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Abstract

Recently, gel coatings have been studied as a promising method that can provide electro-
chemical corrosion protection. This review presents a comprehensive analysis of advanced
gels such as sol–gel coatings, hybrid organic–inorganic, self-healing, and crack repair gels.
These gels employ different mechanisms for corrosion protection, from passive barrier for-
mation to active self-healing and corrosion inhibition. Their performance can be influenced
by gel chemistry, microstructure, and the incorporation of functional additives. Recent
studies have shown that gel coatings can achieve promising corrosion resistance. This high
efficiency can be attributed to the formation of dense barrier layers that restrict the mobility
of attacking ions. The incorporation of functional additives such as silica nanoparticles can
enhance mechanical characteristics for gels. In the field of crack-repair, bio-gels based on
microbially induced calcium carbonate precipitation show acceptable sealing capability.
Additionally, the evolution of polarization resistance and corrosion current suggests the
sustained protective performance of these gels. Multifunctional gels extend this concept
by combining crack sealing, alkalinity restoration, and steel re-passivation. Gel coatings
are transitioning from simple barrier coatings to multifunctional smart inhibition capa-
ble of self-healing, corrosion sensing, and long-term durability. This review highlights
the relationship between gel chemistry, microstructure, and corrosion resistance for the
development of next-generation gel coatings.

Keywords: polymer gel coatings; corrosion resistance; sol–gel technology; self-healing ma-
terials; crack repair gels; hybrid organic–inorganic coatings; electrochemical performance;
reinforced concrete; durability enhancement

1. Introduction
Corrosion of metallic substrates in engineering applications remains a persistent chal-

lenge across a wide range of energy and industrial fields such as lithium-sulfur batteries [1],
solid-state batteries [2], thermoelectric devices [3], solar cells [4], fuel cells [5], and civil
engineering [6]. The degradation of metals due to electrochemical interactions with aggres-
sive environments leads to considerable economic losses and safety concerns [7], which
encourage researchers to find solutions such as grafting carbon material onto polymer [8] or
functionalization of polymers by amino groups [9]. Although the development of corrosion-
resistant alloys [10,11] and cathodic protection [12,13] techniques has occurred, the demand
for efficient, durable, and low-cost surface protection strategies continues to grow. Among
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the studied methods proposed to mitigate corrosion, surface coatings have emerged as
one of the most practical and compatible solutions [14].

Traditional organic coatings are widely used because of ease of application and rela-
tively low cost. However, they often suffer from some limitations, such as poor thermal
and chemical stability, limited adhesion to metallic substrates under aggressive conditions,
and gradual degradation over time. Inorganic coatings can provide acceptable chemical
resistance, but with brittleness and processing complexity. These limitations have driven
the development of advanced coating systems that combine the advantages of both organic
and inorganic materials. In this work, gel-based coatings have attracted significant attention
as a promising class of advanced protective materials. Hydrolysis and condensation of
metal alkoxides can be used to prepare sol–gels [15] as well as organosilane precursors [16].
This coating can be deposited as thin, uniform films on metallic substrates. This approach
enables control over the chemical composition and microstructure of the resulting coatings
to design an effective layer against electrochemical corrosion. Figure 1 shows the number
of publications on polymer gel corrosion manuscripts collected from the Scopus database
with the words Polymer + Gel + Corrosion in the title, abstract, or keywords of the pub-
lished manuscripts in the Scopus database. The data show a stable number of research
publications between 2011 and 2020. Then, it increased gradually from 2021 to 2024, which
can reflect the emergence of advanced gel systems such as hybrid, nanostructured, and self-
healing coatings. Therefore, the trend highlights sustained scientific interest in gel-based
corrosion protection technologies.

 

Figure 1. Number of publications on polymer gel corrosion studies (Scopus search using Polymer +
Gel” + “Corrosion” words in the title, abstract, or keywords of manuscripts). The publication data for
2026 corresponds to the records available in the Scopus (Elsevier) database up to May 2026.

