethanol-water mixture,
followed by 5 mL of TEOS and sufficient hydrochloric acid to reduce the
pH to 2. The sol was stirred for 60 min to ensure thorough hydrolysis and
uniform nanoparticle formation. pH measurements were taken using
multiple types of pH paper to ensure accuracy, by rubbing a glass rod tip
dipped in the sol onto the pH paper. To study the effect of porosity, three
sols were prepared by varying only the amount of Pluronic F127 with
0.25 g, 0.40 g, or 0.60 g of this chemical. After aging for 24 h, the acid-
and base-catalysed sols were mixed to form a stable hybrid sol suitable
for coating.

The resulting silica sol was deposited onto low-iron soda lime glass
substrates purchased from SUIMA (China) with a thickness of 1 mm and
a diameter of 30 mm. Substrates were thoroughly cleaned with ethanol
and allowed to dry prior to coating to ensure adhesion and uniformity.
For spin coating, approximately 0.5 mL of sol was dispensed onto the
substrate. The spin-coating process was performed in two stages: an
initial spread at 500 rpm to ensure uniform dispersion (dynamic
coating), followed by spinning at 1500 rpm for 20 s to achieve the
desired film thickness of ~200 nm. This coating process is repeated one,
two, and three times, with a 5-min ambient drying period between each
cycle, to fabricate coatings with different thicknesses. The resulting
samples are referred to as single-layer, double-layer, and triple-layer
coatings. It should be noted that partial re-dissolution of the previ-
ously deposited layer can occur during repeated coating. Therefore, the
detailed coating thicknesses should be determined from the SEM images
presented in the following sections. Following deposition, all coated
substrates were sintered in a microwave furnace at 450 °C for 1 h.
Sintering facilitated the removal of organic components such as Pluronic
F127 and enhanced the structural integrity and optical properties of the
porous silica coatings (Fig. 3).

2.3. Optical characterisation methods

The optical properties of the fabricated coatings were characterised
using ultraviolet-visible-near-infrared (UV-vis-NIR) spectrophotometry
(Cary 7000 UV-Vis-NIR by Agilent) and Fourier transform infrared
(FTIR) spectroscopy (Vertex 70, with a A562 Integrating Sphere by
Bruker Optik GmbH, Germany). Spectrophotometry was used to mea-
sure the transmittance and reflectance of the coatings across the solar
spectrum range (300-1200 nm), enabling assessment of their anti-
reflective performance. FTIR was employed to evaluate the thermal
emissive properties of the coatings in the MIR region, particularly within
the 8-13 pm atmospheric transparency window relevant for radiative
cooling applications. The spectral transmittance T(\) and reflectance R
(A) in the mid-infrared range were directly measured by FTIR spectros-
copy. The spectral absorptance was then calculated as A(A) =1 — T
(A) — R(\). According to Kirchhoff's law of thermal radiation, the spec-
tral emissivity is equal to the spectral absorptance at thermal

® Silica
/0 Pluronic F127

Silica sol with
Pluronic F127

Porous silica
after sintering

Silica nanoparticles
before sintering

Fig. 3. Mechanism by which Pluronic F127 generates porosity in sil-
ica particles.
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equilibrium, i.e., e(A) = A(A). Therefore, the emissivity values reported
in this study were obtained from the FTIR-measured optical data and
averaged over the atmospheric transparency window of 8-13 pm. In
addition, scanning electron microscopy (SEM, supra 60 VP, ZEISS,
Germany) was used to analyse the surface morphology of the coatings.
SEM provided detailed information on particle size, shape, porosity, and
film thickness. These observations were essential in confirming the
formation of a porous silica network and in correlating the microstruc-
ture with the coatings' optical performance.

3. Results and discussions
3.1. Optical performance of the porous silica coatings

The optical performance of porous silica coatings varied with the
number of coating layers. The layer number in this study means the
times of the spin coating process (e.g., 3-layer coatings means that the
substrate is coating three times via the same aforementioned setting of
the spin coater). The FTIR and UV-vis-NIR data for coatings fabricated
using sols containing 0.25 g of Pluronic F127 are presented in Fig. 4.
These include single-layer, double-layer, and triple-layer coatings
applied to low-iron soda-lime glass substrates. The optical properties of
the soda-lime glass substrate are shown in Fig. 4a as a reference. The
transmittance (300-1200 nm, active spectrum for common Si solar cells)
and emissivity (8-13 pm) of the soda-lime glass are 89.8% and 87%,
respectively. As shown in Fig. 4b, the single-layer porous silica coating
exhibited the highest transmittance across the solar spectrum range
(300-1200 nm) which reaches 90.9%, compared to the two-layer
(Fig. 4c) and three-layer coatings (Fig. 4d). The emissivity (8-13 pm)
of the single-layer porous silica coating is 89%. In contrast, as the
number of coating layers increased, transmittance decreased, while
emissivity in the mid-infrared range (8-13 pm) increased.

