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Enhancing Environmental Stability and Transparency of
Glass Coatings Using Silica Nanoparticles in the Sol-Gel
Process

Giulia Franceschin,* Stefano Centenaro, Matteo Lorenzoni, Riccardo Carzino,
Luca Ceseracciu, Simone Lauciello, Elti Cattaruzza, and Arianna Traviglia*

Sol-gel technology has long been recognized as a promising stabilization
treatment for glass. However, the acidity of its formulations may pose
challenges, particularly due to the potential for corrosive effects, making its
application on ancient and artistic glass more complex and requiring a
delicate balance between safeguarding its structural integrity and preserving
its visual and historical significance. This study investigates the incorporation
of silica nanoparticles into silica-based coatings to reduce the synthesis acidity
and enhance anticorrosion protection. The sol-gel formulations, tailored to
minimize their acidity (from ̴pH 1–2 to pH 4) and ensure optimal compatibility
with glass surfaces, are combined with 50nm and 200nm silica nanoparticles
and applied using dip-coating. Comprehensive analyses, including optical
characterization, water contact angle measurements, and nanoindentation
tests, reveals that composite coatings with 50nm nanoparticles, applied
through a double-dipping process, significantly improves resistance to
alteration. These coatings demonstrates superior protective performance
compare to both pure silica coatings and composite compositions containing
200nm nanoparticles. Surface analyses further highlighted that incorporating
nanoparticles allowed for precise control over the formation of alteration
structures on glass surfaces. This approach effectively manage the
development of alteration patina, offering a promising solution for mitigating
ancient glass alteration while maintaining its aesthetic integrity.

1. Introduction

Although glass is often considered as durable and inert,[1] it is
susceptible to deterioration, which can occur either immediately
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upon exposure to the atmosphere,[2] or
gradually over extended periods. Several
factors contribute to the initiation and
progression of alteration phenomena,[3]

highlighting the importance of develop-
ing effective methods to slow the age-
ing process and protect the glass sur-
faces. Such approaches not only enhance
the durability of glass but also align with
broader sustainability efforts by extend-
ing the lifespan of this versatile material.
Glass alteration occurs through corro-

sion processes, primarily driven by the re-
action of the glass network with water.[4]

Depending on atmospheric moisture
conditions[5] (above or below saturation)
and the specific glass composition,[6] var-
ious surface phenomena can appear.[3]

Recent studies on silicate glass have re-
vealed that natural degradation may re-
sult in the formation of opaque and
heterogeneous alteration layers on the
surface, arising not only from chem-
ical transformations[7] but also from
changes in the physical state of the glass
surface.[8,9] These alteration layers form
through concurrent mechanisms,[10] in-
cluding the cyclic solubilization and

reprecipitation of silica as corrosion-derived nanoparticles (c-
NPs).[11] These c-NPs, along with other corrosion products, con-
tribute to the development of compact patinas that significantly
alter the glass’ appearance, resulting in effects such as dulling,[12]
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iridescence, or sometimes more complex phenomena akin to
photonic crystals.[13] While these patinas may act as partial bar-
riers, reducing alkali ion leaching and slowing the breakdown of
the silicate network,[8,14,15] they inadequate to prevent long-term
and severe damage to the glass structure.
Traditionally, thermoplastic and thermosetting resins have

been widely used for the repair and reinforcement of silicate
glass. However, concerns about their toxicity and limited com-
patibility with glass substrates present significant challenges. To
answer these issues, new formulations have been developed that
not only functionally replace traditional polymeric materials but
also offer enhanced substrate environmental compatibility.[16]

Room temperature sol-gel silica coatings have emerged as a
promising alternative for the conservation of silicate glass.[16] De-
spite their potential, standard acid-catalyzed solutions pose risks
to glass integrity,[3] particularly for lead-containing or heavily al-
tered compositions.[17] Additionally, the necessity to maintain
synthesis at near room temperature often leads to extended poly-
merization times, which can limit the practicality of such treat-
ment for application.[18]

To address these challenges, this study explores the efficacy of
sol-gel silica coatings synthesized undermild acidic conditions to
prevent glass surface degradation. The primary objective is to cre-
ate a fast-consolidating barrier on glass surfaces by utilizing sil-
ica glass fundamental components of glass itself. The focus is on
developing coatings exclusively from nanostructured silica gel,
designed not only to share a similar composition with the under-
lying material but also to replicate the structure naturally formed
during glass degradation. This strategy seeks to minimize acidic
conditions, reduce disparities in optical and chemical proper-
ties, and enhance both chemical stability and protective barrier
performances.
Silica thin films, when applied to glass surfaces, have demon-

strated a wide range of functionalities in various applications,
including protection from water permeation,[19,20] atomic oxy-
gen attack, and surface corrosion.[21,22] These films have synthe-
sized using diverse routes and precursors,[23–26] with the sol-gel
method being particularly favored for its versatility, homogeneity,
low processing temperature and scalability.[27,28]

