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Sol-Gel Thin Films for the Protection of Ancient Glass
Artifacts: A Performance Comparison Between Inorganic
and Hybrid Silica Compositions

Stefano Centenaro, Elti Cattaruzza, Antonella Glisenti, Leonardo Puppulin,
Giulia Franceschin,* and Arianna Traviglia*

The preservation of archaeological and historical glass requires advanced
conservation strategies. While some existing methods are effective in some
instances, they often have limitations, such as the need for high-temperature
densification treatments or undesirable interactions with the glass substrate.
This study investigates the development of sol-gel-based protective coatings
for glass, focusing on both inorganic and hybrid formulations. The main aim
is to formulate silica sol-gel solutions catalyzed with low acid concentrations
and applied at room temperature, reducing the risks associated with
conventional methods while enhancing the long-term preservation of ancient
artifacts. Silica-based coatings are synthesized using three silica
precursors—one fully inorganic and two containing organic alkyl groups of
different lengths—along with variations in the molar ratio of precursors, water
and ethanol. These formulations are applied to soda-lime glass substrates via
dip coating, forming thin films between 100 and 150 nm. The coated samples
undergo multiscale analysis, including accelerated ageing tests to simulate
environmental degradation. Results demonstrate that hybrid coatings
functionalized with methyl and octyl groups provide superior barriers against
the diffusion of alkaline and alkaline-earth elements, outperforming purely
inorganic coatings. This research highlights the potential of hybrid sol-gel
coatings as effective and durable protective solutions for glass conservation.

1. Introduction

Ancient glass objects, exposed to environ-
mental moisture, temperature fluctua-
tions and pollutants over centuries, often
suffer from various forms of alteration,
such as leaching, loss of transparency, iri-
descence and cracking (crizzling).[!! The
ongoing discussion in this field empha-
sizes the importance of effective yet sus-
tainable conservation techniques, high-
lighting the need to refine and expand tra-
ditional approaches. While some existing
methods are effective in some instances,
their practical application is often lim-
ited by the need for high-temperature
treatments to densify coatings or by un-
favorable interactions with glass sub-
strates that may accelerate degradation.

This work aims to develop and eval-
uate sol-gel-based protective coatings
for glass, using both inorganic and hy-
brid formulations. The goal is to cre-
ate silica sol-gel solutions catalyzed with
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a low concentration of acid and de-

posited at room temperature, reducing
the risks of current formulations while enhancing the long-term
preservation of ancient artifacts.

Sol-gel technology has been extensively studied in the field
of conservation, offering a promising approach for developing
durable protective coatings that can help maintain the integrity
and aesthetic qualities of glass artifacts. This technique facilitates
the preparation of both inorganic and hybrid materials.?! The
use of tetraethyl orthosilicate (TEOS) as a precursor in sol-gel
formulations has been widely tested. Acid-catalyzed TEOS-based
solutions have proven effective in depositing protective coatings
on soda-lime silicate glass,>*! demonstrating good transparency
and mechanical strength without requiring high temperature
treatments.

However, several limitations have emerged in the application
of these coating to ancient glass. The acidic nature of sol-gel for-
mulations can induce ion leaching from the glass substrate, po-
tentially weakening the coating and accelerating the degradation
of glass itself.l’] This issue is especially problematic for chemi-
cally unstable glass, such as that in ancient artifacts, where even
minor alterations can lead to significant deterioration.
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Table 1. Overview of the abbreviations for the studied samples, including the silica precursor type, name and chemical formula used in their preparation.

Silica precursor type

Silica precursor name Silica precursor chemical formula

SGT Inorganic
SGTM Methyl-modified
SGTO Octyl-modified

TEOS Si(0C,Hs),
MTES CH,Si(0C,Hs),
OTES CgHy;Si(OC,Hs),

Previous research has explored various strategies to mit-
igate these effects, including the use of alternative cata-
lysts like Pb**. While Pb?*-catalyzed TEOS coatings have
shown promise, particularly in forming transparent films
on lead-silicate glass, they have led to undesirable side ef-
fects such as iridescence and color changes due to lead ion
diffusion.[®!

The need for low-temperature application methods has also
driven the exploration of organically modified silica alkoxides,!”!
which combine the benefits of organic flexibility with inorganic
durability. Such hybrid formulations provide coatings with im-
proved mechanical properties, such as enhanced elasticity and
hydrophobicity, making them suitable for outdoor applications
where exposure to moisture and pollutants is common. Com-
mercial products like SIOX-5 have been successfully applied in
the restoration of stained-glass windows, showing excellent ini-
tial performance in preventing water ingress and preserving the
aesthetic qualities of glass surfaces.’] However, the long-term
stability of these coatings on aged glass artifacts remains under
investigation, particularly concerning their interaction with un-
stable substrates.