Specifically, the three-layer coating, fabricated from the sol con-
taining 0.25 g of Pluronic F127, achieved the highest MIR emissivity,
reaching 0.96 (Fig. 4d). This represents an ~10% relative improvement
compared to the uncoated glass substrate. The enhancement in emis-
sivity with increasing coating layers can be attributed to the increased
mid-infrared optical thickness of the porous silica film. Silica exhibits
strong vibrational absorption in the mid-infrared region, mainly asso-
ciated with Si-O-Si stretching and bending modes. As the number of
coating layers increases, the amount of silica interacting with thermal
radiation becomes larger, leading to a longer effective optical path
length and stronger absorption within the 8-13 pm atmospheric window.
According to Kirchhoff's law, this increased mid-infrared absorptance
corresponds to higher emissivity. Therefore, the multi-layer porous sil-
ica coatings show enhanced thermal emission compared with the single-
layer coating and bare glass. These results demonstrate a clear trade-off
between optical transparency and radiative cooling potential. A single-
layer coating maximises transmittance and is thus suitable for applica-
tions prioritising light harvesting (e.g., PV modules), whereas multi-
layer coatings enhance emissivity and are more suitable where ther-
mal regulation is prioritised.

The average transmittance (300-1200 nm) for the 1-layer, 2-layer,
and 3-layer coatings is 90.9%, 90.4%, and 88.7%, respectively.
Compared with bare glass (89.8%), the single-layer and two-layer
coatings show absolute improvements of +1.1% and +0.6%. In
contrast, the three-layer coating exhibits a slight reduction of —1.1%
compared to glass, indicating that excessive layering begins to offset the
anti-reflective benefit. The decrease in transmittance with increasing
coating layers can be attributed to enhanced optical scattering within
the porous silica network. Repeated spin-coating introduces additional
nanoparticle interfaces that serve as scattering centres. Given the
nanoparticle diameter (~62 nm, as shown in the next section), which is
significantly smaller than visible wavelengths, the system operates
predominantly in the Rayleigh scattering regime. In this regime, the
scattering efficiency increases strongly toward shorter wavelengths
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Fig. 4. Optical properties of uncoated and coated soda-lime glass substrates with sample photos. a) Uncoated glass; b) 1-layer porous silica coating; c¢) 2-layer porous
silica coating; d) 3-layer porous silica coating. All coatings were fabricated using 0.25 g of Pluronic F127.

(following a A~* dependence), making transmission losses more pro-
nounced in the short-wavelength region of the solar spectrum. This
behaviour is consistent with the greater reduction in transmittance
observed below ~550 nm for the 3-layer porous silica coating as shown
in Fig. 4d. In addition, successive deposition on an already porous sur-
face can cause partial pore shrinkage or overlap during drying and
sintering, resulting in local densification and slight increases in the
effective refractive index.

The mid-infrared emissivity increases from 89% for the single-layer

coating to 93% and 96% for the two- and three-layer coatings, respec-
tively, indicating enhanced thermal radiation with increasing layer
number. Compared with bare glass, this corresponds to absolute en-
hancements of +-0.01, +0.06, and +0.09, representing relative increases
of approximately 1%, 6.9%, and 10.3%, respectively. The increase in
emissivity within the 8-13 pm atmospheric window with increasing
coating layers is primarily attributed to the intrinsic vibrational modes
of the silica network. As the coating thickness increases, the effective
optical path length within the silica layer becomes larger, enhancing

Fig. 5. SEM images of glass substrates coated with porous silica (used 0.25 g Pluronic F127). a) Side view of the 1-layer coating; b) Enlarged side view of the 1-layer
coating; c) Side view of the 3-layer coating; d) Enlarged side view of the 3-layer coating; e) Plan SEM view of the 1-layer porous silica coating; f) Enlarged top view of

the 1-layer porous silica coating.
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absorption of mid-infrared radiation through these vibrational modes.
According to Kirchhoff's law of thermal radiation, an increase in ab-
sorptivity at a given wavelength corresponds to an increase in emissiv-
ity. Therefore, the higher silica content in multi-layer coatings leads to
stronger mid-infrared absorption and consequently improved thermal
emission within the 8-13 pm range.