The sol-gel coating process involves applying a stable suspen-
sion of particles in a liquid (the sol) to a surface. Once applied, the
solvent evaporates, leading to the formation of a gel. The result-
ing structure, more precisely described as a xerogel, undergoes
further densification on the surface. A critical step in this pro-
cess is curing, which finalizes the condensation and crosslink-
ing of Si-O-Si chains from the active groups present in the sol
particles. The rates of hydrolysis and condensation reaction in
sol-gel processes can be significantly enhanced by either acidic
or basic catalysts.[29] The choice of catalyst also determines the
physicochemical properties of the final material. Under acidic
conditions, the process favors the formation of highly polymer-
ized silica networks, leading to the growth of interconnected sil-
ica chains. In contrast, basic conditions promote the rapid nu-
cleation and growth of colloidal silica particles,[30] resulting in
less cross-linked structures.[31,32] For glass coating applications,
sol-gel formulations reported in literature often rely on highly
acidic conditions (pH 1–2) to ensure the formation of transpar-
ent, dense and resistant films. This is primarily because alkaline
corrosion of glass can lead to more aggressive and rapid degrada-

tion than acidic corrosion.[3,33] For this reason, basic conditions
must be preferentially avoided in conservation treatments for his-
torical and ancient glass. In contrast, acidic sol-gel formulations
can be tailored to minimize glass corrosion while maintaining
their protective function. This is typically achieved by incorpo-
rating acid or lead-based catalysts to improve film density and
accelerate polymerization.[16,22] However, when these formula-
tions are intended for cultural heritage or artistic objects, the chal-
lenge lies in balancing sufficient film density with minimal use
of acid catalysts to prevent corrosion processes induced by the
acidity. Acidic conditions, determined by the addition of catalytic
molecules, directly affects the degree of polymerization of the sol-
gel film after application. In some cases, thermal treatments are
necessary to complete the polymerization process.
It is noteworthy that when ethyl alcohol is used as a solvent,

hydrolysis -and, consequently film deposition- is negligible if the
acid catalyst concentration falls below 0.003 M.[34] Beyond cata-
lyst concentration, other factors can significantly improve the net-
work densification of sol-gel coatings. These include the choice
of silica precursor, the sol ageing time before deposition, the in-
corporation of pre-synthesized nanoparticles (NPs) into the for-
mulation, and the precise control over film thickness, which is
also influenced by the deposition technique employed.[35–39]

The coatings were designed to be fully inorganic to ensure
high compositional compatibility with the glass substrate and
long-term stability. Their properties were controlled by adjust-
ing both the synthesis and surface deposition parameters, with
the primary goal of producing films that would be largely imper-
ceptible to the naked eye on the treated surfaces. To achieve this,
different sol-gel solutions were obtained using a Stöber synthesis
method, starting with tetra ethoxy silane (TEOS), water, ethanol
(EtOH) and a minimal amount of hydrochloric acid (HCl) as a
catalyst, with the concentration of HCl set to a lower limit of
0.003 M, as mentioned above, maintaining a pH between 4 and
4.5 throughout the synthesis process. TEOS was selected as silica
precursor because it is a fully inorganic compound, and it could
allow to obtain thin films with a composition as much as possi-
ble compatible with the silicate glass substrate composition. Col-
loidal suspensions of non-mesoporous silica NPs of 50 nm and
200 nm were incorporated into the sol-gel precursor formulation
to assess their potential in improving the film’s properties after
densification and controlling the growth of corrosion products
on the treated surface. The selection of non-mesoporous silica
NPs was driven by the aim of creating a dense coating for sur-
face protection and transparency. The presence of mesoporos-
ity in the NPs would have introduced an additional variable to
explore in the coating characterization. The choice of the NPs
sizes was based both on their commercial availability and the
uniformity achievable through synthesis for non-mesoporous sil-
ica NPs.[40,41] Additionally, the 200 nm NPs were selected as the
upper size limit to ensure they remained below the visible light
wavelength range, therebyminimizing optical interference in the
sol-gel coatings. The 50 nm nanoparticles were selected because
this is the smallest size at which non-porous silica nanoparticles
can typically be synthesized with a uniform spherical shape and
monodispersed size. Below this size, achieving such characteris-
tics becomes increasingly challenging.[42]

All the formulations were applied on silica-lime glass slides
via dip-coating, followed by characterization from structural,
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Figure 1. Characteristic morphology observed with SEM on the studied coatings SGN200, SGN200_T, SGN50_T and SGN50_2_T. In the double-layer
coating SGN50_2_T a significant portion of the NPs appears to be covered by the sol-gel matrix, unlike in the single-layer coatings, where the NPs seem
to be only partially incorporated into the matrix. Another aspect that can be observed is that the film obtained through a double dip-coating process
exhibits the highest NPs surface concentration, which is logically related to the substrate undergoing two coating cycles.

morphological, optical, and mechanical perspectives. These
properties were monitored both before and after an accelerated
ageing process, designed to mimic natural environmental degra-
dation. The multi-technique characterization approach encom-
passed atomic force microscopy (AFM), scanning electron mi-
croscopy (SEM), static contact angle, nanoindentation, and me-
chanical analyses.
This study lays the foundation for the use of silica coatings

prepared through sol-gel synthesis under mild acidic conditions,
offering a promising solution for the conservation of highly sen-
sitive surfaces, such as those of ancient artifacts and works of art.

2. Results and Discussion

Before examining the coatings’ resistance to corrosion and bar-
rier properties, a comprehensive analysis of their physical, struc-
tural, optical andmechanical characteristics was conducted to as-
sess the influence of coating parameters, including composition,
deposition and densification. Preliminary adhesion tests, carried
out to assess the effect of omitting surface activation treatments,
showed no macroscopic changes in coating appearance and no
signs of flaking or delamination.

