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A B S T R A C T

Sol-gel porous silica-based anti-reflective coatings (AR) represent a key solution to minimize reflectance losses 
and improve solar systems efficiency. However extreme climatic conditions compromise the long-term durability 
of the coatings. This study focuses on the impact of pore-forming agent (Pluronic® P-123) concentration, thermal 
treatment, and silicon precursor ratio on optical, structural, and environmental durability properties. The 
introduction of Pluronic® reduced the refractive index, achieving a minimum value of 1.215 at 600 nm, cor
responding to a porosity of 56 %, and increased optical transparency, with transmittance reaching 99.8 % at 600 
nm. However, higher porosity minimized mechanical stability, with abrasion resistance decreasing as Pluronic® 
concentration increased. Prolonged (1 h) thermal treatments at 500 ◦C led to excessive burnout of the Pluronic®, 
reducing mechanical resistance. Modifying the silicon precursor ratio (TEOS:MTES) impacts coating density, 
while both silicon precursor ratio and Pluronic® concentration influence the coatings’ environmental durability. 
These findings highlight the importance of achieving a balance between optical performance and mechanical/ 
environmental durability. Optimal balanced performance was achieved with 2 % v/v Pluronic® and TEOS:MTES 
ratio of 70:30. By carefully controlling the formulation and processing parameters, AR coatings properties can be 
tailored for solar applications, ensuring high efficiency and stability under operational conditions.

1. Introduction

As global energy demand rises and the shift toward renewable 
sources accelerates, it is essential to optimize and reduce the cost of 
these technologies to ensure their viability and attractiveness. One 
effective strategy is extending the accuracy of critical components to 
match the expected lifetime of the installations, thereby improving cost 
efficiency [1]. Among renewables, solar energy is one of the fastest 
growing and most cost-effective options. This growth is closely linked to 
the development of advanced materials that enhance the performance of 
clean energy devices.

In the utilization of solar energy, the main technologies can be 
broadly classified into three categories: (1) photovoltaic (PV) system 
which is the most widely deployed [2], (2) non-concentrated solar 
thermal system and (3) concentrated solar thermal (CST) technology. 

Beyond conventional uses, solar energy also enables direct applications 
like solar desalination, offering sustainable and low–cost solutions for 
harnessing renewable power [3].

PV systems have become widely adopted due to their versatility and 
their ability to convert solar radiation directly into electricity [4]. 
Talking about materials, beyond traditional silicon, recent literature has 
extensively explored novel compounds such as perovskites [5] or 
metallic oxides that combined with silicon give place to novel hybrid 
photovoltaic systems [6]. These materials are revolutionizing opto
electronic and photovoltaic systems due to their tunable bandgaps, 
while also showing great promise in thermoelectric applications for 
heat-to-electricity conversion [5].

Non-concentrating solar thermal systems efficiently produce heat at 
temperatures up to approximately 125 ◦C, whereas CST technologies 
operate at higher temperatures up to 550 ◦C. This temperature range 
enables their application both in industrial process heat and in 
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electricity generation through power cycles similar to those used in 
conventional power plants.

Among CST configurations, parabolic-trough collectors represent the 
most mature and widely deployed technology in commercial CST in
stallations. As solar energy is concentrated 70–100 times in the system, 
the working temperature ranges between 125 and 550 ◦C [7]. To 
minimize thermal losses and protect the absorber, the receiver is 
enclosed within a glass cover. Optical properties directly influence the 
amount of solar radiation transmitted to the absorber and, consequently, 
the overall efficiency of the system.

Similarly, both PV and non-concentrating solar thermal systems 
incorporate a glass cover: in PV systems it protects the solar cells, while 
in non-concentrating thermal systems it protects the absorber plate.

Optical reflection is a fundamental phenomenon that occurs when 
light propagates through an interface between two media with different 
refractive indices. Solar systems with a front glass (photovoltaic non- 
concentrating solar thermal and concentrated solar thermal systems) 
lose around 8–10 % of the incident solar energy because of reflection, 
depending on the type of glass [8]. Anti-reflective (AR) coatings have 
been effectively used in renewable technologies to reduce these losses, 
thereby improving energy conversion [9,10]. While surface texturing is 
an alternative, porous single-layer coating remains the most viable so
lution for large-scale solar glass due to their optical versatility. Ac
cording to the Fresnel equations [11–13], when light transitions 
between media of different refractive index (n), part of the light is re
flected, while the rest is transmitted. The amount of reflected light de
pends on the refractive index of the two media and the angle of 
incidence. At normal incidence, the reflectance (R) at an interface can be 
simplified using the reduced Fresnel equation (Eq. 1): 

R =

(
n1− n2

n1+n2

)2 

where n1 and n2 are the refractive index of the two media. For 
example, when light travels from air (n≈1) to glass (n≈1.5), the 
reflectance at normal incidence is approximately 4 % (in each side of the 
glass). To minimize reflections, an AR layer can be deposited on the 
glass-cover surface, with a refractive index value given by the geometric 
mean of the refractive indices of the surrounding media (Eq. (2) and a 
thickness (d) that satisfies the quarter wavelength condition (Eq. (3): 

nAR =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅nglass⋅nair

√ (2) 

d =
λ0

4nAR
(3) 

where λ0 is the selected wavelength of the incident light, and nAR is the 
refractive index of the AR layer.

This thickness ensures that the reflected light waves from the top and 
bottom surfaces of the AR layer are out of phase by 180◦ (λ/2), resulting 
in destructive interference and thus reducing the overall reflectance. The 
choice of refractive index helps balance the impedance mismatch be
tween the two media, further enhancing the interference effect and 
improving light transmission through the coated surface.

Fig. 1illustrates the operational principle of an AR coating applied to 
both sides of a borosilicate-glass substrate. This design involves negli
gible optical losses, at the selected λ, with de correct n and d, which 
define the amplitude and phase of the reflected beams in both sides of 
the coatings.

SiO2 is the material commonly used as AR coating for glass with, n ≈
1.45 [14,15]. The introduction of porosity (P) in the coating is an 
effective way to reduce the effective n and reach the required condition 
(n = 1.22), enhancing the optical performance of the solar system [16].

The preparation of AR coatings can be carried out using various 
techniques, including vacuum methods such as physical vapor deposi
tion (PVD) [17] and simpler, sol–gel methods with dip-coating [18–20]
and spin-coating [21]. In this study, the dip-coating method is employed 
due to its simplicity, consideration as green alternative [22], low cost, 
and the ability to uniformly coat both sides of the substrate at the same 
time [23]. Dip-coating involves immersing the substrate vertically in the 
sol–gel solution and withdrawing it at a controlled speed (rw), forming a 
uniform film as the solvent evaporates. Based on the Landau-Levich 
principle, the film thickness in this method depends on both the rw 
and the viscosity (μ) of the solution [24]. Higher rw produces thicker 
films. On the other hand, the use of a solution with higher viscosity gives 
place to thicker films deposited at the same rw than others prepared from 
solutions with lower viscosity. Since the composition of the solutions 
affects its viscosity, the, rw must be specifically adjusted for each 
formulation. This precise adjustment of the speed for each case ensures 
that all coatings reach the target d required for optimal optical 

Nomenclature

Abbreviations
AR Anti-reflective
BEMA Bruggeman Effective Medium Approximation
BET Brunauer-Emmett-Teller
CST Concentrating solar thermal
CTAB Cetyltrimethylammonium bromide
DFT Density functional theory
DTA Differential thermal analysis
ETOH Ethanol
FE-SEM Field emission scanning electron microscope
ISO International Organization for Standardization
MTES Methyltriethoxysilane
NIR Near Infrared (0.8–2.5 µm)
PSDs Pore size distributions
PV Photovoltaic
PVD Physical vapor deposition
TEOS Tetraethyl orthosilicate
TGA Thermogravimetric analysis
UV Ultraviolet (100–380 nm)
VIS Visible (380–760 nm)
WCA Water contact angle (◦)

Symbols
rw Withdrawal rate (cm/min)
T Temperature (̊C)
λ Wavelength (µm, nm)
P Porosity (%)
d Thickness (nm)
µ Viscosity (cP)
R Reflectance (%)
n Refractive index (− )
θi Incidence angle (̊)
λ0 Wavelength of the incident light (µm, nm)
Vt Total pore volume (cm3/g)
τs Solar transmittance (%, 1)
SBET Specific surface area (m2/g)
wmax Pore diameter as the maximum of the pore size distribution 

(nm)
τh Hemispherical transmittance (%)
ρh Hemispherical reflectance (%)
τλ,h Spectral hemispherical transmittance (− )
Gb Solar spectral irradiance (W/m2⋅nm)
Ra Average surface roughness (µm)
p/p0 Relative pressure (− )
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performance. The formation of porous structure in the SiO2 coating by 
using porosity generators in the sol–gel process [25], is illustrated in 
Fig. 2. The sol–gel method starts with a solution containing a silica 
precursor, water, a solvent such as ethanol (EtOH) and a catalyst to 
facilitate the hydrolysis and condensation reactions. During these re
actions, a silica network forms, incorporating the solvent and water, 
which is later removed during a heat treatment. To reduce the n of the 
silica films to the desire value, pores can be introduced/created within 
the structure during film preparation. Porosity is typically achieved 
through the addition of pore-forming agents, including surfactants such 
as Triton® X-100 [26], Pluronic® P-123 [16], CTAB (cetyl
trimethylammonium bromide) [27], and Pluronic® F-127 [28]. These 
surfactants act as templates, controlling pore formation within the silica 
matrix and allowing for a tunable pore size distribution. The selection of 
the specific porogen is critical, as it dictates the final pore architecture 
and mechanical stability [29]. While CTAB often leads to fine meso
porous structures, it can result in coatings with limited mechanical 
robustness. In contrast, Pluronic® P-123, a triblock copolymer, offers a 
unique rationale for selection due to its higher molecular weight and 
ability to form larger, more stable micellar templates compared to F-127 
or ionic surfactants [30]. This choice results in a superior balance 

between the reduction of the refractive index and the preservation of the 
structural integrity of the silica framework, which is essential for out
door durability. In the calcination step, any organic residual is removed, 
resulting in a stable, amorphous porous silica.