3.2. Structure of the porous silica coating

The surface morphology and structural characteristics of the porous
silica coatings were examined using SEM, as presented in Fig. 5. The
SEM images reveal that the coatings exhibit a uniform and continuous
surface, indicating successful deposition and good adhesion to the glass
substrate.

The cross-sectional SEM images indicate that the porous silica layer
was successfully deposited on the glass substrate. The silica nano-
particles synthesised with 0.25 g of Pluronic F127 were predominantly
spherical in shape, with an average particle diameter of ~62 nm, as
shown in the plan-view SEM image (Fig. 5e and f). The spherical
morphology contributes to the formation of a homogeneous porous
network as shown in Fig. 5a-d, which is essential for both anti-reflective
and radiative cooling functionalities. The cross-sectional SEM images
provide insight into the coating thickness. The coating thickness was
determined from cross-sectional SEM images by measuring the vertical
distance between the top surface of the porous silica layer and the glass/
coating interface at multiple lateral positions. The error bar is reported
as the standard deviation of these local thickness measurements. For the
single-layer coating, the thickness was measured to be 750 + 30 nm,
while the three-layer coating reached a thickness of 1.14 + 0.03 pm. The
three-layer coating is not three times thicker than the single-layer
coating because successive spin-coating does not produce fully
discrete layers. During repeated deposition, the freshly applied sol can
partially re-dissolve and re-wet the previously deposited porous layer,
allowing the solution to infiltrate and fill existing pores rather than
forming a purely stacked layer. The layered structure appears compact
and well-aligned, suggesting that each subsequent spin-coated layer
adheres effectively and contributes to overall film thickness without
compromising surface quality. The plan-view SEM images of the 1-layer
coating (Fig. 5e and f) show a porous nanoparticle network, but also
reveal local inhomogeneity in nanoparticle packing and coverage. This
local non-uniformity is likely related to drying-induced redistribution of
silica nanoparticles during spin coating, including local de-wetting,
particle aggregation, or coffee-ring-like effects during solvent evapora-
tion. Therefore, while the coating is largely continuous at the scale
relevant to the optical measurements, further optimization of the sol
formulation, substrate surface treatment, spin-coating parameters, and
drying conditions will be required to improve microscale coating
homogeneity.

Fig. 6 shows the X-ray diffraction patterns of the porous-silica coated
glass and the stainless-steel sample holder. The coated sample exhibits a
broad diffraction halo between approximately 20° and 35°, which is
characteristic of amorphous glass/silica. No additional sharp diffraction
peaks associated with crystalline SiO2 phases are observed. The sharp
peak at ~43° also appears in the stainless-steel sample holder reference
and is therefore attributed to the sample holder/background rather than
to the porous silica coating. These results indicate that the sol-gel-
derived porous silica coating remains predominantly amorphous after
sintering at 450 °C.

3.3. Impact of Pluronic F127 concentration on coating performance

Pluronic F127 was used as a templating agent during the sol-gel
synthesis of silica, with the goal of producing coatings with tuneable
porosity. Coatings were fabricated from sols containing different
amounts of Pluronic F127 (0.25 g, 0.40 g, or 0.60 g), while all other
synthesis parameters were kept constant. This allowed investigation of
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Fig. 6. X-ray diffraction patterns of the porous-silica coated glass sample and
the stainless-steel sample holder. The sharp peak at ~43° originates from the
stainless-steel holder/background.

how porosity -induced by varying surfactant content — affects both
optical transmittance and thermal emissivity.

Fig. 7 presents the transmittance and emissivity of coatings prepared
with 0.40 g of Pluronic F127. The average solar transmittance
(300-1200 nm) for the 1-layer, 2-layer, and 3-layer coatings is 91.0%,
91.0%, and 90.2%, respectively. The corresponding mid-infrared emis-
sivity values are 88%, 90%, and 91%. Compared with bare glass
(transmittance 89.8% and emissivity 87%), the single- and two-layer
coatings exhibit an absolute transmittance enhancement of +1.2%,
while the three-layer coating shows a smaller gain of +0.4%. In terms of
thermal radiation, the emissivity increases by +0.01, +0.03, and +0.04
for the 1-, 2-, and 3-layer coatings (relatively +1.1%, 3.4%, and 4.6%
respectively). The results still indicate an inherent trade-off between
maintaining high solar transparency and improving radiative cooling
performance. For the coatings prepared with 0.40 g Pluronic F127, the
2-layer coating provides the best balance between solar transmittance
and mid-infrared emissivity, as it maintains high solar transparency
while improving radiative cooling performance compared with the 1-
layer coating. In thicker coatings, incident light travels through a
longer porous nanoparticle network. This increases the scattering opti-
cal depth and reduces the transmitted light intensity. Because the silica
nanoparticles are much smaller than the visible wavelengths, the scat-
tering is stronger at shorter wavelengths, following a Rayleigh-like
wavelength dependence. This explains why the transmittance reduc-
tion is more pronounced in the short-wavelength region for thicker
porous-silica coatings. In addition, when the coating becomes too thick,
the anti-reflective condition is no longer optimized, which can further
reduce the transmittance.