2.1. Physical and Structural Properties of the Prepared Coatings

The thickness of the obtained films, determined using stylus pro-
filometry, wasmeasured to be between 95 and 108 nm. Thismea-
surement was taken from the pure sol-gel composition and is
considered representative of the sol-gel matrix thickness in all

composite coatings with a single layer. The uniformity of the coat-
ings was influenced by the sol composition, the coating deposi-
tion parameters, and the film densification temperature. Detailed
results of the analysis are available in the Table S3 of the Support-
ing Information. Notably, the homogeneity and integrity of the
films were affected by the addition of NPs, with composite for-
mulations containing NPs showing improved quality compared
to pure sol-gel (SG) compositions, and for the films densified at
50 °C.
Chemically, all films consist of a pure silica sol-gel matrix em-

bedding silica NPs of varying sizes. This composition was con-
firmed for all prepared samples through SEM-EDXS analysis.
Detailed results regarding the chemical analysis of the films are
available in the Supporting Information (Figure S1, Supporting
Information). In addition to an enhanced homogeneity of the sol-
gel matrix achieved through densification at 50 °C, the structure
of the composite films was found to differ primarily in terms
of NPs distribution and density. These variations are influenced
by both the NPs sizes and the thickness of the sol-gel layers.
Figure 1 highlights the relationship between NPs size and their
surface concentration in the final coating: at a constant vol-
ume concentration in the coating solutions, smaller NPs lead
to a higher surface concentration in the final coatings. This ef-
fect of particle size on concentration and distribution is well-
documented in the coating literature,[40,43] which shows that sur-
face density is inversely proportional to the cube of the NPs di-
ameter dNP.
The NPs appears embedded within the silica sol-gel matrix,

with no observable effect of the thermal treatment on their
embedding depth. By combining AFM results with the known
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Figure 2. Schematic representation of the NPs embedded in the silica ma-
trix. The representation is useful to understand the definition of embed-
ding depth De.

average diameter of the NPs (dNP) used in each film, the embed-
ding depth (De) of the NPs was estimated. Figure 2 illustrates
the inferred nanoparticle inclusion scheme for both thermally
treated and non-thermally treated samples, providing a visual
clarification of the De concept.
As indicated in Table 1, the De values were found to be higher

for films with NPs of 50 nm, where theDe reached at least 80% of
the dNP. For 200 nm NPs, the least penetration depth was 30% of
the dNP. Based on these results, thermal energy appears to have
slightly favored the embedding of the silica NPs in the composite
films with 200 nm NPs and double-dip 50nm NPs, while it had
no observable influence on the composite film with single-dip
50nm NPs (SGN50).
The use of NPs with regular spherical shapes is frequent in

various research works of composite film preparations to mod-
ify surface wettability,[44] a property that strongly depends on the
surface chemistry, structure, and roughness at the micro- and
nanoscale. Differently from superhydrophobic sol-gel coatings,
which are commonly obtained using hybrid organic-inorganic
silica compositions,[45] the coatings prepared here are fully in-
organic. As a result, their hydrophobicity is solely determined
by structural and roughness characteristics only and is not ex-
pected to achieve superhydrophobicity.Water contact angle analy-
sis performed on these coatings highlighted the influence of NPs
size and thermal annealing onwetting properties. The results, re-
ported in the (Figure S4 and Table S3, Supporting Information),
indicated an increase in hydrophobicity for the pure sol-gel coat-
ings that were thermally annealed (SG_T) compared to those that
were not (SG). This increase in hydrophobicity was not observed
or was less pronounced in all composite films embedding NPs.
The observed increase in both surface roughness and water

contact angle for the thermally annealed sol-gel film is likely due
to a higher densification rate induced by the thermal treatment,
which may cause greater local disorder of the structure in com-
parison to the non-annealed film. In contrast, the surface rough-
ness and wettability of the composite films appeared unaffected
by the densification temperature. In this regard, the literature
suggests that surface wettability is influenced by surface rough-
ness, chemical composition, and surface energy,[46] as well as by
surface distribution when heterogeneous phases are present, as
in our case. The composite films did not show a direct correlation
between measured roughness and hydrophobicity, likely due to
their specific surface phase distribution and the possible influ-
ence of NPs in film densification. Ta
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Additionally, it is important to note that the areas used to calcu-
late surface roughness are significantly smaller than those used
for water contact angle measurements. Specifically, the diameter
of the water drop is 3 mm, while the AFM scanning area ranges
from5 to 10 μm.This difference inmeasurement scalesmay have
hindered any direct relationship between surface roughness and
wettability properties.
To evaluate the optical properties and ensure that the coatings

maintain the original surface appearance, reflectance analysis
was performed on the selected films. The total reflectance spectra
– reported in Figure S2 of the Supporting Information – show no
absorbance peak in the visible range for any of the films, except
for one broad absorption band in the double-dip sample. Specif-
ically, this film presents a broad band between 425 nm and 700
nm, with a maximum of 8% total reflectance at 550 nm, which
is close to the values measured for untreated glass. The total re-
flectance of the other coated samples is on average, 1–2% lower
than that of the uncoated samples in the whole visible range
(Figure S3, Supporting Information). In addition, the diffuse re-
flectance spectra (Figure S2, Supporting Information-right) show
higher values in the samples prepared with 200 nm NPs, con-
sistent with the higher surface roughness observed in the AFM
analysis of these samples. Conversely, the coatings embedding 50
nm NPs and the pure sol-gel coatings have diffused reflectance
comparable to that of untreated glass, which also aligns with the
reported values of surface roughness. In any case, the maximum
values of both diffuse and total reflectance differ from the values
of uncoated glass of values that are below the threshold required
for optical perception by the naked eye.