Although introducing porosity enhances the AR layer's optical 
properties, it also introduces several challenges. The porous structure is 
capable of increasing the coating's sensitivity to moisture, leading to 
water absorption, which may compromise long-term performance 
[31,32]. Additionally, the porous nature makes the surface more sus
ceptible to dirt accumulation, potentially affecting optical quality and 
requiring regular cleaning [33]. Finally, coating mechanical resistance 
and adhesion to the substrate can be committed. Thus, modulating pa
rameters, such as surfactant selection and the silica precursors ratio, is 
crucial for tailoring the optical properties, mechanical hardness, 
wettability, and pore size distribution of AR coatings. These character
istics are essential for enhancing durability and optimizing the func
tional performance of AR coatings under real operation conditions 
[34,35].

Different surfactants are able to promote either open or closed 
porosity. Open porosity typically increases the surface area and promote 
hydrophilicity, leading to higher wettability and making the coating 

Fig. 1. Schematic of the operational principle of an anti-reflective coating applied to both sides of a borosilicate glass surface, showing the destructive interfer
ence conditions.

Fig. 2. Schematic representation of the sol–gel process used to create a porous structure in anti-reflective coatings.
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more self-cleaning by allowing water to spread across the surface and 
wash away contaminants. However, the fill of pores with water may also 
increase the refractive index, changing the AR behavior. Closed 
porosity, in contrast, is able provide greater durability and hardness, 
making the coating more resistant to mechanical wear, but potentially 
more susceptible to dirt accumulation [32,36].

The selection and ratio of silica precursors such as methyltriethox
ysilane (MTES) or tetraethyl orthosilicate (TEOS) is another critical 
factor that influences the structural properties of the coating. Higher 
MTES content is able to increase the organic component of the silica 
network, resulting in a more flexible and hydrophobic layer, which may 
reduce wettability but improve the coating’s resistance to moisture ab
sorption. Adjusting the TEOS:MTES ratio also affects pore size. A higher 
MTES ratio typically leads to larger pore sizes, which can reduce overall 
hardness due to increased porosity but may enhance light scattering and 
decrease refractive index [37,38].

This work investigates the development of durable and optically 
efficient AR coatings for glass covers of solar technologies by using 
Pluronic® P-123 as pore generator. Previous works were made by this 
research team using Triton® as pore generator yielding and an appro
priate optical property. However, the resulting surfaces were highly 
reactive and prone to adsorb species within the porous network [26,39]. 
The utilization of P-123 in this study is specifically aimed at overcoming 
these limitations by generating a more controlled mesoporous network 
that minimizes reactive sites while maintaining the low refractive index 
required for high-performance solar applications. The current study 
deeply examines the influence of pore-former concentration, thermal 
treatment conditions, and TEOS:MTES precursor ratios, aiming to strike 
a balance between mechanical durability and optical efficiency. A 
detailed characterization of the coatings was performed, including op
tical and structural analysis, as well as accelerated aging tests, such as 
abrasion resistance, condensation exposure, and UV degradation. While 
most previous research has primarily focused on achieving coating with 
adequate optical properties, this work expands the understanding of AR 
coatings by evaluating their resistance to environmental stressors, 
contributing to their optimization for long-term performance in solar 
applications.

2. Materials and experimental methodology

In this section, the formation of the gels and the subsequent char
acterization techniques of the resulting coatings are presented.

2.1. Materials

TEOS, 98 % and MTES, ≥ 99 % from Sigma Aldrich were employed 
as silica precursors. Absolute ethanol was used as solvent and deionized 
water was applied as hydrolysis agent for silica precursors. Sulfuric acid 
(H2SO4, 97 %) was obtained from Panreac and utilized as catalyzing 
agent. Pluronic® P-123 (PEG-PPG-PEG, Mn ~ 5,800) was acquired from 
Sigma Aldrich as a pore generator agent. The coatings were deposited on 
3-mm-thickness borosilicate glass substrates and polished silicon wafers.

2.2. Preparation of AR films

The sol–gel solution was prepared by mixing TEOS, MTES, ethanol 
and deionized water in the presence of sulfuric acid as a catalyst. The 
molar ratio of alkoxides:ethanol:water was 1:20:4.1. The mixture was 
stirred for 24 h to promote hydrolysis and condensation reactions. Next, 
Pluronic® was added together with ethanol to dilute the solution. As 
increasing Pluronic® content raised the μ of the solution, the withdrawal 
rate was adjusted (KSV NIMA dip coater) for each solution in order to 
achieve the optimal thickness to obtain the desired effective refractive 
index. All samples underwent thermal treatment at 500 ◦C for 15 min or 
1 h to evaluate the effect of the thermal treatment on the final coating 
properties.

2.3. Optical and structural characterization

The effect of the molar ratios of the silica precursors (TEOS:MTES) 
was studied by adjusting them to 50:50, 70:30, and 90:10, with Plur
onic® concentration maintained at 2.5 % v/v. The samples prepared 
with these solutions were labelled as P-5:5, P-7:3, and P-9:1, respec
tively. Additionally, Pluronic® concentrations were varied between 
0 and 3.3 % v/v, with the TEOS:MTES ratio fixed at 50:50, resulting in 
solutions named P-0, P-0.5, P-1, P-1.5, P-2, P-2.5, P-2.8 and P-3.3, where 
the numbers after the hyphen detail the Pluronic® concentration. Sta
bility of the solutions was studied by viscosity measurements carried out 
at 22 ◦C using a SELECTA rotational viscometer equipped with a low 
viscosity adapter and a water jacket for precise temperature control. 
They were stored at ambient temperature in closed containers, and their 
viscosity was monitored over a total period of 252 days.

Hemispherical transmittance (τh) spectra of the samples were 
measured at room temperature using a Perkin-Elmer LAMBDA 950 
UV–VIS-NIR double-beam spectrophotometer equipped with a 150-mm 
diameter integrating sphere. The solar transmittance (τs) was calculated 
by integrating the measured transmittance spectra over the standard 
direct AM1.5 solar spectral irradiance (ASTM G173-03), according to 
IEC-TS-62862–1-1 standard [40]. The τs is computed using the following 
equation (Eq. (4): 

τs =
∫ λ2

λ1
τλ,hGbdλ

∫ λ2
λ1

Gb(λ)dλ
(4) 

where τλ,h(λ) is the measured spectral hemispherical transmittance at a 
given wavelength λ, and Gb(λ) represents the solar spectral irradiance at 
that λ. The λ range used for these measurements was 300 nm to 2500 nm, 
covering ultraviolet, visible, and near-infrared regions.

The refractive index of the coatings was measured using a SEMILAB 
SE2000 ellipsometer, operating at an incidence angle of 75◦. The AR 
coatings to be characterized with this equipment were deposited on 
polished monocrystalline silicon wafers, providing a smooth and uni
form substrate, ideal for precise optical measurements. In addition, the 
hemispherical reflectance (ρh) of the silicon wafers was measured over 
the spectral range of 300–2500 nm.

To extract n, the Cauchy dispersion model was applied, which is 
particularly suitable for transparent materials like AR coatings [41]. The 
Cauchy model describes the refractive index as a function of λ (Eq. (5): 

n(λ) = A+
B
λ2 +

C
λ4 (5) 

where A, B, and C are constants specific to the material, and λ is the 
wavelength of light. By fitting the experimental data to this model, ac
curate values for the films thickness and the refractive index across the λ 
range were obtained. This approach is well-established in thin film 
analysis due to its simplicity and effectiveness for transparent or weakly 
absorbing films [42].

The surface wettability of the samples was studied by static water 
contact angle (WCA) measurements using a KSV CAM 200 instrument 
and distilled water. Three measurements were made for each of the 
three replicates of each chemical solution used for coating. Thus, for 
each chemical solution, nine measurements were taken in order to 
provide representative standard deviation values.