Other studies have explored modifications to the sol-gel pro-
cess to overcome the challenges of glass artifact preservation.
For example, Carmona et al. examined hybrid coatings based on
TEOS and organically modified silanes such as 3-trimethoxysilyl
propyl methacrylate. Their research(®! found that hybrid formu-
lations could extend the pot life and enhance adhesion, making
them more suitable for the consolidation of delicate, unstable
glass surfaces. Despite promising results on replica samples, fur-
ther testing on actual historical glass artifacts is needed to ensure
that these coatings are both effective and reversible in real-world
applications.

Recent developments also include the use of perhydropolysi-
lazane (PHPS)-derived coatings, which, through conversion to
silica at relatively low temperatures, offer a potentially less ag-
gressive approach to glass protection. Palladium and ammo-
nia vapors were used to catalyze the conversion of PHPS to
silica,[% offering protective coatings with high transparency and
stability. However, challenges remain in controlling the efficiency
of the conversion process and managing the migration of mobile
ions from the soda-lime glass substrate, which can undermine
the coating’s long-term performance.['"]

These existing sol-gel formulations, while offering substan-
tial progress, present several challenges that have yet to be fully
addressed. Many formulations either require high temperatures
for film densification, are too acidic for fragile substrates, or have
long-term stability issues that affect their suitability for histori-
cal glass conservation. The need for coatings that can be applied
at room temperature, are minimally invasive, and effectively pre-
vent degradation over time remains critical. Therefore, this study
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aims to further the understanding of sol-gel coatings, focusing
on hybrid formulations that combine the benefits of both inor-
ganic and organic components, to provide more effective, stable,
and reversible protective coatings for glass artifacts.

The present research is based on the hypothesis that sol-
gel coatings synthesized from TEOS and organically modi-
fied silanes, such as methyltriethoxysilane (MTES) and octyltri-
ethoxysilane (OTES), can provide enhanced performances com-
pared to previously synthesized inorganic coatings. These hybrid
films, prepared and applied at room temperature, are expected to
prevent the leaching of alkaline elements, maintain transparency,
and offer long-term stability under environmental stress.

To confirm this hypothesis, different sol-gel syntheses, using
TEOS, MTES, and OTES as precursors, were prepared, varying
the molar ratio of precursors, water and ethanol. These formula-
tions were applied to soda-lime glass substrates via dip coating to
form thin films ranging from 100 to 150 nm. The coated samples
were submitted to a comprehensive multi-scale analysis, includ-
ing accelerated ageing tests to simulate environmental degrada-
tion. Techniques such as infrared spectroscopy (ATR-IR and SR-
IR), X-ray photoelectron spectroscopy (XPS), and atomic force
microscopy (AFM) were employed to characterize the physico-
chemical properties of the coatings and assess their barrier effec-
tiveness against the leaching of sodium and calcium.

2. Results and Discussion

Before assessing the durability of the sol-gel coatings under arti-
ficial ageing conditions, their initial physical and chemical prop-
erties were assessed. The results from a multi-technique char-
acterization provided insights into the coatings’ structure, thick-
ness, and optical properties, which are critical for determining
their effectiveness in protecting glass artifacts. Table 1 summa-
rizes the abbreviations used to refer to the distinct coatings stud-
ied. The structural formula of the compounds used as silica pre-
cursors is shown in Figure 1a.

2.1. Effects of the Sol-Gel Composition on the Coating
Characteristics

2.1.1. Effect on Chemical Properties

The Fourier transform infrared (FT-IR) spectroscopy, conducted
in both specular reflectance (SR) and attenuated total reflectance
(ATR) configurations, provided crucial insights into the chem-
ical structure and functionalities of the coatings, properties
that directly influence their physical properties and protective
performance.
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Figure 1. a) Structural formulas of the compounds used as silica precursors; b) Comparison between the as deposited SGTM and SGTO hybrid films
with the SGT inorganic coating and the bare glass substrate using SR-IR configuration. c) Comparison between the as deposited SGTM and SGTO hybrid
films with the SGT inorganic coating and the bare glass substrate using ATR-IR configuration (low wavenumbers) d) ATR-IR spectra in the range of high

wavenumbers.

The SR-IR spectra for both inorganic (SGT) and hybrid (SGTM
and SGTO) coatings are shown in Figure 1b and reveal distinct
peaks characteristic of silica networks. For the inorganic coating,
a prominent peak at 1100 cm~!, attributed to the asymmetric
Si—O—Si stretching, is blue-shifted compared to the silica soda-
lime glass slide. This shift supports the hypothesis that the coat-
ing exhibits a silica-like structure, resembling that of bulk SiO,
(Figure S4, Supporting Information).

In contrast,the SR-IR spectrum of the SGTO film exhibited a
slight broadening of the secondary maximum at ~1000 cm™!,
while the main peak at 1100 cm™' remained unchanged com-
pared to the inorganic SGT coating. This indicates that the in-
corporation of low concentration of OTES did not alter the silica
network significantly. On the other hand, the SGTM spectrum re-
vealed a red shift in the main Si-O-Si vibration peak from 1100 to
1070 cm™!, which is likely due to structural modifications caused
by the organic groups in the MTES, such as the formation of

Table 2. Comparison of thicknesses between hybrid and inorganic thin
films.