2.2. A comparison of the Ageing Resistance in the Different
Formulations

The analysis of the samples after ageing provided a clear assess-
ment of the protective properties of each formulation against
glass corrosion. Upon initial observation, the coated areas in all
samples treated with the NPs-charged compositions appeared
visibly clearer and less altered compared to both the untreated
areas and those treated with the pure SG composition. Optical
microscopy, as shown in Figure 4a, confirms this finding by re-
vealing the absence of bright spots—indicative of early-stage cor-
rosion products—in the treated areas, unlike in the untreated re-
gions. These bright spots signal the initial formation of the glass
corrosion patina in the uncoated glass. In the area covered by the
coating, the nuclei of forming corrosion products are extremely
small or nearly absent in the sample coated with the double layer
of film. Subtle variations in opacification among the coated areas
with different formulations were discernible only under higher
magnification. Figure 3b–f further illustrate these differences,
with the double dip-coated sample displaying significantly fewer
bright spots, underscoring its enhanced resistance to alteration
during aging.
Aggregation of chemical elements were systematically de-

tected using SEM-EDS on the surface of uncoated glass
(Figure 4), suggesting that ageing induced corrosion products
such as Na and Ca salts, in addition to aggregation of c-NPs. In
contrast, on the coated samples no salts were detected but only
aggregated silica c-NPs derived from the corrosion process, sug-

Figure 3. a) Optical microscope images collected at 5x magnification for
SGN200 coating, showing the untreated area (top), the interface between
treated and non-treated areas (middle), and the treated area (bottom).
Images captured at 40x magnification and fixed brightness for b) SG, c)
SGN200, d) SGN200_T, e) SGN50_T and f) SGN50_2_T.

gesting a degree of protection produced by the application of the
coating.
SEM imaging highlighted also peculiar structural differences

developed after ageing in the coatings, as reported in Figure 4d–g.
Interestingly, the addition of SiO2 NPs in the single-layer coatings
appeared to exert a templating effect on the formation and growth
of c-NPs, limited to the areas surrounding the added NPs. Com-
pared to the coating morphology before ageing in Figure 1, the
most significant alterations were observed in the non-thermally
annealed composite coating with 200 nm NPs, whereas the least
changes occurred in the formulation with 50 nm NPs and a
double-layer design (SGN50_2_T). In all coated samples, unlike
the uncoated ones, SEM-EDS analysis demonstrated that the sur-
face remains chemically homogeneous compared to the compo-
sition observed before ageing. Even in regions with altered struc-
tures, such as those circled in red in Figure 4, all elements are
homogeneously distributed in the EDS chemical maps. This con-
firms that no corrosion products other than c-NPs were formed
after ageing. In Figure 4d, no regions are highlighted in red,
as it was not possible to identify structural differences in the
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Figure 4. SEM-EDS mapping of typical alteration structures observed af-
ter ageing on a) uncoated glass, b) SG and c) on SGN200 sample. SEM
images of the coatings post-ageing allow for the evaluation of struc-
tural evolution differences across the different compositions: d) SGN200,
e) SGN200_T, f) SGN50_T, g) SGN50_2_T. In (d), (e) and (f), the re-
gions highlighted in red indicate areas of silica nanoparticle aggregations
formed after ageing the samples. Na and Ca aggregations were observed
only in the uncoated glass (a), while a homogenous distribution of Si, O,
Na, and Ca was consistently detected in the coated glass (b) and (c), even
in areas where the granular alteration structures appeared after ageing.

double-dip coated sample before and after ageing due to the lim-
ited size of the altered spots.
This effect was further confirmed by AFM analysis. Figure 5

shows that unprotected glass surfaces exhibited corrosion struc-
tures characterised by randomly distributed aggregates of silica
NPs, like those shown by SEM analysis. In contrast, glass sam-
ples coated with a sol-gel layer containing silica NPs, regardless
of their size (200 nm or 50 nm), exhibited distinct development

of silica c-NPs aggregates proximal to the added NPs, suggest-
ing their role as preferential sites for alteration patina formation.
Notably, these formations displayed regular circular geometries
surrounding individual NPs, with dimensions correlating to the
initial NP size.
The values of surface roughness measured with AFM analysis

on the aged samples are shown in Table S4 (Supporting Informa-
tion). Remarkably, in samples treated with a double-layer coating,
the roughness and size of the NPs remain unaltered before and
after the ageing treatment, indicating the efficacy of the dual im-
mersion coating in impeding corrosion progression. Conversely,
a single layer of coating was found to fail in preventing corrosion
initiation, albeit mitigating macroscopic patina effects compared
to untreated glass surfaces.
Linking surface properties with the water contact angle analy-

sis, it is interesting to examine the difference between the mea-
sured contact angles before and after sample ageing, as reported
in Table 2. Even if CA value apparently increased after ageing,
their interpretation must consider the nature of the surfaces be-
ing analyzed, which are characterized by heterogeneously dis-
tributed rough textures. For such surfaces, varying effects on
the water contact angle can occur, as explained by the Cassie-
Baxter[47] and Wenzel models.[48] However, in this study, the
droplet size used in the contact angle measurement may be com-
parable to the underlying surface pattern. Under these condi-
tions, the droplet size may not be large enough relative to the
surface patterns, making it impossible to draw definitive conclu-
sions about the relationship between the water contact angle and
surface structure using the aforementioned models.[49]