To estimate the porosity (P) of the AR coatings, a theoretical 
approach was employed based on the relationship between the refrac
tive index and porosity. The most common approximation used for such 
calculations is the Bruggeman Effective Medium Approximation (BEMA) 
[43]. BEMA models the effective refractive index of a composite mate
rial by combining the contributions of its components, proportioning 
them according to their volume fractions, while also considering their 
dielectric interactions. In this context, models that represent pores as 
embedded particles of air within the material can be used to calculate 
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the effective refractive index [8]. P may be expressed as: 

P = 1 −
nporous

2 − 1
nnon− porous

2 − 1
⋅100 (6) 

where P is the porosity %, nporous is the refractive index of the porous 
coating, obtained experimentally and nnon-porous is the refractive index of 
the bulk, non-porous silica material. This simplified model, while not 
accounting for all potential interactions or structural complexities, 
provides a practical estimation of the porosity based on measured 
refractive indices.

2.4. Thermal analysis study

The thermal analysis of powders obtained from the precursor solu
tions was done using thermogravimetric analysis (TGA) and differential 
thermal analysis (DTA). The measurements were carried out from room 
temperature up to 700 ◦C, with a heating rate of 10 ◦C/min in air at
mosphere with a flow rate of 100 ml/min. Platinum crucibles were used 
for sample containment, and the experiments were performed using a 
SDT Q600 from TA Instruments.

2.5. Porosity and surface morphology characterization

The structural properties of powdered samples were evaluated 
through nitrogen adsorption isotherms, measured using an Autosorb iQ3 
(Quantachrome Instruments, Boynton Beach, FL, USA). For obtaining 
the powdered samples, each precursor solution was subjected to a 
thermal treatment at 500 ◦C for 15 min, following the same protocol 
used for the samples deposited as films. The adsorption isotherms were 
recorded at a constant temperature of − 196 ◦C, with prior outgassing of 
the samples under vacuum conditions at 150 ◦C for several hours to 
remove any adsorbed impurities that might affect nitrogen adsorption 
[44,45].

Specific surface area (SBET), was calculated using the Brunauer- 
Emmett-Teller (BET) method based on the adsorption data in the rela
tive pressure (p/p0) range from 0.1 to 0.25 [46]. The total pore volume 
(Vt), was determined from the amount of nitrogen adsorbed at a relative 
pressure of 0.95 [47]. The pore size distributions (PSDs) were calculated 
from N2 adsorption data by the built-in algorithm based on density 
functional theory (DFT) method [48,49]. This method allowed for dif
ferentiation of pore size contributions. The maxima on the PSDs are 
considered as the micro or mesopore diameters for given samples.

A high-resolution field emission scanning electron microscope (FE- 
SEM), model FEI VERIOS 460, operating at an accelerating voltage of 2 
kV, was utilized to examine the surface morphology of the coatings 
(Table 1).

2.6. Environmental and weather resistance

The accelerated aging tests were carried out in a climate chamber 
under two different conditions. The tests were selected to replicate the 
plants’ climatic conditions as accurately as possible and to reproduce 
them with maximum accuracy. The first condition involved exposure to 
condensation according to IEC TS 62862–3-3 standard [50]. The second 
condition combined UV radiation and condensation. The combined test 
consisted of 12-hour cycles, including 8 h exposure to UV radiation at 
60 ◦C, followed by 15 min of water spray, and then condensation at 
50 ◦C for 3 h and 45 min.

Abrasion tests were conducted using a Taber 5750 linear abrasion 
tester, following the test conditions specified in the IEC TS 62862–3–3–3 
technical specification [50]. These conditions included a stroke length of 
40 mm and a speed of 7 cycles/min, and an abrasive material conformed 
to the MIL-E12397 standard. However, a higher weight was applied to 
accelerate the abrasion process (750 g instead of 350 g). Three abrasion 
grooves were made on each sample for every block of cycles performed, 
in order to obtain enough surface to perform the optical characterization 
of the abraded surface.

The abrasion marks produced by the abrasion tests were character
ized by profilometry, making use of a Dektak 150 profilometer. Three 
linear sweeps per sample of 0.6 mm in length were performed with a 
diamond tip of 2 μm diameter and a load of 1 mg. The average surface 
roughness (Ra) was calculated according to ISO 21920–2:2021[51].

In addition, all these samples were observed with a Leica DM4 M 
optical microscope, with image acquisition system and software for their 
analysis and characterization of the damage produced on their surfaces, 
as well as their optical characterization, after each block of abrasion 
cycles performed.

The scratch resistance of the coating was evaluated using a com
mercial pencil hardness tester (Scratch Hardness Tester PH1100, NEU
RTEK). The procedure was carried out in accordance with ASTM 
Standard D3360-00 [52]. The test is performed by applying a constant 
load of 750 g at a 45◦ angle relative to the horizontal film surface while 
the pencil is drawn across the coated sample [53]. The test classifies 
surface resistance to scratching on a standardized scale ranging from 9B 
(softest) to 9H (hardest).

3. Results and discussion

In this section, the results of the study are presented. First, the effects 
of varying the concentration of the pore-forming agent and the thermal 
treatment duration (15 min and 1 h) on the final properties of the 
coatings are analyzed. Second, the impact of using different silica pre
cursors (TEOS:MTES) on the coating characteristics is examined.

3.1. Pore generator content effect on porous silica performance

In this section, the optical properties, thermal stability, microstruc
tural properties and mechanical and environmental resistance are 
analyzed as a function of pore generator concentration in the solution.

The μ measurements showed no significant deviations remarking 
their long-term stability (see Fig. S3 of the supplementary data). It was 
also observed that the μ raised when the amount or concentration of 
Pluronic® was increased.

3.1.1. Optical characterization
A detailed study on the effect of Pluronic® concentration on the 

optical properties for concentrations up to 2.5 % v/v was conducted. 
Since concentrations exceeding 2.5 % v/v did not yield further im
provements in optical transmittance (see Fig. S1 of the supplementary 
information for details), they were excluded from the main investiga
tion. In order to achieve maximum transmission around 600 nm, which 
is the λ zone with the maximum solar irradiance, it was necessary to 
optimize the coating thickness by adjusting the withdrawal rate in the 

Table 1 
Silica precursor molar ratio and Pluronic® concentration of all the solutions 
studied.

Name TEOS 
(molar ratio)

MTES 
(molar ratio)

Pluronic® 
(% v/v)

P-0 50 50 −

P-0.5 50 50 0.5
P-1 50 50 1
P-1.5 50 50 1.5
P-2 50 50 2
P-2.5 50 50 2.5
P-2.8 50 50 2.8
P-3.3 50 50 3.3
P-50:50 50 50 2.5
P-70:30 70 30 2.5
P-90:10 90 10 2.5
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dip-coating process for each solution. As shown in Table 2, the rw was 
systematically reduced from 26 to 18 cm/min as the Pluronic® con
centration increased. This adjustment was necessary to compensate for 
the higher viscosity of the solutions. Fig. 3 illustrates the transmission 
spectra for varying concentrations of Pluronic®, each calibrated to 
achieve optimal transmittance around 600 nm, while Table 2 summa
rizes the hemispherical transmittance values at this λ, the τs and the 
withdrawal rate used for each pore generator concentration. The cor
relation between the adjusted rw and the optical performance confirms 
that the target thickness was precisely achieved for all formulations, 
centering the maximum transmittance at the desired wavelength.

The results summarized in Table 2 demonstrate a clear trend in the 
maximum transmittance values at 600 nm, highlighting the influence of 
Pluronic® concentration on the optical performance of the AR coatings. 
The transmittance increases progressively with higher concentrations of 
Pluronic®, reaching a maximum value of 99.8 % for the P-2.5 coating, 
an increase of 7.8 % over bare borosilicate. As noted in Table 2, τs values 
also increase by increasing the pore generator content, reaching a 
maximum of 0.976.

The calculated n spectrum of the AR coatings decreases systemati
cally with increasing Pluronic® concentration, as shown in Fig. 4. This 
trend reflects the progressive increase in porosity induced by higher 
surfactant content, which lowers the effective refractive index of the 
films (see Table 3). A similar approach has been reported in previous 
studies. Agustín-Sáenz et al. [34] systematically varied the concentra
tion of Pluronic® F-127 in a sol–gel synthesis of mesoporous silica 
coatings and demonstrated that increasing surfactant content led to 
higher porosity, which in turn reduced the refractive index and 
improved broadband antireflective performance for photovoltaic ap
plications. Likewise, Meng et al. [54] investigated the effect of changing 
the amount of CTAB, a cationic surfactant, during the fabrication of 
silica-based coatings. They found that adjusting the surfactant concen
tration directly influenced surface morphology and porosity, enabling 
control over the refractive index and resulting in coatings with both 
excellent antireflective properties and mechanical robustness.

The values of n obtained at 600 nm are also indicated in Fig. 4. An n 
value as low as 1.215 was obtained for 2.5 %v/v Pluronic® concentra
tion. Hemispherical reflectance measurements of the AR coated silicon 
wafers, presented in Fig. S4 of the supplementary data.