Thickness
[nm]
SGT 95+5
SGT™M 143+7
SGTO 124+6
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larger siloxane rings, higher Si—O—Si bond angles and longer
Si—O bond lengths.[1?]

The ATR-IR analysis highlighted notable differences in
the penetration depth of the IR beam into the coatings
compared to SR-IR, especially in the high wavenumber re-
gion above 1200 cm~!. The ATR-IR spectra are reported in
Figure 1c,d, split into low and high wavenumber ranges.
Further detailed analyses comparing the SR-IR and ATR-
IR spectra are available as Supplementary Materials. The
analyses enabled to evaluate that the penetration depth in
ATR-IR was significantly lower by 1-4 orders of magni-
tude, which emphasizes the surface sensitivity of ATR-IR.
In the lower wavenumber region, a shoulder appeared at
~1050 cm™!, corresponding to the TO mode of the Si-O-
Si stretching vibration. Additionally, a significant peak at
1280 cm™!, related to Si—C bond stretching, confirmed
the integration of MTES in the methyl-functionalized film
(SGTM),[**] while bands at 2955, 2926, and 2856 cm™ con-
firmed the presence of C-H bond vibrations in the octyl-
functionalized film (SGTO),'*!5! reinforcing evidence of
the successful integration of organosilanes in the hybrid
coatings.

2.2. Effects on Coating Thickness

The introduction of organoalkoxysilanes in the hybrid SGTM and
SGTO formulations, prepared and deposited under identical ex-
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Figure 2. Hydrolysis (top) and condensation (bottom) reaction mechanisms occurring during acid catalysis.

perimental conditions as the inorganic SGT formulation, lead to
a significant increase in the thickness of the hybrid films com-
pared to the inorganic one (Table 2).

This effect can be attributed to the different reactivities of the
precursors. The electron density at the silicon atom depends on
the nature of the substituents and decreases in the order shown
in Equation (1).11%

=Si—-R >=S-OR>=S5-0OH>=S5i-0-Si (1)

For acid catalysis, if the electron density at the silicon atom
is high, the positive charge of the transition state is stabilized
best.l'”) Therefore, the reaction rates for hydrolysis and conden-
sation under acidic conditions, illustrated in Figure 2, increase in
the same order as the electron density.["®! As a consequence, or-
ganically substituted alkoxysilanes R’Si(OR); have a higher elec-
tron density at the silicon atom, reacting faster than the corre-
sponding Si(OR), as suggested in Equation (1).

However, the reactivity of organically modified alkoxides also
depends on the steric hindrance of the organic substituent
groups.[”] Therefore, when comparing the thickness differences
between SGTM and SGTO films, the lower thickness of the
SGTO film can be attributed to two main factors. First, the lower
concentration of OTES in the formulation compared to the con-
centration of MTES in the SGTM formulation. Second, the differ-
ent steric hindrance of the alkyl chains in OTES and MTES, with
the longer alkyl chain in OTES providing greater steric hindrance

2.3. Effects on Optical Properties

The transparent nature of glass implies that protective measures
do not compromise its visual clarity or aesthetic integrity. There-
fore, protective coatings should be carefully formulated to pro-
vide effective preservation against environmental degradation
while maintaining the optical transparency of the glass surface.

Considering the sol-gel deposition, as shown in Figure 3, from
the visual observation of the glass slide, no structural colors were
observed.

From the total reflectance spectra (Figure 4), it is possible to
see that the glass has a reflectance of nearly 8% constant across
the whole visible range (400700 nm). This is value agrees with
the value of reflected light fraction calculated with the Fresnel
equation. Detailed calculations are available in the Supplemen-
tary Material.

Considering sol-gel coatings, SGTO coatings show remark-
able similarities to the spectrum of the inorganic SGT film. This
observation suggests that the inclusion of a long alkyl chain does
not significantly alter the optical properties of the silica matrix,
probably due to the low concentration of the OTES precursor.

Adv. Mater. Interfaces 2025, 2500061 2500061 (4 0f11)

Similarly, the SGTM film exhibits transmittance and reflectance
spectra closely resembling those of the SGT film. The spectrum
did not show significant deviations, probably because methyl
groups are smaller than octyl groups; therefore, even if present
in higher concentration, they do not drastically impact the overall
optical properties of the film.

2.4. Assessment of the Ageing Resistance of the Coatings and
Comparison of the Different Compositions

After artificial ageing tests, visual observation revealed a clear
difference between coated and uncoated glass slides (Figure S7,
Supporting Information). The uncoated part developed white
spots and a foggy appearance, while the coated section remained
clear, demonstrating the protective effect of the sol-gel coating.

Optical microscopy confirmed this, showing (in Figure 5) ir-
regular clusters with needle-like substructure on the uncoated
part, with the largest clusters measuring ~100 um in diameter.
In contrast, the coated part did not exhibit these features, indi-
cating the coating ability to prevent surface alterations.