Nevertheless, it is worth considering the difference of standard
deviation values of each measurement (std dev in Table 2), which
are notably higher for the films after ageing and show a mini-
mum for the films obtained with a double-dip deposition. Since
standard deviation reflects the consistency of the five measure-
ments taken for each sample to obtain the average contact angle,
it provides insight into the homogeneity of the surface rough-
ness in the analyzed area. After ageing, the lower standard devi-
ation in the double-dip coating system suggests that this coating
maintained a more homogeneous surface roughness compared
to the other formulations, particularly the pure sol-gel one, which
exhibited the highest variation in both CA and std dev. This in-
dicates that it was likely less altered by the ageing process than
the coatings obtained with a single dip, as also indicated by AFM
results.
The highest coating resistance and lowest roughness observed

in the double-dipped sample were further supported by diffuse
reflectivity data, which account for backscattering effects due to
surface roughness. The difference in diffuse reflectivity ΔRdiffuse
between the spectra after and before ageing is expected to in-
crease as the coating becomes rougher after ageing. Unprotected
glass indeed showed the formation of corrosion products on the
surface after ageing, leading to a degradation of surface flatness.
Therefore, in general, a higher ΔRdiffuse value indicates that the
coating is less effective in protecting against alteration.
As shown in Figure 6 (left), the ΔRdiffuse,AGED pattern is sig-

nificantly higher for the uncoated glass and decreases for the
coated samples, indicating that ageing induces the formation of
a rougher surface in the uncoated glass. Additionally, differences
in the behaviors of the studied coating compositions are evident,

Adv. Mater. Interfaces 2025, 12, 2500152 2500152 (6 of 12) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. AFM images of the sample surfaces before and after ageing. The color scale for each image is optimized to enhance contrast and highlight
surface features.

Table 2.Water contact angle (CA) values with the relative standard deviation measured for each studied sample before and after ageing process.

CAin std devin CAaged std devaged

SG 20.1 0.3 72.0 3.1

SGN200 20.1 0.2 71.8 15.6

SGN200_T 36.0 0.3 54.5 14.4

SGN50_T 34.7 0.4 89.4 4.9

SGN50_2_T 40.1 2.7 80.0 9.3

Adv. Mater. Interfaces 2025, 12, 2500152 2500152 (7 of 12) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. Differential patterns calculated between the diffuse reflectance% Rdiffuse (left) and the total reflectance% Rtot (right) of the samples respectively
after and before the ageing process. The total reflectance spectra of the aged samples are available in the (Figure S5, Supporting Information).

with the double-dipped glass exhibiting a ΔRdiffuse,AGED trend that
approaches zero. This suggests that the diffuse reflectance of the
double-dip coating remains nearly stable after ageing. In other
words, no visible alteration in surface roughness is detected for
this sample, unlike the other compositions, which all show an
increase in Rdiffuse after ageing, despite the thermal treatment
having a beneficial effect on coating stability (lower ΔRdiffuse,AGED
values). The ΔRtot,AGED in Figure 6 (right) displays an average
value around 0.3, which indicated that no remarkable differences
of the total reflectance were developed after ageing. The highest
increase in total reflectance was recorded for the pure sol-gel
film between 400 and 600 nm, and for the untreated glass above
600 nm.
Interestingly, the increase in the backscattering ratio in single-

layer coatings, compared to the double-layer coatings, is perfectly
consistent with the surface roughness measurements obtained
by AFM and SEM-EDS analysis after ageing.
The structural compatibility of the studied coatings with glass

substrates was confirmed by mechanical analysis using nanoin-
dentation measurements. The resulting dynamic curves and
their detailed analysis are presented in Figure S6 of the Support-
ing Information and indicate that the elastic modulus (E) and
the hardness (H) of all coating films approach but do not exceed
those of the pristine glass slides. Themost significant decrease in
E and H is observed in the double-dip-coated sample, which sug-
gests that the lower values of all coatings are realistic and do not
arise only from low-depth artefacts. After ageing, both E and H
tend to increase, approaching the values typical of bulk glass, im-
plying that the coating are becoming harder and more rigid un-
der extreme conditions. Although E modulus showed only slight
increases, particularly in the composite coating non thermally
treated and the pure sol-gel one, no significant changes were ob-
served in the other samples. However, a clear increase in average
H values was noted in almost all samples, except for those treated
with a double layer and those heat-treated with 200 nm nanopar-
ticles. The sample prepared with a double coating exhibited the
smallest variation in the average values of both E and H, which

remained lower than those of all other samples, even after the
ageing process.