The porosity was calculated using the Eq. (6). Instead of using the 
theoretical value for a completely non-porous silica layer, it was 
considered as the non-porous reference the value obtained for the 
coating prepared without Pluronic® in the solution, even though sol–gel 
derived layers are known to exhibit a certain degree of intrinsic porosity. 
The calculated porosity values, together with the refractive index at 600 
nm and coating thickness, both obtained by ellipsometry, are summa
rized in Table 2. The data demonstrate a clear trend where increasing 
Pluronic® concentration leads to higher porosity, and then lower 
refractive index. Porous SiO2 coatings with 56 % of porosity were ach
ieved by adding 2.5 % of Pluronic® to the precursor solution, finding the 
very low refractive index value required for producing the destructive 
optical interference on glass. The calculated thicknesses values for 
concentrations of 1.5, 2, and 2.5 are close to the desired theoretical 
value obtained by Eq. (2) (122 nm). The lower coating thickness values 
obtained for lower Pluronic® concentration also fit with the shift of the 
reflectance minimum towards shorter λ observed in Fig. 4b.

3.1.2. Thermal analysis
Thermogravimetric analysis was employed to gather information of 

the precursors’ transformation happening during the heat treatment 

Table 2 
Spectral hemispherical transmittance values at 600 nm, calculated solar transmittance and withdrawal rate used for antireflective anti-reflective coatings with varying 
Pluronic® concentrations (P-0 to P-2.5) in comparison with bare borosilicate.

P-0 P-0.5 P-1 P-1.5 P-2 P-2.5 Borosilicate

τλ,h (− ) 0.969 0.976 0.986 0.992 0.995 0.998 0.927
τs (− ) 0.951 0.955 0.959 0.968 0.974 0.976 0.924
Withdrawal rate (cm/min) 26 26 26 25 23 18 −

Fig. 3. Hemispherical transmittance spectra of anti-reflective coatings with 
varying Pluronic® concentrations (P-0 to P-2.5) compared to that of bare bo
rosilicate glass.

Fig. 4. Refractive index spectra (n) of the anti-reflective coatings deposited 
using different Pluronic® concentration obtained by fitting the ellipsometry 
data to the Cauchy model. The value of n at 600 nm is noted for every anti- 
reflective coating.

Table 3 
Summary of the coating thickness, refractive index at 600 nm, and porosity for 
anti-reflective coatings prepared with varying concentrations of Pluronic®.

Pluronic® (% v/v) 0 0.5 1.0 1.5 2.0 2.5

d (nm) 66.5 67.6 89.5 133.6 142.1 134.5
n @ 600 nm 1.439 1.419 1.348 1.328 1.266 1.215
Porosity (%) 0 5 24 29 44 56
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process and the effect of varying the pore generator concentration. From 
the TGA curves, we are able to identify the distinct stages of weight loss, 
reflecting the decomposition of organic and inorganic components [55].

In Fig. 5, the TGA curves of P-0 and P-2.5 samples, maintaining the 
silica precursors (MTES: TEOS) ratio at 50:50, are compared to evaluate 
the influence of Pluronic® on weight loss. To further analyze the weight 
loss behavior, the data were divided into four distinct temperature 
ranges and calculated the mass loss associated with each range. The 
resulting weight loss data, including the total mass loss for both solu
tions, are summarized in Table 4.

In the first zone (25–150 ◦C) different behaviour was obtained for the 
two powders. Both samples exhibit an initial weight loss at temperatures 
below 50 ◦C, which can be attributed to the evaporation of adsorbed 
water and low-boiling organic compounds [27]. For P-2.5 this weight 
loss is limited (4.1 %), progressing gradually up to ~ 150 ◦C, corre
sponding to the removal of physiosorbed water and residual ethanol 
trapped in the matrix. Whereas P-0, undergoes gradual mass losses of 
30.9 % that are associated with the condensation of silanol groups 
(Si–OH to form Si–O–Si), releasing water as a by-product also described 
by Purcar et al. [56].

In the second zone (150–350 ◦C), P-2.5 experiences a sharp mass loss 
of 51.3 % centered at ~ 225–250 ◦C, clearly visible in the curve as an 
abrupt drop. This corresponds to the oxidative decomposition of the 
Pluronic® surfactant confined in the silica framework. For instance, 
Nguyen-Quang et al. [57] observed that increasing the concentration of 
Pluronic® in sol–gel silica systems leads to greater mass loss in the 
150–300 ◦C range, directly associated with the thermal decomposition 
of surfactant residues. Bérubé et al. [58] observed that the degradation 
of Pluronic® occurs between 300 and 380 ◦C, with a pronounced peak 
around 310 ◦C, whereas Kleitz et al. [59] reported distinct weight losses 
at ~ 300 ◦C, associated with surfactant decomposition. Also Taromi 
et al. notice a sharp weight loss peak at 210 ◦C associated with the 
polymeric decomposition of Pluronic® [60]. In contrast, P-0 showed a 
weight loss of 9.1 % corresponding to the fraction that remained 
unreacted and is attributed to the decomposition of residual ethoxy/ 
methoxy groups and the water released during silanol condensation, as 
reported in previous studies [61].

At higher temperatures, between 350 and 700 ◦C, thermal decom
position of both samples continues, although to different extents. For P- 
0, additional weight losses of 6.6 % and 5.1 % are attributed to the 
thermal decomposition and oxidation of organic moieties (–CH3 groups) 
still functionalized on the silica surface, in agreement with previous 
reports [38]. In P-2.5, minor losses of 3.7 % and 1.8 % correspond to the 
combustion of carbonaceous residues from the surfactant and further 
condensation of the silica network. Above 600 ◦C, both samples reach a 
thermally stable phase, characterized by minimal further weight loss. 

However, P-0 retains a higher residual weight than P-2.5, reflecting the 
stabilizing effect of the non-porous, surfactant-free matrix. This high
lights the trade-off between porosity and thermal stability in hybrid 
silica systems: while Pluronic® incorporation increases porosity and 
enhances optical performance, it introduces thermal vulnerability due to 
the higher organic content and structural porosity.

Overall, these results confirm that Pluronic® leaves a distinct ther
mal signature, with a dominant decomposition step at ~ 275–300 ◦C, 
while samples synthesized without the surfactant exhibit progressive 
weight loss dominated by solvent evaporation, silanol condensation, and 
decomposition of methyl/ethoxy groups from the alkoxysilanes. This 
analysis underscores the delicate balance between structural porosity 
and thermal stability in hybrid silica material.

Fig. 6 presents the DTA profiles for the P-0 and P-2.5 samples. The 
thermal profiles of the samples display the typical behavior of hybrid 
silica systems derived from TEOS and MTES. A pronounced exothermic 
peak appears between approximately 250 and 300 ◦C in the sample 
containing Pluronic®, which is attributed to the oxidative decomposi
tion of the template confined in the inorganic network. Mirtaheri et al. 
[62], reported a similar exothermic event at 280 ◦C, which was attrib
uted to the combustion of the Pluronic® copolymer within mesoporous 
tungsten oxide. Below 200 ◦C, both samples exhibit a slight endothermic 
deviation associated with the loss of adsorbed water and residual sol
vents, in agreement with observations made by Dudás et al. [63]. 
Finally, a minor thermal signal around 600 ◦C can be attributed to the 
revealing the onset of new population of –CH3 inside the solution 
structure [63].

3.1.3. Surface morphology
The textural properties of the coatings were analyzed through ni

trogen physisorption isotherms to evaluate the effect of Pluronic® 
concentration on porosity and surface area. The sorption isotherms ob
tained for all samples exhibit Type Ib behavior, typical for materials 
having wider micropores and narrow mesopores, as shown in Fig. 7a. 
According to the IUPAC classification, Type Ib isotherms are 

Fig. 5. Comparison of thermogravimetric curves of P-0 and P-2.5 powders.

Table 4 
Mass losses for several temperature ranges recorded by thermogravimetry for P- 
0 and P-2.5 (variation of surfactant concentration).

Pluronic® 
conc. (% 
wt)

25–150 ◦C 
(%)

150–350 ◦C 
(%)

350–500 ◦C 
(%)

500–700 ◦C 
(%)

Total 
mass 
loss 
(%)

0 30.9 9.1 6.6 5.1 51.7
2.5 4.1 51.3 3.7 1.8 60.9

Fig. 6. Differential thermal analysis curves for samples P-0 and P-2.5.
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characteristic of microporous and mesoporous materials [64], which is 
in accordance with broader pore size distributions (Fig. 7b), showing the 
presence of micropores and mesopores in all samples.

As summarized in Table 5, SBET, total pore volume (Vt), and pore 
diameter as the maximum of the pore size distribution (Fig. 7b) (wmax) 
exhibit systematic variations as a function of Pluronic® concentration. A 
clear correlation is observed between Pluronic® content and the 
resulting porous properties. As the porosity generator content increases 
(except for P-0.5), also the surface area and total pore volume is 
increased, reaching a maximum of 510 m2/g and 0.275 cm3/g for P-2.5. 
Samples from P-0 to P-1 show micropores and mesopores in the range of 
1.0 to 3.2 nm, with maxima from 1.55 to 1.56 nm. In contrast, larger 
mesopores are observed for samples P-1.5 and P-2 to P-2.5, with maxima 
at 1.81, 1.86, and 1.96 nm, respectively. It can be seen that the pore size 

of the samples increases with higher surfactant content. This trend re
inforces the templating role of Pluronic® in promoting mesoporous 
formation, consistent with previous studies on surfactant-assisted sol
–gel processes. Moreover, the gradual increase in pore size distribution 
with higher Pluronic® content further supports the role of the surfactant 
in modulating the final mesoporous architecture [65].