One of the advantages of gel-based coatings is chemical versatility [17–20]. The sol–gel
process can be carried out in low-temperature fabrication [21,22], is compatible with a wide
range of substrates, and allows for the incorporation of functional additives [23,24]. So,
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these coatings can provide both passive protection through barrier effects and reduced per-
meability [25] in addition to active protection mechanisms such as inhibitor release [26,27].
The performance of such coatings can be influenced by the structure of the gel network,
which is governed by synthesis parameters such as precursor chemistry and pH. So, an
introduction to the advances of sol–gel chemistry for corrosion inhibition is needed. Over
the past decades, extensive research has been conducted to improve corrosion resistance
via gel coatings of some metallic substrates such as steels [28,29], magnesium alloys [30–32],
Zn-Cu-Ti alloy [33], aluminum alloys [34–36], fragile bronze [37], and other engineering
or industrial metals. Improved performance has been attributed to different mechanisms
such as enhanced barrier properties, improved adhesion, and increased hydrophobicity.
Hybrid polymer gels show considerable promise by combining the flexibility of polymeric
components and durability. Although polymer gel shows promising behavior, several
scientific issues limit the industrial use of gels. These demerits include issues related to
shrinkage and cracking during drying and long-term usage. Therefore, there is a need
for a deeper understanding of the relationships between gel chemistry, microstructure,
and corrosion protection performance [38,39]. Addressing these challenges is essential
for the development of coating systems. Therefore, this review presents an overview of
polymer gel coatings for corrosion resistance of metallic substrates. Finally, key challenges
and future research directions are mentioned to provide the correct pathway for research
groups working on this issue. Although several review articles have discussed specific
aspects of sol–gel, most are limited to individual materials or particular protection strate-
gies. This review introduces broader and more integrative concepts by discussing recent
gel-based corrosion-protective coatings such as conventional sol–gel systems, polymer-gel
composites, nanostructured and MOF-based coatings, self-healing materials, bio-inspired
and plant-derived gel systems, and sustainable coating technologies. In addition, this
review compares protection mechanisms, correlating coating composition with electro-
chemical performance. Additionally, it discusses durability, limitations, research trends,
and future opportunities. This integrated and critical perspective provides researchers with
a comprehensive framework for understanding the current state and future development
of gel coatings for metallic substrate protection.

2. Fundamentals of Gels
2.1. Chemistry of Gels

Sol–gel chemistry is fundamentally governed by the hydrolysis and condensation
reactions of metal alkoxides. These alkoxides drive the transformation from molecular
species into the inorganic or hybrid network [40]. For example, tetraethyl orthosilicate
(TEOS) and titanium alkoxides can undergo hydrolysis to produce reactive silanol (Si-OH)
and metal hydroxyl (Ti-OH) bonds. Then, it goes to condensation into M-O-M bonds,
such as Si-O-Si, Ti-O-Ti, and hetero-linkages (Si-O-Ti). The formation of these bonds can
be indicated through FT-IR analysis at 1086 cm−1, 951 cm−1, and 466–613 cm−1 for Si-
O-Si, Si-O-Ti, and Ti-O-Ti, respectively [41]. This form of molecular network governs
the structural continuity and the barrier properties of the coating. This method forms a
transformation at low temperatures and can form a TiO2-SiO2 multilayer to be utilized
as corrosion-protective layers. The corrosion resistance is improved with more coating
layers. The highest corrosion resistance of 61 kΩ cm2 was obtained for the three-layer
coating [41]. The chemical kinetics of hydrolysis and condensation reactions depend upon
synthesis parameters, especially the acidity environment (pH), as well as precursor ratios
and catalytic species. An acidic environment promotes controlled hydrolysis and delayed
condensation, which gives homogeneous sols suitable for coating deposition. In contrast,
the introduction of basic catalysts such as triethylenetetramine (TETA) can accelerate con-
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densation reactions [42]. From a molecular perspective, the pH of the sol influences the
balance between hydrolysis and condensation reactions and therefore determines the final
gel characteristics [43]. Under acidic conditions, hydrolysis of metal alkoxides is favored,
producing a high concentration of reactive silanol (Si-OH) groups while condensation
proceeds relatively slowly [15]. This controlled reaction pathway increases the gradual
formation of siloxane (Si-O-Si), which can give a homogeneous and highly crosslinked net-
work with low porosity and fewer structural defects. In contrast, under alkaline conditions,
deprotonated silanol species have higher nucleophilicity, which accelerates condensation
reactions. Although rapid Si-O-Si bond formation shortens gelation time, it can produce
heterogeneous networks with localized aggregation, larger pores, and internal stresses that
can lead to microcrack formation. So, gels prepared under optimized acidic conditions
generally exhibit higher crosslinking density, lower electrolyte permeability, and supe-
rior corrosion resistance because the compact siloxane network can restrict the transport
of aggressive ions toward the metallic substrate. Quantitative NMR studies reveal that
condensed siloxane species become dominant within 30–60 min depending on TETA con-
centration. This fast condensation shortens gelation time from >90 days in uncatalyzed
systems to less than 1–2 h because of TETA. This indicates the catalytic effect of amine
functionalities. However, this acceleration comes at the expense of sol stability, which
can retard processability in commercial coating applications. A central feature of gel coat-
ings is the formation of organic–inorganic networks. A clear example is the formation
of organofunctional silanes from 3-glycidoxypropyl trimethoxysilane (GPTMS) [42]. The
chemistry of formation is based upon inorganic condensation and organic polymerization
to form hybrid structures with covalent interconnections. Experimental evidence shows
that epoxy-amine reactions are exothermic (100–118 kJ per equivalent epoxy), which is
over the hydrolysis enthalpy (12.9 kJ·mol−1 for TEOS). The polymerization of the organic
content can decrease the growth of the siloxane network. So, there is a complex interplay
between flexibility and crosslink density. Solid-state NMR analyses indicate that fully cured
systems exhibit high condensation levels. This competition between organic and inorganic
content is a key factor controlling mechanical and corrosion resistance.