2.3. Comparison with Existing Sol-Gel Coatings

Several studies have explored hybrid organic-inorganic sol-gel
coatings for corrosion protection on metals, where the incorpo-
ration of organic components into the silica network has been
shown to enhance durability and barrier properties. For example,
organic groups in silica sol-gel coatings have been demonstrated
to improve their performance under harsh environments by re-
ducing porosity and enhancing mechanical stability.[50–52]

The current work diverges from this corrosion-focused re-
search by evaluating the environmental stability of fully inorganic
silica coatings, specifically designed for cultural heritage glass
substrates. For such applications, the primary concern is not
corrosion but rather surface repair, long-term transparency, and
stability against environmental degradation. Unlike hybrid sol-
gel coatings optimized for corrosion protection in metals,[53,54]

the coatings examined here are intended for transparent appli-
cations, where maintaining optical properties (such as trans-
parency retention and surface integrity) is crucial. Therefore, tra-
ditional electrochemical corrosion resistance tests are less rele-
vant to the goals of this study, which prioritizes durability under
environmental stressors like humidity and thermal cycling.
Corrosion resistance of coatings is often assessed using elec-

trochemical techniques like electrochemical impedance spec-
troscopy (EIS) and Tafel analysis,[55] which are well-suited for
conductive materials, like metals.[56] However, since glass is an
insulating material, it does not support direct electrochemical
measurements. This inherent limitation, along with the need for
a conductive substrate or specific modifications (e.g. conductive
coatings), made these methods unsuitable for the present inves-
tigation, where the primary concern is not corrosion but rather
the long-term transparency and resistance to environmental
degradation.

Adv. Mater. Interfaces 2025, 12, 2500152 2500152 (8 of 12) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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To the best of the authors’ knowledge, there is no direct equiv-
alent in the literature for the approach taken here – specifically,
the use of silica films combined with silica nanoparticles to cre-
ate transparent and durable coatings for cultural heritage glass.
While previous studies have explored the incorporation of silica
nanoparticles into sol-gel coatings, these typically focus on en-
hancingmechanical and thermal properties for corrosion protec-
tion in metal applications.[57,58] The addition of silica nanoparti-
cles to sol-gel films has been shown to improve hardness, scratch
resistance, and adhesion, but these works generally do not ad-
dress the application of silica nanoparticle-based coatings on
glass, nor their environmental stability in terms of transparency
retention and resistance to ageing.
In contrast, the present research focuses on the long-term en-

vironmental performance of fully inorganic silica-based coatings,
designed not only to provide mechanical protection but also to
maintain optical properties when exposed to accelerated ageing
conditions. The results show that these coatings exhibit minimal
loss of transparency and surface integrity after exposure to envi-
ronmental stressors, highlighting their potential for transparent
applications. This represents a significant departure from tradi-
tional corrosion-focused studies, as it emphasizes maintaining
the coatings’ clarity and surface quality over time, rather than
solely preventing corrosion.
The unique combination of silica films and silica NPs used in

this research allows for the creation of a highly stable, fully in-
organic network, which is uncommon in the literature for glass
coatings.[16] Previous research has primarily focused on sol-gel
coatings with organic-inorganic hybrid systems[59–61] or fully in-
organic systems without embedded nanoparticles.[62–65] The cur-
rent work fills this gap by demonstrating the feasibility of silica-
based coatings for applications where optical clarity and envi-
ronmental stability are critical. Additionally, it contributes to a
deeper understanding of the structural modifications induces by
NPs incorporation during ageing. Although no direct compari-
son with traditional highly acidic sol-gel formulations (pH ≈1–2)
was performed in this study, themildly acidic conditions adopted
(pH ≈4) were expected to significantly reduce corrosive effects
on silicate glass substrates, as supported by literature.[3,29,63,66,67]

Throughout the coating and ageing processes, no visible or
measurable signs of substrate degradation—such as etching,
clouding, or surface roughening—were observed, suggesting en-
hanced compatibility of the developed formulation with sensitive
glass surfaces.
It is worth noting that no specific surface pre-treatment was

applied to enhance adhesion between the coating and the sub-
strate; nevertheless, the coatings demonstrated strong adher-
ence to the glass throughout the study. Preliminary adhesion
checks, including washing tests with ethanol and water on sam-
ples prior to ageing, revealed no macroscopic delamination or
changes in coating appearance. After ageing, no flaking or de-
tachment was observed, and as shown in the SEM, AFM, and
mechanical results, the coatings remained dense and compact
on the glass surface. Although a systematic quantitative adhe-
sion analysis was not included in this study, these combined ob-
servations indirectly support the reliability of the coating’s adhe-
sion. Furthermore, nanoindentation tests provided additional in-
sight into adhesion behavior: no cracks, delamination, or defects
were observed around the indents, even after ageing, as shown in

Figure S7 (Supporting Information). While dedicated adhesion
tests would be valuable to explore in the future, they were be-
yond the scope of this study. The overall stability of the coatings—
supported by surface, mechanical, andmorphological analyses—
provides indirect but convincing evidence of their reliable adhe-
sion and long-term durability, reinforcing their practical appli-
cability for cultural heritage conservation and ensuring minimal
intervention on fragile substrates.