To isolate the influence of Pluronic F127 concentration, Fig. 8
compares single-layer coatings prepared from sols containing 0.25 g,
0.40 g, and 0.60 g of F127. A single-layer configuration was selected
because the previous results demonstrate that it provides the highest

Tglass
T ayer coating

TZ—layer coating

Ta—\ayer coating

layer 2-layer 3-layer’

04 06 08 10 12 4 6 8 10 12 14 16
Wavelength (um) Wavelength (um)

Fig. 7. Optical properties (transmittance and emissivity) of 1-, 2-, and 3-layer
coatings fabricated from a sol containing 0.40 g of Pluronic F127.
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Fig. 8. Comparison of 1-layer porous silica coatings fabricated with 0.25 g,
0.40 g, or 0.60 g of Pluronic F127: a) Transmittance across the 300-1200 nm
range; b) Emissivity in the 8-13 pm range.

solar transmittance (300-1200 nm), which is critical for maximizing
photon flux to the underlying solar cell. The average solar transmittance
(300-1200 nm) for the coatings prepared with 0.25 g, 0.40 g, and 0.60 g
of F127 is 90.9%, 91.0%, and 91.0%, respectively, while the corre-
sponding emissivity values are the same of 89%. Within this concen-
tration range, both the optical transmission and mid-infrared emissivity
remain nearly unchanged. This limited variation suggests that, for a
single-layer coating, increasing the F127 content from 0.25 g to 0.60 g
does not significantly alter the effective refractive index or the overall
porosity of the silica network (in 300-1200 nm range). Although higher
F127 loading can promote pore formation during template removal, the
resulting structural changes appear to be moderate. Similarly, the total
silica content and vibrational absorption bands responsible for mid-
infrared emission remain comparable, leading to only marginal differ-
ences in emissivity.

The correlation between Pluronic content and film thickness is
shown SEM cross-sectional images in Fig. 9. One-layer coatings fabri-
cated with 0.25 g, 0.40 g, and 0.60 g of Pluronic F127 yielded average
thicknesses of 750 + 30 nm, 310 + 20 nm, and 200 + 10 nm, respec-
tively. Similarly, triple-layer coatings reached 1.30 & 0.03 pm (0.40 g
Pluronic F127) and 960 + 30 nm (0.60 g Pluronic F127). Since, Pluronic
F127 is a triblock copolymer (PEO-PPO-PEO) that self-assembles into
micelles in aqueous solution [42], when it is used as a template in silica
sol-gel, Pluronic F127 micelles direct the formation of mesoporous silica
structures. The concentration of Pluronic F127 influences the size,
packing, and number of these micelles, which in turn affects the
morphology and thickness of the resulting silica coating. The thick hy-
drophilic PEO shell of Pluronic F127 micelles provides steric

500 nm —

Fig. 9. SEM side-view images of 1-layer coatings fabricated using different
amounts of Pluronic F127: a) 0.25 g, b) 0.40 g, c¢) 0.60 g. Coloured highlights
indicate coating thickness.
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stabilisation. Furthermore, increasing the Pluronic F127/silica ratio can
initially increase pore size, but when the template dominates, the silica
walls between pores become thinner, and the overall coating thickness
decreases [43]. It should be noted that the present SEM characterization
provides information on the coating morphology and thickness. Direct
quantitative porosity analysis would require additional techniques, such
as ellipsometric porosimetry and nitrogen adsorption measurements.
Therefore, in this study, the effect of Pluronic F127 content is evaluated
through changes in coating thickness, morphology, and optical perfor-
mance. The nearly unchanged transmittance and emissivity for the
single-layer coatings suggest that, within the investigated F127 range,
the effective optical porosity does not change strongly enough to
significantly affect the measured optical response.