2.2. Processing Parameters of Gels

Gel chemistry defines the fundamental reactions governing the formation of gel net-
works, while the processing parameters of gels can determine how this chemistry converts
into functional coatings. These parameters include pH, aging time, deposition conditions,
thermal treatment, layer architecture, and substrate pretreatment, as shown in Table 1.
These parameters can control the formation of microstructure, porosity, and interfacial
bonding, which have a considerable impact on corrosion performance [38,44]. Therefore,
understanding the processing–structure performance relationship is essential for optimiz-
ing protective gel coatings. Direct deposition of acidic sols can lead to poor adhesion. To
mitigate this, fluoride-based pretreatments are employed to create a stable intermediate
layer. Experimental studies demonstrate that increasing pretreatment time (from 1 h to 120
h) results in thicker hydroxyfluoride layers (600–900 nm) with higher fluorine content [45].
This interfacial layer significantly improves corrosion resistance, which was indicated via
the decrease in current density from 17.8 µA·cm−2 to 1.84 µA·cm−2 after pretreatment, and
decreased again to 0.0137 µA·cm−2 when combined with a sol–gel coating. Previously, gels
were prepared under different pH values from 1 to 10, followed by coating on AA2024-
T3 [38]. The viscosity and particle size results suggest that the condensation shows an order
of pH = 4 > 1 > 7 > 10. After corrosion resistance tests, it is found that the protection
efficiency of the formed gel is in the same arrangement (pH = 4 > 1 > 7 > 10). A high
condensation degree could increase the formation of the compact gel coating with high
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crosslinking density and less silanol content. Additionally, too high a condensation degree
can lead to turbidity in the sol synthesis process. The transition from gel to dense coating
involves physicochemical transformations during drying and thermal treatment. Thermo-
gravimetric analysis of TiO2-SiO2 gels reveals a total mass loss of 75% because of solvent
evaporation and removal of residual organics, followed by decomposition steps between
200 and 425 ◦C associated with residual alkyl groups [41]. These processes are accompanied
by endothermic characteristics around ~125 ◦C and ~250 ◦C because of solvent removal and
organic decomposition, respectively. Above these temperatures, condensation reactions
dominate, followed by formation of stable oxide networks. This thermal evolution directly
affects porosity and microstructure. Increasing annealing temperature from 700 ◦C to 900
◦C promotes grain growth and the formation of dense coatings with thicknesses of 3–4
µm. The effectiveness of sol–gel coatings for corrosion protection is linked to the degree of
network condensation, homogeneity, and chemistry. Dense, highly crosslinked networks
act as effective barriers against ionic diffusion. For example, TiO2-SiO2 multilayer coatings
derived via optimized sol–gel processing exhibit an increase in polarization resistance from
2 kΩ·cm2 to 61 kΩ·cm2 after annealing at 900 ◦C in air. Similarly, the gel coatings incorpo-
rating TETA show impedance values on the order of 105–106 Ω·cm2. This reflects promising
barrier properties compared to non-modified systems [42]. These enhancements can be
due to increased crosslink density, and the formation of a stable oxide-silicate structure. On
the other hand, excessive densification with fast condensation can facilitate internal defects,
which indicates the need for control over processing parameters to achieve the optimum
corrosion resistance.