A notable deviation is observed in the case of P-0, which, despite the 
absence of a pore-generating agent, exhibits a relatively high surface 
area (395 m2/g). This apparent porosity can be attributed to the for
mation of interparticle voids and irregular intraparticle pores, resulting 
from the rapid and untemplated condensation of the TEOS:MTES 
network. Such behavior is consistent with observations reported by 
Dudás et al. [63] for xerogels with ~ 60 % MTES, where porosity was 
detected even in the absence of surfactants. Upon the introduction of 
low Pluronic® concentrations (0.5–1 % v/v), a slight decrease in SBET 
and Vt is observed (331–367 m2/g and 0.192–0.211 cm3/g, respec
tively), likely due to partial disruption of the interparticle voids before 
the formation of well-defined micropores. At higher concentrations 
(1.5–2.5 % v/v), Pluronic® effectively directs the formation of ordered 
micropores, leading to a progressive increase in SBET, Vt, and wmax of 
1.96 nm. These results indicate that, although P-0 exhibits a high 
apparent pore size, this porosity does not contribute significantly to 
optical properties, whereas the mesopores templated by Pluronic® are 
responsible for improved optical and structural performance.

The data obtained for samples with 3.3 % v/v showed higher SBET, Vt 
and wmax (see Figure S2 of the Supplementary data). The formation of 
mesopores is further corroborated by the observed hysteresis loops. The 
progressive increase in nitrogen uptake at higher relative pressures, 
particularly in samples with higher Pluronic® content, reinforces the 
hypothesis of improved pore interconnectivity, as reported in other 
templated silica systems [66]. The correlation between porosity and 
durability will be further explored in subsequent sections, particularly in 
relation to mechanical and environmental stability.

SEM images (Fig. 8) of sample P-0 (a) show a dense and uniform 
silica layer with no visible porosity. In contrast, sample P-2.5 (b) exhibits 
a significant porous structure. The formation of porous follows the ex
pected trend of increasing pore size and density with higher concen
trations of the pore-generating agent.

The comparison of nitrogen adsorption data with SEM images of P- 
0 and P-2.5 supports the hypothesis that the apparent porosity in P- 
0 arises from interparticle voids, whereas the well-defined micropores in 
P-2.5 result from Pluronic® templating.

In Fig. 9, the porosity calculated together with the surface static 
contact angle of the AR coatings is represented. The relationship be
tween porosity and wettability is evident in the observed decrease in 
WCA with increasing Pluronic® concentration. Higher porosity, driven 
by greater surfactant content, enhances surface hydrophilicity by 
increasing the effective surface area and facilitating water spreading. 
This trend is consistent with findings from Buijnsters et al. [67], who 
reported a sharp reduction in WCA as porosity increased in anodized 
aluminum oxide films, transitioning the surface from hydrophobic to 
hydrophilic behavior. Similarly, Norek et al. [68] observed that porosity 
beyond 50 % significantly lowered WCA due to enhanced surface in
teractions with water. This effect aligns with the role of surfactants in 
modifying surface energy, as described by Meng et al. [69], where 
higher surfactant concentrations decreased WCA by promoting hydro
philic interactions. Therefore, the increase in porosity in the coating, 
necessary to increase the glass transmittance, implies a more reactive 
surface and susceptible to the adherence of dust and/or contaminant 
species.

3.1.4. Mechanical and environmental durability
To investigate the impact of annealing duration on the durability and 

environmental resistance of the coatings, P-0 to P-2.5 samples were 
sintered at 500 ◦C for 15 min and 1 h. The abrasion resistance of the 
samples was tested and Ra was subsequently characterized via 

Fig. 7. a) Nitrogen sorption isotherms and b) pore size distributions for samples 
P-0 to P-2.5.

Table 5 
Textural parameters of the samples determined from the nitrogen adsorption 
isotherms, influenced by varying the Pluronic® content.

Pluronic® (% v/v) 0 0.5 1 1.5 2 2.5

SBET (m2/g) 395 331 367 437 458 510
Vt (cm3/g) 0.233 0.192 0.211 0.237 0.245 0.275
wmax (nm) 1.55 1.55 1.56 1.81 1.85 1.96
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profilometry after certain accumulative abrasion cycles. Fig. 10 presents 
the resulting data for the 15-minute anneal (a) and the 1-hour anneal 
(b). Initially, the coatings exhibit low roughness values; as the number of 
abrasion cycles increases, the roughness rises due to the accumulation of 
scratches. At more advanced stages, the roughness decreases again 
because larger portions of the coating are removed, eventually exposing 
the underlying smooth glass. Samples treated thermally for 15 min 
(Fig. 10a) display higher abrasion resistance compared to those sintered 
for 1 h (Fig. 10b), as they presented lower Ra values which indicate the 
scratches at higher number of cycles. This effect may be attributed to the 
more extensive burnout of the organic matter and pore-forming agent 
during prolonged heating, resulting in a more fragile, weaker and porous 
structure that is less able to withstand mechanical stress. Similarly, as 
Pluronic® concentration increases, the abrasion resistance decreases. 
This trend can be attributed to the higher porosity introduced by greater 

amount of Pluronic®, which, when burned off during thermal treatment, 
creates a more open and mechanically weaker silica network. These 
results are consistent with those reported by Kessman et al. [70], who 
demonstrated that increasing the concentration of the porogen template 
in mesoporous silica coatings leads to higher porosity, which in turn 
reduces the mechanical robustness under abrasion and tribological tests.

In addition to tracking the evolution of Ra with the number of 
abrasion cycles, the τs values of the sintered samples were calculated and 
are presented in Fig. 11. The error bars represent the standard deviation 
of three measurements in each sample. As it is observed, the initial τs 
values are almost identical for both heat treatments. In the case of the 
samples sintered for 1 h (Fig. 11b), the loss in τs is more evident at low 
abrasion cycles in agreement with the roughness measurements when 
compared with the samples sintered for 15 min (Fig. 11a). The only 
sample that does not follow this behavior is P-0, which, as previously 

Fig. 8. Scanning electron microscope images for P-0 (a) and P-2.5 (b).
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discussed, does not contain the pore-forming agent Pluronic®. As a 
result, it forms a dense silica network in which longer sintering times 
promote stronger film adhesion, in line with what has been reported in 
earlier studies [71]. It should also be noted that the transmittance values 
do not reach that of bare glass (0.92), since the substrate is coated on 
both sides.

Fig. 12 presents optical microscopy images of selected coatings (P-1, 
P-1.5, and P-2.5) at different abrasion stages (initial, 20, 50, and 150 
cycles). The upper rows (Fig. 12a) correspond to samples sintered at 
500 ◦C for 15 min, while the lower rows (Fig. 12b) represent those 
sintered for 1 h. These samples were chosen as representative cases to 

illustrate the impact of both thermal treatment duration and Pluronic® 
concentration on surface degradation, though all compositions were 
systematically evaluated.

The effect of thermal treatment time is evident when comparing the 
same formulation under different sintering durations. For both P-1 and 
P-1.5, the 15-minute sintered sample exhibits gradual surface wear, with 
visible scratches appearing after 50 cycles, and some coating residue 
remaining after 150 cycles. However, after 1 h of sintering, the coating 
becomes significantly more brittle, showing deeper and more wide
spread cracks, with the glass already visible in some areas after 20 
abrasion cycles, and exhibiting notable material detachment beyond 50 
cycles. No presence of coating remains after 150 cycles. The most severe 
degradation is observed in P-2.5, which contains the highest Pluronic® 
concentration. In the 15-minute sintered sample, initial defects emerge 
at 20 cycles, progressing to widespread material loss at 50 cycles, 
consistent with the increased porosity observed in nitrogen adsorption 
measurements. The 1-hour sintered counterpart exhibits even lower 
stability, with rapid degradation occurring as early as 20 cycles, leading 
to near-complete failure at 50 cycles.

This behavior is consistent with the roughness measurements pre
sented in Fig. 10, where increased sintering time and higher Pluronic® 
content were directly linked to greater surface degradation. This 
degradation is attributed to the higher porosity introduced by the sur
factant, which weakens the silica network and makes it more prone to 
mechanical failure when subjected to prolonged thermal exposure.

To gain further insight into the mechanical performance of the 
coatings, pencil hardness tests were also conducted. The results obtained 
are summarized in Table 6.

A marked decrease in hardness is observed as the amount of pore- 
forming agent increases, for both sintering temperatures. When 

Fig. 9. Correlation between Pluronic® concentration with water contact angle 
and porosity.

Fig. 10. Average surface roughness evolution of coatings with varying Pluronic® concentrations (P-0 to P-2.5) after different thermal treatment durations as a 
function of the number of abrasion cycles: a) 15 min of heat treatment and b) 1 h of heat treatment.