4. Conclusion

Porous silica coatings were fabricated via a Pluronic F127-assisted
sol-gel process and deposited on low-iron soda-lime glass using
repeated spin coating. The optical and thermal performance of the
coatings was systematically evaluated as a function of layer number and
surfactant concentration. The optimal coating configuration depends on
the Pluronic F127 content and the relative importance of solar trans-
mittance and mid-infrared emissivity. For coatings fabricated with
0.25 g Pluronic F127, the single-layer coating achieves the highest solar
transmittance of 90.9%, with an emissivity of 89%. In contrast, for
coatings fabricated with 0.40 g Pluronic F127, the 2-layer coating pro-
vides the best balance, as it maintains similarly high solar transmittance
of 91.0% while offering higher mid-infrared emissivity of 90%.
Increasing the number of layers progressively enhanced emissivity (up
to 96%, ~10% relative improvement over glass) due to increased silica
optical thickness and stronger Si—O-Si vibrational absorption. However,
additional layers introduced enhanced Rayleigh-type scattering and
slight structural densification, leading to reduced solar transmittance,
particularly at shorter wavelengths. In contrast, varying the Pluronic
F127 concentration between 0.25 g and 0.60 g had only a minor influ-
ence on the optical performance of single-layer coatings, despite
affecting film thickness. This suggests that within the investigated range,
surfactant concentration plays a secondary role in determining the
transparency-emissivity trade-off compared with coating thickness
(layer number). Overall, the study clarifies the competing effects be-
tween optical transparency and radiative cooling performance in porous
silica coatings and identifies layer number as the primary tuning
parameter for balancing these properties.

In this study, spin coating is used because it provides good control
over coating thickness and uniformity, while being simple and conve-
nient for laboratory-scale sample preparation. However, spin coating is
intrinsically limited to small-area substrates and is not directly suitable
for large-area PV cover glass or industrial module-scale fabrication. For
future large-area applications, scalable methods such as dip coating,
spray coating, slot-die coating, blade/bar coating, or roll coating should
be considered. In these processes, the final thickness can be controlled
by parameters such as sol viscosity, coating speed, withdrawal speed,
wet-film thickness, solvent evaporation rate, and post-treatment condi-
tions. Since the optical transmittance and mid-infrared emissivity are
strongly affected by coating thickness, maintaining thickness uniformity
over large areas will be a key challenge. Therefore, future work should
focus on translating the present spin-coated laboratory films to scalable
deposition routes with improved thickness control and large-area
uniformity.

From the perspective of PV performance, the most relevant result is
that the single-layer porous silica coating increases the average solar
transmittance from 89.8% for bare glass to about 91.0%, corresponding
to an absolute increase of ~1.2%. If applied to PV cover glass, this higher
transmittance can directly increase the photon flux reaching the solar
cells and therefore contribute to a modest increase in power output.
Assuming that the photocurrent scales approximately linearly with
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transmitted solar irradiance, a PV module with an efficiency of 20%
could show an absolute efficiency increase of approximately 0.25%,
reaching ~20.25%, from this optical gain alone. At the same time, the
slightly enhanced mid-infrared emissivity may promote radiative heat
dissipation and help reduce the operating temperature of the PV module,
providing an additional cooling-related benefit. However, the actual net
gain will depend on module design and outdoor conditions, including
irradiance, ambient temperature, wind speed, mounting configuration,
and the temperature coefficient of the PV module, which is around
—0.26%/°C for commercial silicon PV modules (e.g., LONGi Hi-Mo
X10). Therefore, future work should integrate the coating with opera-
tional PV modules and evaluate the electrical performance gain under
real outdoor conditions.

Future work should focus on improving the balance between solar
transmittance and mid-infrared emissivity by refining the coating
microstructure. In particular, controlling nanoparticle size distribution
and pore uniformity may help reduce short-wavelength Rayleigh scat-
tering while maintaining high infrared absorption. The development of
graded-refractive-index or thickness-optimized architectures could
further enhance impedance matching across the solar spectrum without
sacrificing radiative cooling performance. Finally, integration of the
coatings with operational photovoltaic devices under real outdoor
conditions will be necessary to quantify the net impact on electrical
efficiency and temperature reduction. In addition, the anti-soiling po-
tential of the porous silica coating should also be investigated, as dust
accumulation is an important factor affecting the long-term perfor-
mance of PV modules. Furthermore, scalable large-area deposition
methods, such as dip coating, spray coating, slot-die coating, blade/bar
coating, or roll coating, should be developed to facilitate industrial
application on PV cover glass.
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