Table 1. Processing parameters, conditions, structural effect and corrosion performance of the
reported gels.

Processing Parameter Condition Structural Effect Corrosion Performance Reference

pH
(during preparation) 2–3 Controlled hydrolysis,

homogeneous sol Improved coating uniformity [41]

Aging time 24–168 h Increased network
connectivity Reduced cracking, better barrier [41,45]

Number of layers one to three Increased thickness,
defect healing Rp increased from

2 to 61 kΩ·cm2 [41]

Annealing temperature 700 to 900 ◦C Densification, pore
coalescence

Pretreatment time (Mg) 1 to 24 h Formation of compact
hydroxyfluoride layer

Corrosion current decreased to
1.37 × 10−8 A·cm−2 [45]

Excess pretreatment >24 h Nanoparticle
agglomeration, defects No further improvement [45]

Deposition rate Controlled
(2.5 mm/s)

Uniform thickness
(1.5 µm) Stable barrier [45]

2.3. Structural Evolution of Gels

The structural evolution of gels is a dynamic process that bridges gel chemistry and
processing parameters. During deposition, the formed gel undergoes transformations
driven by solvent evaporation, condensation reactions, and thermal treatment. Drying
removes physically adsorbed solvent molecules and induces capillary stresses, which can
lead to shrinkage and microcrack formation. As temperature increases, condensation
enhances gel network connectivity, and the gel becomes a dense, crosslinked structure with
reduced porosity. For instance, TiO2-SiO2 coatings exhibit a transition from nanoporous
films at 700 ◦C to compact layers at 900 ◦C [41]. This densification is correlated with
corrosion resistance, as suggested by the increase in resistance from the order of 103 Ω·cm2

for an uncoated substrate to 104–105 Ω·cm2 for optimized coatings. Structural evolution
plays an additional role by governing the distribution, encapsulation, and release behavior
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of active species. Furthermore, interfacial evolution enhances adhesion and provides
an additional barrier against corrosion. Therefore, structural evolution in gel coatings
is not merely a consequence of processing but a critical design parameter that must be
carefully studied to balance mechanical, barrier properties, and functional responsiveness
for advanced corrosion protection systems.

Structural evolution in gel systems should be understood as a multiscale process
involving molecular condensation, pore-network rearrangement, bonding, and transport
behavior. Chen et al. showed that the pH of sol synthesis strongly affects the structural
development of silane-zirconium sol–gel coatings: the pH = 4 system exhibited the highest
condensation degree and the greatest Si-O-Si contribution of 71.8%, while the pH = 10
coating had only 40.23% Si-O-Si and 30.54% Si-OH [38]. This structural difference impacted
corrosion performance. The usage of pH 4 coating showed the highest charge-transfer
resistance of 8.42 × 105 Ω·cm2 with an only 3.2% damaged area after 960 h in 3.5% NaCl
compared with 54.9% for the use of pH 10 coating. Additionally, Mahadevan et al. demon-
strated through reactive molecular dynamics that gel evolution is controlled via chemical
condensation and hydration reorganization, silanol/aluminol formation, pore-size redis-
tribution, and water-transport restriction [46]. Their simulations showed that increasing
temperature from 298 to 363 K accelerated silanol and aluminol formation. This can promote
pore restructuring and reduced water diffusivity inside gel networks to 0.03–0.086 Å2/s
at 298 K and 0.08–0.18 Å2/s at 363 K, compared with 0.24 Å2/s for bulk water. Therefore,
these studies indicate that effective corrosion-protective gel coatings require a controlled
structural evolution that maximizes network condensation and interfacial bonding while
minimizing pathways for electrolyte transport [38,46].