Fig. 11. Solar transmittance values of AR coating varying Pluronic® concentrations (P-0 to P-2.5) thermally treated for different times as function of the number of 
abrasion cycles: a) 15 min heat treatment and b) 1 h heat treatment.
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comparing different sintering times, a reduction in hardness is also 
evident in the samples treated for longer periods. In contrast, for the 
samples without Pluronic® (P-0), the opposite trend is observed: longer 
sintering times lead to higher hardness values. Results from pencil 
hardness test matches results obtained from abrasion resistance (see 
Fig. 11).

Next, the evaluation of the weathering resistance of coatings is 

presented. It should be noted that for the condensation tests and com
bined UV radiation and condensation cycles, the samples sintered for 15 
min were coated on one side, while those sintered for 1 h were coated on 
both sides of the substrate and this explains the differences in the initial 
τs values. The results of τs and WCA variations during the condensation 
aging test for samples sintered for 15 min and 1 h are shown in Fig. 13, 
Table 7 and Table 8.

Fig. 12. Optical microscopy images of selected coatings (P-1, P-1.5, and P-2.5) before and after abrasion testing at different cycle stages (initial, 20, 50, and 150 
cycles). (a) Samples sintered at 500 ◦C for 15 min and (b) Samples sintered at 500 ◦C for 1 h.
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Under continuous condensation exposure, a slight decline in τs was 
observed across all samples during the 480 h test. Regarding the evo
lution of τs in the samples sintered for 15 min, they did not follow a 
perfectly linear trend with Pluronic® concentration. In general, τs shows 
a small drop in the first hundred hours followed by a very small decrease 
in transmittance until the end of the test. The total decrease ranges from 
0.32 % to 1.68 %. Water adsorption within the pore network increases 
the effective refractive index and thereby reduces τs, as reported for 
nanoporous AR coatings [72]. In that context, moisture-induced trans
mission variations around ~ 1 percentage point are commonly observed 
as small, reversible effects in stable mesoporous systems [72]. Coatings 
sintered for 1 h displayed a highly stable behavior during the 480 h 
condensation test. The sample P-0 showed a minor decrease in τs of 0.53 
%, while P-0.5 and P-1 exhibited slightly higher changes of 0.84 % and 

0.94 %, respectively. The samples with higher surfactant content (P-1.5, 
P-2, and P-2.5) showed similarly low variations between 0.7 % and 1.2 
%, indicating no clear correlation with Pluronic® concentration. 
Nevertheless, it is important to remark that very small variations in τs 
were observed, highlighting the stability of the AR coatings against 
condensation. However, substantial changes in the WCA values were 
seen during the test. For the samples sintered for 15 min, the sample 
without Pluronic® showed the largest drop in WCA, from 74◦ to 39◦, 
indicating that the surface became considerably more hydrophilic after 
exposure. This behavior can be attributed to the limited condensation of 
silanol groups during the short thermal treatment, leaving a high density 
of hydrolysable Si–OH species. Exposure to humidity promotes their 
rehydration and the regeneration of additional silanol sites, consistent 
with previous studies on hybrid coatings aged under moisture [73]. In 
the coatings containing Pluronic®, the evolution of WCA did not follow 
a clear linear trend. Although all coatings containing Pluronic® showed 
a decrease in contact angle after ageing, the magnitude of this change 
varied with surfactant concentration. The sample with P-1.5 showed the 
largest reduction, from 56◦ to 21◦ (62.5 %), whereas other formulations 
exhibited moderate losses, ranging from 33.9 % for P-1 to 46.8 % for P-0. 
These results suggest that the effect of Pluronic® on surface wettability 
is complex and arises from competing phenomena. For the samples 
sintered for 1 h, the decline in τs and WCA was smaller than in the 15 
min samples. The sample P-0 showed a decrease in WCA from 74◦ to 49◦

(33.8 %), while P-0.5, P-1, P-1.5, and P-2 displayed progressively larger 

Table 6 
Results obtained from hardness pencil test for coatings with varying Pluronic® 
concentrations (P-0 to P-2.5) after 15 min and 1 h thermal treatment.

Pluronic® conc. (% wt) 15 min sintering time 1 h sintering time

0 H 2H
0.5 HB B
1 B 2B
1.5 5B 4B
2 6B >6B
2.5 >6B >6B

Fig. 13. Evolution of calculated solar transmittance of coatings with varying Pluronic® concentrations (P-0 to P-2.5) as a function of condensation exposure test 
time: a) samples sintered for 15 min and b) sintered for 1 h.

Table 7 
Water contact angle and calculated solar transmittance measured for samples sintered for 15 min before, during and after condensation for 480 h.

Pluronic® conc. (% 
wt)

τs before 
exposure

τs after 95 h 
exposure

τs after 248 h 
exposure

τs after 
exposure 
(480 h)

Change 
(%)

WCA before 
exposure

WCA after exposure 
(480 h)

Change 
(%)

0 0.947 0.938 0.936 0.934 1.37 74 39 47.3
0.5 0.948 0.939 0.937 0.937 1.68 62 33 46.8
1 0.949 0.940 0.939 0.938 1.16 56 37 33.9
1.5 0.949 0.942 0.942 0.941 0.84 56 21 62.5
2 0.950 0.948 0.947 0.947 0.32 54 32 40.7
2.5 0.951 0.947 0.947 0.947 0.42 51 29 37.3

Table 8 
Water contact angle and calculated solar transmittance measured for samples sintered for 1 h before, during and after condensation for 480 h.

Pluronic® conc. (% 
wt)

τs before 
exposure

τs after 95 h 
exposure

τs after 248 h 
exposure

τs after 
exposure 
(480 h)

Change 
(%)

WCA before 
exposure

WCA after exposure 
(480 h)

Change 
(%)

0 0.951 0.949 0.945 0.946 0.53 74 49 33.8
0.5 0.955 0.951 0.948 0.947 0.84 66 37 44.0
1 0.960 0.955 0.952 0.951 0.94 66 36 45.5
1.5 0.969 0.968 0.963 0.962 0.72 66 25 63.1
2 0.974 0.968 0.963 0.962 1.23 61 21 65.6
2.5 0.976 0.972 0.966 0.969 0.72 59 22 62.7
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reductions of 44.0 %, 45.5 %, 63.1 %, and 65.6 %, respectively. Only the 
sample P-2.5 slightly deviated from this trend, with a loss of 62.7 %. This 
suggests that despite the higher condensation of the silica network 
achieved during the longer heat treatment, the surface of the templated 
films remained sensitive to water adsorption and rehydroxylation 
(Table 9).

When compared with the results obtained under condensation alone, 
the combined UV and condensation exposure produced slightly smaller 
variations in τs but a more defined trend in surface wettability. In all 
cases, the overall optical degradation remained below 2 %, confirming 
the excellent transparency and structural stability of the hybrid silica 
network. However, while the 15 min coatings exposed only to humidity 
showed no clear relationship between WCA loss and surfactant con
centration, the addition of UV irradiation led to a progressive decrease in 
hydrophobicity with increasing Pluronic® content. This behavior sug
gests that the organic moieties present in the hybrid matrix, particularly 
the methyl groups from the residual carbon species associated with 
Pluronic®, are more susceptible to photo-oxidation. In addition, for 1 h 
sintered samples, the evolution of surface wettability also showed 
smaller changes than in the condensation test. The WCA losses 
decreased from 33 to 66 % under condensation to 11–50 % under 
combined UV radiation and condensation (Table 10).

When considering all climatic aging results, the coatings showed a 
consistent response to both humidity and UV exposure. The most sig
nificant changes in WCA and τs occurred during the condensation test, 
regardless of sintering time, indicating that prolonged exposure to 
continuous moisture is the dominant degradation mechanism for these 
AR coatings. In contrast, during the combined UV and condensation test, 
the overall variations were smaller, and the coatings maintained high 
optical stability (< 1.5 %). This difference can be directly related to the 
test conditions. The reduced time under constant condensation signifi
cantly limited the rehydroxylation of the surface and the adsorption of 
water within the porous network, explaining the smaller WCA and τs 
variations. Moreover, UV radiation did not introduce any measurable 
optical degradation, confirming the strong photochemical stability of 
the silica-based framework (Fig. 14).

3.2. Influence of the TEOS: MTES composition ratio on porous silica 
properties

In this section, the amount of Pluronic® was kept constant at 2.5 % 
v/v while varying the proportions of the silica precursors TEOS and 
MTES in ratios of 50:50, 70:30, and 90:10. The heat treatment time was 
15 min for all the samples. Once more, the stability of the precursors 

Table 9 
Water contact angle and calculated solar transmittance measured for samples sintered for 15 min before, during and after combination of UV radiation and 
condensation for 480 h.