The diffuse reflectance measurements further supported these
observations. As illustrated in Figure 5g, the uncoated glass scat-
tered up to 3% of the incident radiation, whereas the coated part
exhibited scattering levels like pristine glass, below 0.5% across

UNCOATED

CoATED

Figure 3. a—c) Photographs of the glass samples SGT, SGTM, and SGTO
after applying the formulations via dip coating on half of each substrate.

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. SGTM and SGTO total transmittance spectra a) and total reflectance spectra b) compared to SGT coating and bare glass substrate.

the visible spectrum. This trend was consistent for the hybrid
formulations, which exhibited no significant optical differences
compared to the inorganic SGT coating. These results showed
that the inclusion of organic components did not negatively im-
pact the optical transparency of the coatings after ageing.

The chemical stability of the coating after ageing was con-
firmed by infrared spectroscopy (both with ATR-IR and SR-IR
configurations). For the uncoated glass, changes in the silica fin-

Coated Non-coated

a b
Non-aged

Aged

100 pm

Glass pristine

9 3.0 - - - -Glass aged
Nig, —— SGT aged

251 e - ——SGTM aged

S SGTO aged

o

Reflectance (%)
P

o
«»
s

o
S)

400 450 500 550 600 650 700
Wavelength (nm)

Figure 5. Optical microscopy images in transmitted brightfield configu-
ration of a glass sample before ageing (a is the coated side and b the
uncoated side) and after artificial ageing (c is the coated side and d the
uncoated side). Detail of optical microscopy images in transmitted bright-
field configuration (e) and reflected darkfield configuration (f) of the un-
coated aged glass image d. g) Diffuse reflectance spectra of the aged glass
and sol-gel coatings compared to pristine glass.
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gerprint region, such as the enhancement of the Si-OH shoulder
band at 950 cm™! and a reduction in Si—O—Si vibrations in SR-
IR spectrum, suggested network disruption and the formation
of surface precipitates, likely calcium carbonates. The presence
of carbonates was confirmed by a sharp peak at 876 cm™ in the
ATR-IR spectrum (Figure 6), attributed to calcite, and at 854 cm™!
in the SR-IR spectrum, linked to aragonite.[?"]

In the high wavenumber region of the ATR-IR spectrum, the
band between 1350 and 1550 cm™!, assigned to antisymmetric vi-
brations (v;) of carbonates CO’™,[2!) further confirmed the pres-
ence of calcium carbonates. Additionally, a broad band ranging
from 2500 to 3700 cm~! was detected after ageing and could be at-
tributed to OH stretching vibrations of Si—OH and H, O species.
These vibrations, associated with varying degrees of hydrogen
bonding!??) signal the presence of hydrous species in the subsur-
face region. While this band provides a qualitative tool for detect-
ing these species, it does not allow for a precise determination of
the relative abundance between Si—OH and H, O species.**]

On the other hand, the SGT coating showed no signifi-
cant differences in either the silica fingerprint region at low
wavenumbers (Figure 6a,c,e,f) or the OH stretching region at
high wavenumbers (Figure 6b,d) after ageing, confirming the
chemical stability of the inorganic coating. Similarly, hybrid coat-
ings retained their organic groups even after ageing, with no de-
tectable carbonate signals, indicating their superior resistance
to chemical degradation. Additionally, the Si—C bond stretching
mode at 1280 cm™! remained unvaried in the SGTM coating’s
ATR-IR spectrum, while the SGTO coating retained strong C—H
stretching bands at 2955, 2926, and 2856 cm™!.

XPS analysis provided complementary information on the sur-
face composition of both uncoated and coated samples before
and after ageing, with a sampling depth of ~#10 nm.

XPS analysis confirmed the presence of adventitious carbon
contamination on the surface of air-exposed samples, which is
common in material surfaces, but does not reflect the true com-
position of the underlying material. Therefore, only the key con-
stitutive elements were considered in the analysis (i.e., Si, O, Na,
and Ca), as detailed in Table 3 and Supporting Information.

In the uncoated glass, ageing resulted in a significant increase
in sodium and calcium concentration in the superficial ageing,
indicating the effects of a leaching process. Specifically, calcium
concentration on surface increased fivefold compared to the pris-
tine glass. This was coupled with a minor shift in the Ca2p;),

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. a—d) Comparison between aged glass and SGT aged thin film using ATR-IR configuration e,f) and SR-IR configuration.

binding energy, from 347.1 eV in pristine glass to 347.3 eV
post-ageing. Although this shift is within the uncertainty of bind-
ing energy measurements, it suggests a potential change in cal-
cium chemical environment, possibly due to the formation of cal-
cium carbonates on the glass surface,!?*] thus confirming the IR
data analysis.

The formation of carbonates was finally validated by the
analysis of the Cls band detected in the aged uncoated glass
(Figure 7) because, in addition to the main component re-
lated to graphitic carbon and derived by adventitious contam-
ination (falling ~285 eV), a less intense band =290 eV is

Table 3. Composition data (in atomic percentage) obtained by XPS analyses on the surface of the uncoated and coated glass before and after artificial

ageing tests. Carbon is excluded (see text).