3. Conclusion

Glass surfaces are vulnerable to environmental corrosion, which
compromises both their functionality and their aesthetic appear-
ance. This study demonstrated how composite silica-based coat-
ings enhanced with silica NPs can provide an innovative solu-
tion to improve the anticorrosion performance of glass surfaces,
combining durability with optical and mechanical integrity. Key
factors, including the incorporation of NPs, their size, the tem-
perature of film densification, and the number of dip-coating cy-
cles, were systematically analyzed to assess their impact on the
structure and properties of the deposited films.
The analyses confirmed that incorporating silica NPs signifi-

cantly enhanced the performance of sol-gel coatings, an aspect
particularly relevant whenminimal acidity is required during ap-
plication. The composite formulations demonstrated superior re-
sistance to environmental corrosion, with optimal performances
observed in the double-layer coating incorporating 50 nm NPs.
These coatings effectively retained surface properties, reduced
silica dissolution, and prevented the formation of corrosion prod-
ucts such as alkaline salts. In contrast, pure sol-gel coatings,
while moderately effective at slowing surface corrosion, showed
limitations in preventing silica precipitation and morphological
changes after ageing.
The findings of this research also emphasize the crucial im-

pact of NPs size and thermal annealing on the properties of the
coating. Films incorporating 50 nm NPs exhibited enhanced hy-
drophobicity and corrosion resistance compared to those with
200 nmNPs, while thermally annealed coatings showed superior
structural stability and barrier performance. These results high-
light the importance of optimizing formulation and processing
conditions to achieve greater film stability and protective efficacy.
Notably, the inclusion of NPs induced a templating effect on

the morphology of silica aggregates formed during ageing. In
particular, the silica NPs dispersions guided the formation of
granular silica structures in the limited spaces surrounding the
NPs after film ageing. The extent of these aggregates was directly
influenced by the size of the incorporated NPs, underscoring the
role of NPs dimension in determining coating performance.
This work advances our understanding of composite silica for-

mulations incorporating silica NPs in protecting glass from at-
mospheric corrosion. The ability of these coatings to maintain
both transparency and structural integrity highlights their poten-
tial as an effective solution for preserving glass in diverse envi-
ronments. Beyond glass preservation, the broader implications
of this research – including applications in heritage conservation
and material repair – position composite silica coatings as a ver-
satile and promising approach for addressing challenges in ma-
terial protection and restoration.

Adv. Mater. Interfaces 2025, 12, 2500152 2500152 (9 of 12) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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4. Experimental Section
Materials: TEOS (Si(OCH2CH3)4, 99% purity) and absolute EtOH

(CH3CH2OH, 99,8% purity) were purchased by Merck and used without
further purification. Ultrapure water was obtained with a Sartorius Ari-
um® Pro purification system. Colloidal dispersions of silica NPs in wa-
ter were purchased from nanoComposix (Non-functionalised NanoXact™
silica NPs of 50 nm and 200 nm) and used in the composite coating for-
mulations with no further modification.

Commercial silica-soda-lime glass slides for microscopy observations,
supplied by VWR, were employed as substrates for the coating deposi-
tions. They were cleaned by sequential immersion in soapy deionized wa-
ter, ultrapure water, ethanol, and isopropanol for 10 minutes in a sonic
bath. The cleaned slides were then air-dried and stored in a closed con-
tainer until the coating deposition.

Sol Preparation by Stöber Method: The sol precursor was prepared by
mixing ultrapure H2O and EtOH for 10 min before adding TEOS drop-
wise, and HCl. This starting solution was prepared using a molar ratio
of TEOS:EtOH:H2O of 1:12:20 and an HCl concentration of 0,007 M, re-
sulting in an initial pH of approximately 4. This pH value corresponds to
that proposed byWatkins et al.[35] to minimize delamination effects on the
films and was higher than the lower limit of 0.003 M, which was defined
by Aelion et al. as ineffective for silica film formation.[34]

The sol was mixed at room temperature for 1 h before being applied
to the substrates. This sol was used to prepare the pure sol-gel coating
sample (Sol1 in Table S1, Supporting Information).

Silica Nanoparticles Addition to the Sol-Gel Mixture: A second set of
sols (Sol2 and Sol3 in Table S1, Supporting Information) was obtained by
adding colloidal suspensions of silica NPs to the previously described sol
formulation. Two different sizes of silica NPs (50 nm and 200 nm) were
used to prepare two different sols containing a total concentration of 1
mg ml−1 of silica NPs. The molar ratio of TEOS:EtOH:H2O was kept at
1:12:20.

The NPs in water suspension were first diluted in ultrapure H2O
to the desired concentration and mixed with EtOH for 10 min before
adding TEOS and HCl. The initial pH of the silica NPs suspensions
used in the syntheses was found between 7 and 7.5, in line with the
supplier’s specifications. Upon incorporation into the HCl-catalyzed sol,
the pH of the final formulation was effectively adjusted to ≈4, ensur-
ing compatibility with the mildly acidic synthesis conditions used in this
study.

All the different sols were mixed for 1 h at room temperature before
being applied as a coating.

Coating Deposition and FilmDensification: Before deposition, the glass
slides were cleaned and air-dried according to the protocol described in
theMaterials section. No additional pre-treatment was applied to enhance
coating adhesion, as the process relied on the inherent chemical compat-
ibility between the silica substrate and the sol-gel precursors to ensure
sufficient adherence.