2.4. Deposition Fundamentals of Gels and Time-Resolved Evolution

The deposition of gels represents a critical stage in experimental work because it has a
considerable impact on the physicochemical properties and the formation of a functional
protective film. Among the available techniques, dip coating remains the most reported
method for corrosion protection applications because of its simplicity and ability to pro-
duce uniform thin films [47,48]. Figure 2 illustrates the glow discharge optical emission
spectroscopy (GD-OES) depth profiles of Zn, Si, C, and Fe. This can provide insight into the
compositional distribution and thickness evolution of gels deposited on hot-dip galvanized
steel (HDGS) substrates. An organic–inorganic film can be indicated via the distinction
between the coating layer and the zinc substrate. The coating thickness increases with the
number of deposited layers. It was found to range from 2 µm for a single layer to about
17–18 µm for three-layer systems. This represents a ninefold increase and indicates the
dependence of coating layer on sequential deposition [47]. The impact of residence time (Rt)
on thickness is small. Coatings prepared with Rt = 0 s and Rt = 100 s have similar thickness
values (17 µm and 18 µm for three layers). This confirms that Rt cannot contribute to mass
deposition. From a corrosion protection overview, these thickness variations are relevant.
The increase in thickness enhanced the diffusion path for aggressive species. However, op-
timizing processing parameters such as curing may be more impactful than residence time.
Therefore, the depth profile analysis demonstrated that controlled multilayer deposition
with adequate curing is essential for achieving a robust and effective gel.

Additionally, the time-resolved evolution of the corrosion product layer resistance
(RL) and the open circuit potential for zinc surfaces with different initial states (pickled,
as-received, and long-term exposed) were investigated as displayed in Figure 3 [49]. Pro-
nounced transient behavior was observed after contact with the gel (within 2–3 min). RL
increased sharply before reaching a quasi-steady state after 10–15 min. Quantitatively, the
long-term exposed sample has higher resistance in the range of 314–370 kΩ·cm2, whereas
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the pickled samples have lower values (16 kΩ·cm2). This difference indicated the protec-
tive nature of the corrosion products formed during atmospheric exposure. The initial
increase in RL can be attributed to the fast formation of a thin electrolyte film. As the
system stabilizes, the resistance increase reflected the intrinsic barrier properties of the
corrosion product layer. The relatively stable RL values over time suggest that the gel does
not disrupt the surface. From a mechanistic view, this dynamic measurement provides in-
sight compared to single-point electrochemical techniques. It can capture both the wetting
kinetics and the early-stage electrochemical response of the surface. Therefore, the serial
RL approach offers a sensitive tool for distinguishing between unstable, thin surface films
and well-developed, protective corrosion layers [49].

Figure 2. Detailed view of the GD-OES depth profiles for Zn, C, Fe and Si within HDGS substrates
for (a) control; (b) one layer of U(400) and Rt = 0 s; (c) three layers of U(400) with cures between each
deposition and Rt = 0 s; (d) three layers of U(400) with cures between each deposition and Rt = 100 s.
Reproduced from Figueira et al. (2015) [47] under CC BY license.

 

Figure 3. Series measurements of (A) the corrosion potential and (B) the corrosion product layer
resistance (R1) of pickled, as-received, and long-term exposed zinc surfaces during gel-electrolyte
contact for up to 17 min. Reproduced from Valet et al. (2021) [49] under CC BY license.
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3. Hybrid and Organic–Inorganic Gel Coatings
3.1. Hybrid Silica Gels