Glass slide pristine Glass slide aged SGT aged SGTM aged SGTO aged
[%at] [%6at] [%at] [%at] [%6at]
Si 23.4 12.8 17.2 29.2 28.3
o 67.7 69.4 67.2 67.2 67.3
Na 7.1 828 10.0 3.1 4.0
Ca 1.8 9.0 5.6 0.5 0.4
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Figure 7. Curve fitting of the XPS spectrum for Cls in the pristine glass (on the left) and aged glass (on the right). The three components detected in
the pristine glass are the fingerprint of adventitious carbon contamination.?°]

detected. This last band is consistent with the presence of cal-
cium carbonates.[>*]

Sodium also exhibited an increase on the aged glass surface,
rising from 7.1% in the pristine sample to 8.8% post-ageing.
These compositional changes on the uncoated surface clearly
demonstrate the vulnerability of soda-lime-silica glass to environ-
mental degradation, particularly under conditions promoting ion
migration. In contrast, the inorganic SGT coating displayed a par-
tial barrier effect, as indicated by the lower concentrations of Ca
(5.6%) on the surface after ageing. Although the inorganic sol-
gel reduced ion leaching, its barrier capacity was not fully effec-
tive, with substantial surface enrichment of Na and Ca still ongo-
ing. On the other hand, the hybrid coating compositions demon-
strated superior barrier properties. The SGTM coating showed
significantly lower concentrations of Na (3.1%) and Ca (0.5%) af-
ter ageing, while the SGTO coating reported similar trends, with
Na and Ca concentrations reduced to 4.0% and 0.4%, respectively.
These results suggested that the organic modifications in the hy-
brid coatings effectively enhanced their ability to inhibit the mi-
gration of alkaline and alkaline-earth elements.

To further investigate the protective behavior of the studied
films, as indicated by XPS results, nano-scale morphological
analyses were performed using AFM. Prior to ageing, both the
inorganic and hybrid coatings displayed smooth and uniform
surfaces, indicating an even distribution of the coating mate-
rial without significant defects or irregularities. A comparison of
the surface morphology and root mean square roughness values
between the bare glass and the inorganic coating confirms the
coating’s homogeneity at the initial state. Detailed results are re-
ported in Figure S8 (Supporting Information). By smoothing sur-
face irregularities, the coating reduces potential sites for mois-
ture and pollutants entrapment, thereby lowering the risk of lo-
calized degradation reactions.

After ageing, the inorganic coating SGT exhibited significant
changes, developing a cauliflower-like structure composed of
nanoparticles ranging from 20 to 40 nm in diameter (Figure
S9, Supporting Information). This morphology suggests that
the film has undergone densification processes during artificial
ageing,[?®! which may have led to fissures, serving as pathways
for moisture and ion migration.

The superior stability of hybrid formulations was also shown
by AFM images, which revealed, particularly for SGTM sam-
ples, that the methyl-modified films developed only minor struc-

Adv. Mater. Interfaces 2025, 2500061 2500061 (7 of 1 1)

tural rearrangements after ageing. Young’s modulus maps in
Figure 8 were calculated using the Derjaguin—-Muller-Toporov
(DMT) model and confirmed a uniform distribution of organic
and inorganic components before ageing, and slight segregation
of methyl groups in spherical clusters characterized by a lower
value of the elastic modulus compared to the surrounding matrix
after ageing. The recorded elastic modulus is consistent with data
reported in literature.[?28] The observed increase in the mean
elastic modulus may be attributed to densification processes of
the sol-gel film after ageing.

In contrast, the SGTO coating showed more pronounced mor-
phological changes, likely due to the bulkier octyl groups, which
led to the formation of elongated oval clusters after ageing, sug-
gesting a separation between the organic and inorganic compo-
nents of the film (Figure 9a,b).

This  hypothesis was corroborated by the DMT
modulus maps (Figure 9c,d). In the as-deposited state, the
maps revealed the interpenetration of two species with distinct
elastic moduli, indicating an initially irregular distribution of
organic and inorganic components. After artificial ageing tests,

1.4nm 1.6 nm
0nm 0nm
7.4 GPa 8.7 GPa
2.3GPa 3.1GPa

Figure 8. a,b) AFM morphological images of the SGTM coating as de-
posited and of the SGTM coating after artificial ageing; c,d) AFM DMT
modulus images of the SGTM coating as deposited and of the SGTM coat-
ing after artificial ageing.
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Figure 9. a,b) AFM morphological images of the SGTO coating as de-
posited and of the SGTO coating after artificial ageing; c,d) AFM DMT
modulus images of the SGTO coating as deposited and of the SGTO coat-
ing after artificial ageing.

the DMT modulus maps revealed a more ordered structure.
This structure was characterized by clusters ~200 nm in di-
ameter with low elastic modulus values, likely corresponding
to the organic component, surrounded by a continuous matrix
with higher elastic modulus values, which likely represents the
inorganic component. The formation of agglomerates in hybrid
films has also been documented in the literature, supporting
the observed structural changes in the obtained films.[?30]
Finally, the lower mean value of the elastic modulus might be
attributed to the longer alkyl chain incorporated in the SGTO
film compared to the methyl groups of the SGTM coating.