Pluronic® conc. (% 
wt)

τs before 
exposure

τs after 182 h 
exposure

τs after 343 h 
exposure

τs after 
exposure 
(480 h)

Change 
(%)

WCA before 
exposure

WCA after exposure 
(480 h)

Change 
(%)

0 0.947 0.942 0.942 0.943 0.42 73 65 10.9
0.5 0.948 0.937 0.935 0.938 1.05 62 42 32.3
1 0.949 0.934 0.931 0.934 1.46 61 36 41.0
1.5 0.949 0.932 0.930 0.934 1.46 56 31 44.6
2 0.949 0.941 0.940 0.941 0.93 56 26 53.6
2.5 0.950 0.941 0.940 0.940 0.21 54 26 50.0

Table 10 
Water contact angle and calculated solar transmittance measured for samples sintered for 1 h before, during and after combination of UV radiation and condensation 
for 480 h.

Pluronic® conc. (% 
wt)

τs before 
exposure

τs after 182 h 
exposure

τs after 343 h 
exposure

τs after 
exposure 
(480 h)

Change 
(%)

WCA before 
exposure

WCA after exposure 
(480 h)

Change 
(%)

0 0.951 0.950 0.950 0.948 0.32 73 65 11.0
0.5 0.955 0.950 0.950 0.949 0.75 64 47 26.6
1 0.960 0.952 0.952 0.951 0.86 60 37 38.3
1.5 0.969 0.960 0.964 0.962 0.74 57 31 45.6
2 0.974 0.971 0.970 0.972 0.21 54 27 50.0
2.5 0.976 0.971 0.969 0.971 0.53 54 29 46.3

Fig. 14. Evolution of calculated solar transmittance of coatings with varying Pluronic® concentrations (P-0 to P-2.5) as a function of condensation time under UV 
radiation: a) samples sintered for 15 min and b) samples sintered for 1 h.
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solutions was checked by measuring the viscosity over time. The solu
tions remain stable for a period of up to 252 days since no significant 
changes were observed (see Fig. S5 of the supplementary data). Also 
worth noting is that the gradual substitution of TEOS by MTES (ratios 
going from 9:1 to 5:5) led to more viscous solutions.

3.2.1. Optical characterization
Similar to the Pluronic® series, the withdrawal rate was optimized 

for each TEOS:MTES ratio to achieve maximum transmittance around 
600 nm. As shown in Fig. S5, increasing the MTES content leads to a 
denser and more viscous solution, requiring a specific adjustment of rw 
to compensate for these rheological changes. Although very high 
transmittance values were obtained for all three configurations (see 
Fig. 15), increasing the TEOS content from 50:50 (P-5:5) to 90:10 (P-9:1) 
resulted in a slight drop in transmittance, particularly in the visible and 
near-infrared ranges. Initial maximum transmittance values of 99.8 %, 
99.5 % and 97.6 % were obtained for P-5:5. P-7:3 and P-9:1 respectively. 
These variations are explained with the increase of hydrophobicity of 
the surface and inner silica matrix due to the inclusion of methyl groups 
from MTES [63]. The more hydrophobic nature of P-5:5 makes the 
surface less reactive to the adsorption of humidity and/or water in the 
pores, maintaining the low refractive-index. This claim is also supported 
by WCA measurements, with the average WCA values obtained for P- 
5:5, P-7:3, and P-9:1 being 56◦, 29◦ and 26◦ respectively.

The transmittance spectra also correlate with the refractive index 
values obtained for these coatings, which are plotted in Fig. 16. As it is 
observed in the plot, P-9:1, with the highest TEOS content, exhibits the 
highest value (1.359 at 600 nm), reflecting its more reactive surface to 
the absorption. As the MTES content increases in P-7:3 and P-5:5, the 
refractive index decreases to 1.248 and 1.229, respectively, consistent 
with the more hydrophobic surface which avoids the absorption. The 
reflectance spectra on silicon wafers can be seen on the supplementary 
data on Fig. S6.

These results underline the combined impact of precursor ratios and 
surfactants on the optical properties of the coatings. Higher TEOS con
tent increases network density and refractive index but reduces AR ef
ficiency (Fig. 16).

Theoretical porosity calculations using Eq. (6) also confirms this 
trend. As can be seen in Fig. S7 in the supplementary data, by increasing 
MTES content, we obtain a less dense matrix and a lower refractive 
index. i.e. precursor composition can be directly related to the structural 
properties of the AR coating.

3.2.2. Thermal analysis
Thermogravimetric analysis was employed to examine the thermal 

degradation behavior of samples P-5:5 and P-9:1 (Fig. 17). The corre
sponding mass losses sections recorded by thermogravimetry are sum
marized in Table 11. Both samples exhibit an initial weight loss below 
150 ◦C, attributed to the evaporation of adsorbed water and volatile 
organic species physically trapped in the silica matrix [27,60,74]. For P- 
5:5, this early mass loss (4.1 %) is moderate, indicating a relatively 
compact hybrid structure that limits water retention. In contrast, P-9:1 
displays a slightly higher loss (8.2 %) in this range, suggesting an 
increased amount of physically adsorbed water and residual ethanol. 
Between 150 ◦C and 350 ◦C, the most significant decomposition event 
occurs for both samples, corresponding to the removal of the organic 
template and condensation of silanol groups. P-5:5 exhibits a major 
weight loss of 52.3 %, associated with the oxidative degradation of 
Pluronic® confined within the silica framework, along with the elimi
nation of residual organic moieties derived from the MTES precursor 

Fig. 15. Hemispherical transmittance spectra of anti-reflective coatings with 
varying TEOS:MTES ratios (50:50, 70:30, and 90:10).

Fig. 16. Refractive index spectra of coatings with varying TEOS:MTES ratios 
(50:50, 70:30, and 90:10).

Fig. 17. Thermogravimetric analysis curves of anti-reflective samples. Com
parison of P-5:5 and P-9:1 with varying MTES ratios.

Table 11 
Mass losses recorded by thermogravimetry for P-5:5 and P-9:1 (variation of 
TEOS:MTES ratio).

TEOS: 
MTES 
ratio

25–150 ◦C 
(%)

150–350 ◦C 
(%)

350–500 ◦C 
(%)

500–700 ◦C 
(%)

Total 
mass loss 
(%)

50:50 4.1 52.3 2.7 1.8 60.9
90:10 8.2 44.0 3.0 2.4 57.6

N. Barandica et al.                                                                                                                                                                                                                             Materials & Design 265 (2026) 115952 

14 



[56]. On the other hand, P-9:1 shows a lower mass loss (44.0 %) in this 
region, indicating that a higher TEOS proportion leads to a denser ma
trix. This reduced mass loss suggests more efficient condensation and 
crosslinking of Si–O–Si bonds, as Dudás et al. [63] demonstrated. In the 
subsequent range from 350 to 700 ◦C, both samples continue to exhibit 
minor weight losses due to the oxidation of residual carbonaceous spe
cies and decomposition of remaining methyl groups (–CH3) still bonded 
to the silica surface [58,75]. P-5:5 losses 4.5 % in this range, while P-9:1 
shows a slightly higher 5.4 %. Overall, the total mass losses amount to 
60.9 % for P-5:5 and 57.6 % for P-9:1.

Fig. 18 presents DTA profiles for samples P-9:1 and P-5:5, high
lighting key thermal degradation stages and associated endothermic or 
exothermic reactions. Differences are observed in the peak associated to 
the oxidative decomposition of Pluronic® encapsulated within the silica 
matrix (250 ◦C – 350 ◦C zone). The intensity and sharpness of this peak 
are more pronounced in sample P-5:5, suggesting a more confined or 
ordered arrangement of the template within the network. This behavior 
aligns with observations made by Mirtaheri et al. [62], who attributed 
similar exothermic signals to the combustion of P-123 in mesostructured 
oxide frameworks. The slight shift observed in the main exothermic peak 
between P-5:5 and P-9:1 might be explained by structural differences 
induced by the TEOS:MTES ratio. According to Yu et al. [37] and Dudás 
et al. [63], increasing the MTES content reduces the degree of network 
condensation and enhances the presence of organic moieties, leading to 
an earlier decomposition of the template due to a more open and less 
cross-linked silica matrix.

3.2.3. Surface morphology
The textural and microstructural properties of the coatings were 

evaluated using nitrogen physisorption and SEM to investigate the in
fluence of TEOS:MTES ratio on porosity development. The nitrogen 
adsorption–desorption isotherms, presented in Fig. 19a, also exhibit a 
Type Ib behavior. Pore size distributions are shown in Fig. 19b.

As summarized in Table 12, the SBET, Vt, and wmax exhibit systematic 
but non-linear variations as a function of the TEOS:MTES ratio. The 
sample with a 50:50 composition shows a surface area of 510  m2/g, a 
total pore volume of 0.275  cm3/g, and a wmax of 1.96  nm. For the 70:30 
sample, SBET increases slightly to 541  m2/g, with a corresponding Vt of 
0.283  cm3/g and a wmax of 1.90  nm. In the 90:10 sample, a surface area 
of 423  m2/g is recorded, with Vt at 0.235  cm3/g and wmax at 0.82  nm.