Hybrid silica-based gel coatings are among the developed sol–gels reported for metal-
lic corrosion protection because they have a condensed Si-O-Si network with organic con-
tent that reduces cracking, improves flexibility, and enhances adhesion [50–52]. Their protec-
tion depends upon the formation of a dense barrier layer, stable interfacial M-O-Si bonding,
and suppression of electrolyte transport. However, the attached studies show that corrosion
inhibition depends strongly on polymerization atmosphere, curing degree, hydrophobicity,
inhibitor loading, and secondary oxide incorporation. For MMA/MAPTMS/TEOS coatings
on AA2024-T3, Rodič et al. showed that oxygen-free copolymerization under nitrogen
produced smoother 4 µm coatings and much better long-term protection than air-prepared
coatings [53]. The optimized MMT-N2 coating reached impedance values close to 1 GΩ
cm2 after 6 months in 0.1 M NaCl. In contrast, salt-spray testing showed no visible damage
after 500 h; by contrast, bare AA2024-T3 showed corrosion products after only 6 h and
was completely covered after 300 h. In hybrid silica coatings, corrosion resistance can
be improved when the inhibitor is compatible with the gel network. Suarez-Vega et al.
incorporated Lanthanum 4-hydroxy cinnamate La(4-OHCin)3 into TEOS/GPTMS/BPA-
based coatings on carbon steel [54]. The silica network provided the passive barrier, while
the lanthanum-cinnamate inhibitor added active corrosion inhibition by retarding anodic
and cathodic reactions. The study showed that inhibitor concentration can be optimized
because excessive loading can increase roughness, porosity, and defect formation, which
reduce barrier efficiency [54].

Zr-modified silica gels also show promising performance. Nguyen et al. reported
TEOS/MAPTMS/Zr hybrid coatings on hot-dip galvanized steel with initial low-frequency
impedance around 107 Ω cm2 and changed after 24 h in 0.1 M NaCl to 5 × 106 Ω cm2 within
72–168 h. Cerium nitrate addition improved active protection in the presence of 650 ppm
Ce(III), which is the optimal concentration. Higher Ce contents increased viscosity and
reticulation but could have compromised coating quality [55]. Hydrophobic silica hybrids
provide another strategy for inhibition. Zhou et al. developed TEOS-polybenzoxazine
coatings only 0.5 µm thick. The optimized TEOS-PBz-210 coating achieved a water contact
angle of 105.6 ± 0.4◦ and an Rct above 105 Ω cm2 after 1 week in 3.5% NaCl. This value is one
order of magnitude higher than conventional TEOS-GPTES coatings. This performance was
linked to 94% benzoxazine conversion, dense crosslinking, and reduced water uptake [36].
Therefore, hybrid silica coatings can be discussed not simply as passive SiO2-like layers
but as tunable organic–inorganic networks. The best corrosion inhibition is obtained when
silica condensation, organic crosslinking, inhibitor release, hydrophobicity, and substrate
bonding are balanced. The impedance can reach 105–109 Ω cm2, corrosion resistance can
persist for hundreds of hours in salt spray, and optimized inhibitor or curing conditions
can shift performance by more than an order of magnitude.

3.2. ORMOSIL Coatings

A representative class of organic-modified silicate (ORMOSIL) coatings is based on
siloxane–polyacrylic hybrid networks [56]. This includes coupling between hydrolyzed
silanes and polymerizable acrylate monomers to produce an interpenetrating organic–
inorganic structure. These systems can be prepared via (i) radical copolymerization be-
tween MAPTMS and acrylate derivatives, (ii) hydrolysis/condensation of TEOS, and
(iii) co-condensation between both sols to form a hybrid ORMOSIL network [57]. This
structure has siloxane surrounded by organic polyacrylate contents, which provides ho-
mogeneous coatings with strong adhesion. The structure–property relationships in these
ORMOSIL coatings can be governed by the nature and length of the acrylate side chains.
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Experimental results showed that the degree of copolymerization increases from methyl to
butyl derivatives and then reaches the highest in longer chains because of steric hindrance.
This directly influences wettability. Coatings with short alkyl chains have water contact
angles of 70–85◦, while perfluoroalkyl-functional coatings reach 90◦. This data reflected
enhanced hydrophobicity. However, increasing chain length can increase coating porosity.
These structural characteristics directly influence corrosion performance. Electrochemical
impedance spectroscopy in 5% NaCl over 18 months revealed that coatings containing ethyl
(E) and butyl (B) derivatives exhibit the highest corrosion resistance. The impedance values
were found around 10 GΩ·cm2 at low frequency (5 mHz) with phase angles approaching
−90◦. In contrast, coatings with shorter methyl chains show progressive degradation,
evidenced by a decrease in phase angle to −12◦ after 18 months. Additionally, salt spray
testing up to 550 h confirmed the durability of optimized ORMOSIL compositions. Substi-
tution with perfluoroalkyl groups enhances hydrophobicity and copolymerization kinetics
but does not significantly outperform short alkyl systems in corrosion resistance [57].