The excellent ability of the hybrid coating to prevent ion migra-
tion can be better explained by considering how the presence of
organic groups in the silica precursors influences the structural
and physicochemical properties of the coatings, thereby affecting
ion migration across the treated surface. Previous studies have
demonstrated that organic functional groups in the silica precur-
sor can enhance cross-linking density and reduce the free volume
of the coating network.>'331 A hybrid silica network promotes
the formation of a denser siloxane structure, which significantly
improves the barrier properties against ion migration.[2%343]
Well-structured siloxane networks have been demonstrated to
effectively shield the underlying surface by minimizing diffu-
sion pathways and ion transport. Additionally, the presence of
organic moieties enhances the coatings’ hydrophobicity,3¢37] re-
ducing water contact with the surface — a primary factor in ion
migration.l!! These synergistic effects contributed to the supe-
rior ion-barrier performances observed in the hybrid composi-
tions studied in this work.

3. Conclusion

This work demonstrated the successful deposition of silica thin
films, both inorganic and hybrid, using a sol-gel synthesis with
low acid concentrations at room temperature. This approach
provided an efficient method for preparing protective coatings
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for glass surfaces, offering a more accessible and sustainable
way for developing high-performance films compared to tradi-
tional methods, which typically require more intense acidity and
temperature.

The hybrid coatings, functionalized with methyl and octyl
groups, exhibited exceptional resistance to ion migration, effec-
tively preventing the diffusion of sodium and calcium ions, which
are the primary contributors to the degradation of silica-soda-
lime glass. This finding is significant as it tackles the core mech-
anism behind the deterioration of glass surfaces, demonstrat-
ing that the studied coatings enhance the long-term stability and
durability of glass, especially in environments where ion interdif-
fusion is a significant concern.

The coatings also demonstrated remarkable preservation of
optical behavior, with UV-vis measurements showing mini-
mal impact on both the transmitted and reflected light. This
is a key result, as it proves that the coatings effectively protect
the glass without compromising its transparency and aesthetic
qualities. This coating feature is particularly important, espe-
cially for applications where the visual clarity of glass is critical,
such as in glass artifacts conservation. Furthermore, optical mi-
croscopy and diffuse reflectance analyses confirmed that the coat-
ings prevented the formation of surface precipitates, unlike un-
coated glass, and showed minimal light scattering, which demon-
strated the preservation of the pristine appearance of the glass
surface.

The durability of the coatings was further confirmed by their
performance under artificial ageing conditions. ATR-IR and SR-
IR spectroscopy revealed no significant changes in the coatings
before and after ageing, indicating that the films maintained their
structure and functionality over time. Importantly, there was no
evidence of carbonate formation, which is commonly associated
with the degradation of glass surfaces. This result emphasized
the ability of the studied coatings to withstand environmental and
chemical stresses that typically cause surface damage in unpro-
tected glass.

XPS analysis provided additional insights into the coatings’
ability to mitigate ion diffusion. While the inorganic films
showed partial success in blocking calcium diffusion, they were
less effective in preventing sodium migration, likely due to densi-
fication and crack formation in the coatings during ageing, as re-
vealed by AFM imaging. In contrast, the hybrid films, functional-
ized with organic groups, proved to be more effective in blocking
both sodium and calcium diffusion. This superior performance
highlighted the advantage of hybrid coatings in providing a more
comprehensive barrier against ion migration, which is essen-
tial for prolonging the durability of glass surfaces in challenging
conditions.

These findings underline the potential of hybrid sol-gel coat-
ings as robust and effective protective layers for glass, offering a
solution that combines chemical resistance, structural integrity
and minimal impact on optical properties. In the field of cultural
heritage conservation, these coatings offer an effective means of
safeguarding the material without compromising its visual and
artistic integrity. Additionally, the practical applications of these
coatings extend to industries that require durable, transparent,
and chemically resistant glass, paving the way for the develop-
ment of sustainable, high-performance materials across a wide
range of sectors.

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Table 4. Overview of the formulation composition for each studied coating, including the molar ratio between the silica precursors and the amount of

H,0, EtOH, and HCl used in the synthesis.

Sample name Silica precursor mixture Precursor H,O0 EtOH HCl
ratio [mol/L] [mol/L] [mol/L] [mol/L]
SCGT TEOS 100% 1 12 20 1.4 x 1074
SGTM TEOS : MTES = 0.55 : 0.45 1 12 20 1.4 x 107
SGTO TEOS : OTES =0.95:0.05 1 12 20 1.4 x 107

4. Experimental Section

Materials: TEOS (tetraethyl orthosilicate) with purity >99%, MTES
(triethoxymethylsilane) with purity >96%, OTES (triethoxyoctylsilane) with
purity >96,5%, absolute ethanol (EtOH) with purity >99.8%, 2-Propanol
(IsoPrOH) with purity >99.8%, and hydrochloric acid 37% wt/wt (HCI)
were purchased from Sigma-Aldrich and were used as received with-
out further purification. Soda-lime microscope slides with dimensions of
75mm X 27mm X 1.2 mm were purchased from VWR International.