All the films were deposited on glass slides using a dip-coating deposi-
tion system (ND-DC, Nadetech Innovation, Spain). The coating was then
densified using two different methods for each composition: one by main-
taining the coating at room temperature, and the other by subjecting it to
a mild thermal treatment at 50 °C for 45 hours. The temperature of 50 °C
was selected based on practical considerations: it was sufficiently above
ambient temperature to promote effective densification yet remains below
60 °C to avoid potential degradation of residual organic materials that may
be present on archaeological glass substrates. This careful balance was in-
tended to ensure the treatment would be safe and practical for application
on ancient and fragile glass objects.

The immersion rate, withdrawal rate and immersion time were kept
constants for all samples. The starting sol, the number of dips and the
temperature during film densification varied within the sample set. The
parameters used to obtain each coating sample were detailed in Table S2
(Supporting Information).

The coated slides, both those kept at room temperature and those sub-
jected to thermal treatment, were held vertically immediately after the
dipping process and throughout the densification phase. The samples

densified with mild temperature treatment were maintained at 50 °C for
45 hours.

As no surface pre-treatment was applied to enhance adhesion between
the coating and the substrate, preliminary adhesion tests were performed
after densification by sonicating duplicate samples in ethanol and water
for 10 minutes.

Accelerated Ageing of the Treated Glass Samples: After the deposition
and densification processes, the films were aged in a climatic chamber
under controlled humidity and temperature conditions designed to accel-
erate atmospheric ageing. The temperature was maintained constantly at
70 °C, while the relative humidity (RH) was cycled every 2 days between
10% and 90%. This ageing protocol continued for 3 weeks, beginning one
month after the preparation of the coatings, to ensure complete densifi-
cation of the sol-gel matrix.

Characterization Techniques: Optical Microscopy Imaging: Optical im-
ages were acquired using an Olympus BX43 optical microscope coupled
with a 3.1-megapixel digital color camera (Olympus LC30). Image acquisi-
tion was realized in reflected darkfield mode with the CellSens Entry soft-
ware. The sample was illuminated with a pE-300 white CoolLED fluores-
cence system enabling individual control of three excitation channels in
the violet, blue and green regions to simulate white light.

Scanning Electron Microscopy: The SEM analysis was performed using a
Zeiss GeminiSEM 560 (Zeiss, Oberkochen, Germany) field-emission gun,
operating at an acceleration voltage of 5 kV. Since the samples were non-
conductive and coating was not feasible, the Low-Vacuum mode was em-
ployed, operating at 120 Pa. Energy-dispersive spectroscopy (EDS, Oxford
Instruments, X-Max, 80 mm2), operating at 10 kV, was used to evaluate
the presence and distribution of elements.

Thickness Evaluation: The thickness of the coating was measured using
a mechanical, stylus-based surface profiler (KLA-Tencor AlphaStep 500).
At least 3 line-scans were performed at different positions to obtain a rep-
resentative thickness range. To prevent any potential damage or scratches
to the coating, a stylus force of less than 7 mg was applied.

To evaluate the surface properties of the coatings before ageing and the
effect of the densification treatment on the NPs embedding, AFM analy-
sis was performed on all films both thermally treated and non-thermally
treated.

AFM measurements were performed in non-contact mode with an XE-
100 by Park Systems, in air at room temperature (RH< 35%). During scan
the AFM was mounting commercial probes (AC160TS). Raw data were
processed with Gwyddion software, providing surface roughness, most
typically root mean square value of irregularities (RMS).

Diffuse and Total Reflection Analysis: Diffuse and total reflection spectra
were collected using a portable KonicaMinolta CM 700d spectrophotome-
ter. The instrument features a pulsed xenon light source that diffusely il-
luminates the sample, and a silicon photodiode that detects the light at
an 8° angle from the normal line. For diffuse reflectance analysis, spec-
tra were acquired excluding the specular component, while for total re-
flectance analysis, the specular component was included. Both types of
spectra were measured within a 400 – 700 nm wavelength range. To avoid
boundary effects, the illuminated circular area was positioned at the center
of each sample, using a 3 mm aperture. Each sample was analyzed before
and after the ageing process by averaging 2 measurements taken at a sin-
gle point of analysis to calculate the average spectrum for each sample.

Water Contact Angle Analysis: Wettability measurements were per-
formed with the sessile drop method using a DataPhysics OCAH 200 con-
tact angle goniometer under laboratory conditions (temperature 22–25 °C
and relative humidity 50–60%). For the characterization, droplets of 5 μl
volume MilliQ water were used. For each sample 5 measurements were
performed in 5 different points and used to calculate an average value.

Nanoindentation and Mechanical Testing: The mechanical properties of
all samples were characterized by Nanoindentation on an Anton Paar
UHNT nanoindenter equipped with a pyramidal Berkovich tip. To ad-
dress the testing challenges posed by the low thickness and its variation
among samples, dynamic indentation was employed. This technique in-
volves applying a small amplitude oscillation during the conventional in-
dentation routine, allowing the mechanical properties to be extracted at
each cycle and providing a profile of mechanical properties as a function of
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 21967350, 2025, 12, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202500152 by U
niversità C

a' Foscari V
enezia, W

iley O
nline L

ibrary on [18/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

indentation depth. The maximum load reached during indentations was
50 mN, with a loading rate of 10 mN min−1, dwell time of 20 s and un-
loading rate 50 mN min−1. The oscillation amplitude was progressively
increased up to 0.5 mNmin−1, with 5 Hz frequency. From each test, plots
of Elasticmodulus E and hardnessH as a function of the indentation depth
were obtained.

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