There are some effective strategies that were used to develop ORMOSIL coatings [58–60].
From these strategies, the incorporation of functional organic molecules into silane-based
networks is a promising one for corrosion inhibition. This strategy can achieve barrier
protection and active corrosion inhibition. Balaji et al. studied p-aminothiophenol (PATP)-
modified (3-glycidoxypropyl)trimethoxysilane (GPTMS) coatings [61]. This gel matrix was
formed through acid hydrolysis and condensation of GPTMS and PATP, which chemically
interact with the silane network and the metallic substrate. The amine group of PATP
induces epoxy ring opening of GPTMS, which enhances crosslinking, and the thiol group
forms Cu-S bonds at the copper surface. This can lead to a densely packed, chemically
anchored ORMOSIL layer. Electrochemical behavior, such as Nyquist and Bode plots,
was studied to indicate the beneficial effect of PATP incorporation. Bare copper exhibits a
depressed capacitive loop followed by a Warburg tail, which can be used as an indicator
of active corrosion. Interestingly, both GPTMS and PATP-GPTMS coatings decrease the
Warburg response, which confirms the blocking of some diffusion pathways. Additionally,
the diameter of the Nyquist semicircle and the impedance modulus increase with PATP
concentration (0.001–0.1 M). This reflects a rise in charge transfer resistance (Rct). The
Bode plots further reveal higher impedance values and phase angles for PATP-modified
coatings. With 0.1 M PATP-GPTMS, the Bode behavior approaches near-ideal capacitive
behavior. The optimized coating exhibits promising inhibition performance and achieves
95.5% efficiency based on EIS and up to 96.39% from polarization measurements in 3.5%
NaCl after 12 h. This improvement is attributed to the synergistic effect of (i) a compact
Si-O-Si network that limits electrolyte penetration, (ii) increased coating thickness, and
(iii) chemisorption via Cu-S bonds [62] that stabilizes the metal/coating interface and
decreases anodic dissolution. Therefore, ORMOSIL coatings can be enhanced by molecular-
level functionalization through combination with organic inhibitors within the silane
network towards multifunctional corrosion protection [61].

A more fundamental understanding of ORMOSIL coatings originates from stud-
ies that correlate chemical structure with corrosion performance. Perrin et al. studied
GPTMS/TEOS gels crosslinked with multifunctional amines such as triethylenetetramine
(TETA) [42]. In these hybrids, simultaneous formation of siloxane (Si-O-Si) and epoxy-
amine networks generates an interpenetrating structure. Increasing TETA content accel-
erates condensation and reduces gelation time from >90 days (without TETA) to <1–2 h.
This dual role of TETA (catalyst and crosslinker) leads to a non-linear relationship between
structure and performance. Mechanically, the coating depends on crosslinking density: the
epoxy-rich formulation (NH/epoxy = 0.5) shows the highest Persoz hardness, correlating
with a more developed siloxane network. Excess amine (NH/epoxy = 3) introduces dan-
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gling chains and reduces mechanical properties. Additionally, the incorporation of TETA
improves the initial barrier properties, with impedance modules at low frequency (10 mHz)
reaching 105–106 Ω·cm2. This value is approximately one order of magnitude higher than
coatings without TETA [42]. In short, corrosion protection is not solely dictated by the
degree of crosslinking but by achieving a balance between organic network formation,
siloxane condensation, and interfacial reactivity.

3.3. Polymer-Gel Composites

Polymer-gel composite coatings represent an advanced evolution of sol–gel sys-
tems [63–65]. They include the incorporation of highly crosslinkable organic polymers
such as benzoxazine (Bz) and epoxy (EP) into the inorganic siloxane network, generating
multifunctional hybrid gel. Song et al. studied Bz/EP-modified sol–gel coating (SG-PBE)
to form a dense multi-crosslinked network through simultaneous Si-O-Si condensation and
ring-opening polymerization of oxazine and epoxy groups [66]. The formed polymer-gel
hybridization enhances barrier and functional performance compared to traditional sol–gel
coatings. Electrochemical results show that optimized composites (SG-PBE180) maintain
low-frequency impedance values exceeding 106 Ω·cm2 after 30 days of immersion. Highly
crosslinked systems reached values above 108 Ω·cm2, which indicates better corrosion
resistance. Increasing crosslinking improves mechanical characteristics and reduces water
uptake. Water absorption decreased to 1.29% after 1 day for highly cured coatings. Exces-
sive curing leads to higher intermolecular hydrogen bonding (up to 29.8%) and increased
water uptake (7.91% after 28 days) [66]. Therefore, polymer-gel composites demonstrate
that optimal performance is achieved not at maximum crosslinking but through controlled
hybrid network design.