Similar non-linear trends have been reported in the literature. Dudás 
et al. [63] found that average pore diameter decreased progressively 
with increasing MTES up to 40 %, but unexpectedly increased again at 
60 %, coinciding with a sharp growth in primary particle diameter. In 

their work, they attribute this behavior to changes in the material 
structure resulting from the incorporation of –CH3 groups and the 
consequent reduction of cross-linking density upon MTES addition. 
Likewise, Zhao et al. [76] observed that while porosity and pore volume 
peaked at TEOS:MTES = 0.75, further increase to a ratio of 1.5 led to a 
significant decline, indicating a threshold beyond which excessive 
methylation compromises mesopore formation. Putz et al. [77] also 
observed an anomalous trend in the evolution of textural properties with 
TEOS:MTES ratio, where the specific surface area increased up to an 
intermediate composition and then decreased at higher MTES contents. 
They attributed this behavior to partial occlusion of the pore channels as 
surface hydroxyl groups are progressively replaced by methyl groups.

These trends are further validated by SEM analysis. As shown in 
Fig. 20, both P-5:5 and P-9:1 samples exhibit a homogeneous Fig. 18. Differential thermal analysis curves of anti-reflective samples showing 

weight loss and thermal events: P-9:1 and P-5:5.

Fig. 19. a) Nitrogen sorption isotherms and b) pore size distribution of samples 
P-5:5, P-7:3 and P-9:1.

Table 12 
Textural parameters of the samples determined from the nitrogen sorption iso
therms, influenced by varying the TEOS:MTES content.

TEOS:MTES ratio 50:50 70:30 90:10

SBET (m2/g) 510 541 423
Vt (cm3/g) 0.275 0.283 0.235
wmax (nm) 1.96 1.90 0.82
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nanostructured morphology with uniformly distributed spherical do
mains in the 5–8 nm range. While no dramatic morphological differ
ences are observed, the P-9:1 sample shows a slight shift towards smaller 
sizes, compared to predominantly larger features in P-5:5.

Overall, the correlation between nitrogen adsorption data and SEM 
imaging confirms the impact of precursor composition on porosity and 
microstructure. These findings underscore the tunability of silica coat
ings through precise control of precursor ratios, with implications for 
optimizing their optical and mechanical performance.

3.2.4. Mechanical and environmental durability
Fig. 21 shows Ra and τs data obtained from abrasion and accelerated 

aging tests. The obtained results highlight a strong dependency of the 
coatings’ mechanical properties with TEOS:MTES ratio. Samples with 
lower TEOS content (P-5:5) exhibited earlier scratches formation and 
material detachment due to increased brittleness. In contrast, coatings 
with a higher TEOS fraction (P-9:1) demonstrated greater mechanical 

stability, maintaining surface integrity over more cycles, although it still 
presents gradual surface wear. In the case of P-5:5, the coating exhibits a 
sharp drop in Ra within the first few cycles. Surface degradation is 
already evident after 20 cycles, and by 50 cycles, the coating appears 
almost completely gone, indicating early failure and poor mechanical 
durability. This rapid loss of material is consistent with the higher 
porosity of the MTES-rich network, which provides flexibility but 
insufficient resistance to abrasion. P-7:3 displays intermediate behavior. 
The initial roughness remains relatively stable up to around 50 cycles, 
after which a pronounced decrease is observed. By 100 cycles, the sur
face shows significant smoothing, suggesting partial delamination and 
progressive erosion of the coating. Although more durable than P-5:5, 
this formulation still lacks long-term resistance under repeated me
chanical stress. In contrast, P-9:1, with the highest TEOS content, ex
hibits the most gradual decline in Ra. Even after 150 cycles, the coating 
retains measurable Ra values, and signs of complete material loss only 
appear close to 200 cycles. This suggests a denser, more mechanically 

Fig. 20. Scanning electron microscope images for samples P-5:5 (a) and P-9:1 (b).
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stable structure, likely due to higher crosslinking within the silica 
network. However, the slower degradation may also reflect a more 
brittle response, where material is lost progressively through micro
cracking rather than early detachment. In addition to tracking the 
evolution of Ra, the τs of the sintered samples was also measured after 
each abrasion interval and the measured data is shown in Fig. 21b. The 
observed trends closely match the roughness data, with P-5:5 showing 
the fastest initial decline, and P-9:1 exhibiting a more gradual decrease 
over the entire cycle range. Once again, none of the samples reached the 
transmittance level of bare borosilicate glass (~0.92) since the coatings 
are applied on both sides of the substrate, contributing to a slightly 
higher baseline even after significant material loss.

The images captured by the microscope (Fig. 22) support the infor
mation derived from the measurements of Ra and τs as shown in Fig. 21.

Next, the evaluation of the weathering resistance of one side coated 
samples is presented. The results under combined UV-condensation 
conditions are shown in Fig. 23 and Table 13. All coatings exhibited 
slight variations in τs and more pronounced reductions in WCA over the 
duration of the test. The τs remained relatively stable across all samples, 
with changes below 0.5 %. The P-9:1 sample showed a minimal varia
tion of 0.11 %, while P-7:3 and P-5:5 presented slightly higher but still 

Fig. 21. Average surface roughness evolution of coatings a) and solar transmittance b) for P-5:5, P-7:3 and P-9:1 as a function of the number of abrasion cycles.

Fig. 22. Optical microscopy images of P-5:5, P-7:3, and P-9:1 before and after abrasion testing at different cycle stages (initial, 20, 50, and 150 cycles).

Fig. 23. Evolution of solar transmittance values for coatings subjected to 
combined UV radiation and condensation cycles.
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moderate changes of 0.42 % and 0.21 %, respectively. These values 
indicate that the optical functionality of the coatings is largely preserved 
under accelerated aging, regardless of precursor ratio.

In contrast, the WCA values experienced more substantial re
ductions, especially for the formulation with higher MTES content. P-5:5 
displayed a drop from 56◦ to 27◦, corresponding to a 51.8 % decrease. P- 
7:3 showed a smaller reduction of 17.2 %, from 29◦ to 24◦, while P-9:1 
decreased by 38.5 %, from 26◦ to 16◦. These results suggest that 
although the hybrid coatings retain their optical performance over time, 
their surface hydrophobicity deteriorates at different rates depending on 
the TEOS:MTES ratio.

4. Conclusions

This study investigated the development and optimization of porous 
silica-based AR coatings prepared by using Pluronic® P-123 as porosity 
generator. The effects of pore-forming agent concentration, thermal 
treatment, and TEOS:MTES precursor ratio on the optical, mechanical, 
and environmental durability of the coatings were systematically 
analyzed.

The addition of Pluronic® effectively reduced the refractive index, 
enhancing the AR properties by increasing porosity. The lowest refrac
tive index obtained was 1.215 for the highest Pluronic® concentration 
(2.5 % v/v), which corresponded to a porosity of 57 %. τs values as high 
as 0.976 were obtained with the application of this coating. High sta
bility of the optical properties was achieved under condensation and 
condensation/UV exposure in all the cases. However, the increase in 
porosity also led to a decline in mechanical stability as reflected in the 
lower abrasion resistance.

Thermal treatment had a significant influence on coating perfor
mance. Samples sintered at 500 ◦C for 15 min maintained better abra
sion resistance and structural integrity compared to those subjected to 1 
h of sintering. Extended thermal exposure caused excessive burnout of 
the pore-forming agent, weakening the silica network and reducing its 
mechanical strength. The coatings sintered for 1 h showed a 30–50 % 
faster decline in transmittance and WCA during abrasion aging 
compared to their 15-minute sintered equivalents.

The TEOS:MTES ratio played a key role in determining the coatings 
porosity and durability. Higher TEOS content resulted in denser, more 
mechanically resistant coatings, but with a more reactive surface which 
lead to an increase in the refractive index. Conversely, increasing MTES 
concentration led to greater porosity and more stable surface improving 
optical properties but reducing mechanical robustness. Regarding 
environmental durability, minimal τs changes were observed for the 
three TEOS:MTES ratio studied.

Ultimately, the results emphasize that the most critical aspect in 
designing these coatings is achieving a balance between optical per
formance and long-term durability. While increasing porosity enhances 
AR properties, it compromises mechanical stability. Finding the optimal 
formulation requires careful selection of the precursor ratio, pore- 
forming agent concentration, and thermal treatment conditions to 
ensure coatings that maintain high efficiency and withstand real-world 
operational challenges in solar thermal applications. Our results indicate 
that P-2.0 is the most suitable candidate, as it exhibits high trans
mittance without compromising environmental resistance. For locations 

subject to severe abrasive conditions, P-70:30 emerges as the preferred 
option. This material preserves optical performance while providing a 
threefold increase in abrasion resistance compared to its P-50:50 
counterpart, making it particularly suitable for such demanding 
environments.
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Table 13 
Water contact angle and calculated solar transmittance measured for samples P-5:5, P-7:3 and P-9:1 during and after combination of UV radiation and condensation for 
480 h.

TEOS: 
MTES 
ratio

τs before exp. τs after 133 h exp. τs after 300 h exp. τs after exp. 
(480 h)

Change 
(%)

WCA before exp. WCA after exp. Change 
(%)

50:50 0.951 0.947 0.946 0.949 0.21 56 27 51.8
70:30 0.950 0.945 0.447 0.946 0.42 29 24 17.2
90:10 0.941 0.937 0.939 0.940 0.11 26 16 38.5
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