Preparation of Sol-Gel Formulations: The sol precursor was prepared
by initially mixing ethanol with Milli-Q water in a 25 mL beaker, using a
magnetic stir bar and a digital ceramic hot plate stirrer (Velp Scientifica
AREC.X 7). After 5 min, TEOS was added dropwise to the mixture, followed
by the dropwise addition of either MTES or OTES (only in the case of the
hybrid formulations). Soon after, hydrochloric acid (HCl) was introduced
as a catalyst. A glass petri dish was put on top of the beaker to reduce
solvent evaporation. The system was left to react under stirring at 400 rpm
for 1h at room temperature. The molar ratios used are reported in Table 4.

Before coating, silica-soda-lime glass slides were placed in a 250 mL
beaker filled with 175 mL of deionized water and a few drops of high pH
detergent (LABWASH Premium USB 13, VWR). The slides were then thor-
oughly cleaned by placing the beaker in an ultrasonic bath for at least 10
min. Then, the same procedure was repeated with MilliQ water and then
with absolute ethanol. A final rinsing step with IsoPrOH was applied be-
fore allowing the samples to dry under laboratory conditions.

Film Deposition:  Silica thin films were deposited using a dip coating
technique at ambient temperature (T = 25-30 °C) and laboratory humidity
(RH = 35-55%) with a commercial device (Nadetech Innovations ND-DC)
at a withdrawal rate of 75 mm min~'. The immersion rates were main-
tained the same as the withdrawal rates, and a dwelling time of 5 s was
applied for all depositions. The films were left to dry in a vertical position
overnight.

Artificial Ageing Tests: The efficiency toward atmospheric alteration
was evaluated through artificial ageing tests. The protocol consisted of cy-
cling the relative humidity between 90% and 10% every 48 h over a period
of 22 days, at a constant temperature of 70 °C.

To do that, glass slides were positioned vertically on a perforated ce-
ramic disc in the centre of a glass desiccator, secured with coated tem-
pered steel paper clamps. Relative humidity was varied between 90% and
10% by respectively adding and removing MilliQ water from the bottom of
the desiccator. The temperature was controlled by placing the desiccator
inside an oven. Humidity and temperature were regularly monitored using
a digital thermometer and hygrometer with an external probe.

Characterization—Surface Profilometry: The thickness of the coating
was evaluated with a mechanical, stylus-based surface profiler (KLA-
Tencor AlphaStep 500). A step was created between the surface of the film
and the substrate by masking a portion of the glass slide with duct tape. Af-
ter deposition, the tape was removed, and the underlying glass surface was
cleaned by gently rubbing with a low-lint wipe (Kimtech Science) soaked in
Ethanol. At least three line scans at different positions were performed to
measure the step height; the average was calculated as the best estimate.
To prevent any possible damage or scratch to the coating, a stylus force
lower than 7 mg was applied.

Characterization—UV-Vis Spectroscopy: The optical reflectance of the
coatings was evaluated with a portable spectrophotometer (Konica Mi-
nolta CM-700d). The instrument uses a diffused illumination integrating
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sphere system with a powdered barium sulphate (BaSO,) coating and a
di:8°/de:8° optical geometry that illuminates the specimen diffusely and
detects the light at 8 degrees to the normal line (acceptance angle of 5°).

Spectral reflectance data were acquired in both “specular component
excluded” (SCE) and “specular component included” (SCI) mode, using
a 10° supplementary standard observer and a circle illumination area of
16 mm in diameter. The wavelength range of acquisition is between 400
and 700 nm, and the spectral resolution is 10 nm. A D65 CIE standard il-
luminant representing the average daylight was used. This light source
has a correlated color temperature of ~6500 K. To avoid edge effects,
the centre of the sample was placed at the reflectance port. A total of
three measurements were repeated at the same position, and the average
of the measured reflectance data was calculated. The reflectance spectra
were enhanced by applying a smoothing function using the Savitzky—-Golay
algorithm.

The optical transmittance of the coatings was evaluated with a bench-
top spectrophotometer (Agilent Cary 100 Series). The instrument has a
double-beam optical configuration and a tungsten-halogen lamp as a light
source. The spectra were acquired in the wavelength range between 350
and 850 nm. The measurements were performed using an integrating
sphere system (Labsphere DRA-CA-301) with a powdered barium sulphate
(BaSO,) coating and a 0°/di geometry, ensuring total transmittance.

Characterization—Infrared Spectroscopy: Chemical structure of the
coatings was evaluated with a portable FT-IR spectrometer (Bruker Al-
pha ll), in attenuated total reflectance (ATR) and specular reflectance (SR)
configurations. For each spectrum, collected in the wavenumber range be-
tween 400 and 4000 cm™~', 128 scans with a spectral resolution of 4 cm™!
were recorded. For the SR-IR, a gold mirror was used as a standard refer-
ence for all measurements, while for the ATR-IR, air was used as a back-
ground. For low absorbance bands, the clarity of the peaks initially ob-
scured by noise was improved by applying smoothing to the spectra using
the Savitzky—Golay algorithm.

Characterization—X-Ray Photoelectron Spectroscopy: X-ray photoelec-
tron spectroscopy (XPS) analyses were performed on the coated and un-
coated glass samples with an ESCALAB QXi spectrometer (Thermo Fis-
cher, Waltham, MA, USA), employing a monochromatic Al Ka source (15
kV, 20 mA) and a charge compensation gun, needed for correcting the sur-
face charging in case of insulating materials. Survey spectra were acquired
at a pass energy of 100 eV, 0.5 eV/step and a dwell time of 50 ms/step. De-
tailed spectra were recorded at 20 eV pass energy, 0.1 eV/step and dwell
time 25 ms/step. The area analyzed was 0.9 mm in linear size. Charge
compensation and calibration of the binding energy scale were done, con-
sidering the first step the typical BE of O1s band in silicate glass, falling
at 532.7 eVI[?4] because oxygen, as an anion, is less sensible to chemical
shifts. The consistency of the charge compensation was tested, consider-
ing also the position of the Si2p band (falling ~103.3 eV in silicate glasses),
as well as the position of the C1s for the adventitious (hydro)carbon con-
tamination layer (falling ~285.0 eV). Deconvolution of the components in
the XPS signal was performed with Avantage software. Elemental quan-
tification was carried out by the integration of Si2p, O1s, Cls, NaTs, and
Ca2p photoelectron bands, after Shirley-type background subtraction.

Characterization—Atomic Force Microscopy: Morphological properties
and mechanical properties of the coatings were evaluated with an atomic
force microscope (Bruker Dimension lcon AFM) in PeakForce Tapping
(PFT) mode. This technique works by intermittently contacting the sam-
ple in a nonresonant mode, effectively combining the advantages of both
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Table 5. Poisson’s ratio values recommended by Bruker according to the
elastic modulus range.

Es Vs
Es <100 MPa 0.5
0.1GPa< Eg <1GPa 0.4
1GPa < Eg <10 GPa 0.3

contact and TappingMode imaging. It mitigates the damaging lateral
forces associated with contact mode and avoids the filtering effect and
dynamics of the resonating system typical of TappingMode.

The measurements were conducted under ambient conditions at room
temperature with the microscope covered with an acoustic hood to mini-
mize vibrational noise. Monolithic silicon AFM probes (Tap300AI-G, Bud-
get Sensors) were used to characterize the morphology and the mechani-
cal properties of the film at the nanometric scale. The deflection sensitivity
was measured on a sapphire surface, the spring constant was calibrated by
using the Sader method, and the tip radius was evaluated by the relative
method on Bruker’s polystyrene test sample. The AFM probe cantilever
was vertically oscillated at 1kHz, which is far from its resonance frequency
and helps to avoid the filtering effect. The peak-force amplitude was set to
30 nm and a peak force set point of 15nN was applied. A scanning rate
of 0.601 Hz was used, and the force-distance curves were captured each
time the AFM tip tapped on the sample surface, that is, at each pixel (im-
age resolution = 256 px X 256 px). For every experiment, at least three
measurements on three different areas were done. The Young’s modulus
was calculated by fitting part of the unloading curve using the Derjaguin—
Muller-Toporov (DMT) model in Equation (2):

4 .
F= Fan=3 E"VRUA- do)’ @

where F — F,q, is the force on the cantilever relative to the adhesion force,
E* is the reduced modulus, R is the tip end radius, and d — dj is the de-
formation of the sample.

The result of the fit is the reduced modulus E*, which is related to the
Young's modulus of the sample by Equation (3):

=1
122 142
E* = [ IR 3)

s Etip

where v, and E; are the Poisson’s ratio and the modulus of the sample;
Viip and Ey, are the Poisson’s ratio and the modulus of the tip. The value
of v, is set according to recommended values from Bruker, as reported in
Table 5.

Characterization—Optical Microscopy: The surface appearance was
characterized with an optical microscope (Olympus BX43) coupled with
a 3.1 megapixel digital color camera (Olympus LC30). Image acquisition
was realized through the CellSens entry software. For transmitted bright-
field microscopy, the samples were illuminated from below with a high
color rendering white LED and the light transmitted through the sample
was collected by the objective lens above the sample stage. This configura-
tion was used to observe the overall morphology and any potential inclu-
sions or defects. For reflected darkfield microscopy, the samples were illu-
minated with a white light fluorescence illumination system (pE-300 white
CoolLED) with individual control of three excitation channels covering the
UV-vis, blue and green—yellow-red regions. The direct light is blocked by
an opaque stop so that an outer ring of illumination “strikes” the sample
from above at highly oblique angles. This setup enhances the contrast of
surface features by collecting only the light scattered by the sample, effec-
tively highlighting surface textures and any topographical variations.
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