A polymer-gel composite based on imidazole-core polybenzoxazine–silica hybrids
was reported for corrosion and flame resistance [67]. It includes a crosslinked polymer
network and a reinforcing Si-O-Si framework. The curing behavior of the benzoxazine
precursor shows a reduced polymerization temperature. The curing initiated at 174 ◦C
and peaked at 200 ◦C, which is lower than traditional systems (264 ◦C). This can indicate
the facilitation of efficient network formation. The incorporation of silica (TEOS/HDTMS,
0%–40%) improves thermal stability, which was evidenced by an increase in initial degra-
dation temperature from 234 ◦C to 265–286 ◦C. The polymer-gel composite has remarkable
surface and barrier properties. Hydrophobicity increases significantly with silica mod-
ification, with water contact angles rising from 125◦ for neat polymer to 140o for 40%
HDTMS systems. This reflects reduced surface energy and improved water repellence.
This structural evolution influences corrosion resistance. Electrochemical impedance re-
sults show an increase in charge transfer resistance from 9 Ω·cm2 to 856 Ω·cm2 and up
to 28,563 Ω·cm2 for bare steel, polymer, and optimized composites, respectively. Low-
frequency impedance reaches 9.2 × 107 Ω·cm2 for HDTMS coatings. Long-term immersion
tests confirmed durability, with HDTMS-based systems maintaining impedance values of
9.1 × 107 Ω·cm2 even after 14–21 days. Additionally, corrosion inhibition efficiency reaches
98.47%. This is accompanied by a positive shift in corrosion potential from −885.80 mV
(bare steel) to −450.76 mV [67]. Therefore, polymer-gel composites achieve superior perfor-
mance through a finely tuned synergy between polymer crosslinking, silica reinforcement,
and surface hydrophobicity.

Recent advances in polymer composites have also demonstrated the potential of
supramolecular engineering to enhance the structural and functional properties of poly-
meric materials. Mechanically interlocked molecules, such as homo-2-catenane fillers,
can establish reversible supramolecular crosslinking through strong π–π and electrostatic
interactions with polymer chains [68]. This structure forms denser polymer networks
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with improved mechanical and functional characteristics. Although this strategy has been
studied for energy storage, it provides insights into the rational design of multifunctional
polymer composite coatings, where supramolecular interactions may improve network
integrity, durability, and long-term stability. Additionally, eco-friendly polymer-gel com-
posite coatings were studied for corrosion inhibition based on waterborne polyurethane
(WBPU), catecholamine-modified sol–gel interlayers [69]. The introduction of a cate-
cholamine (CAm/MPD) layer improved adhesion strength. The dry adhesion increased
from 1.74 MPa to 2.75 MPa, and wet adhesion increased from 1.15 MPa to 3.70 MPa after pro-
longed exposure. This indicated strong interfacial bonding inspired by chemistry content.
EIS results reveal improvements in barrier properties. The charge transfer resistance in-
creased from 4.9 × 104 Ω·cm2 to 1.7 × 107 Ω·cm2 after 120 days of immersion in 3.5% NaCl.
This is an enhancement of more than two orders of magnitude. Similarly, low-frequency
impedance values for optimized WBPU/CM@sol-gel coatings reached 4.7 × 106 Ω·cm2

after 120 days, and lower values were found at 6.8 × 104 Ω·cm2 and 6.9 × 105 Ω·cm2 for
unmodified and polydopamine (PDA)-based systems, respectively. The CAm/MPD@sol-
gel coatings have optimal concentrations (2–4 mg/mL) as they maintain impedance values
above 106 Ω·cm2 for at least 49 days. Structurally, AFM analysis shows a reduction in
surface roughness from 9.901 nm to 1.120 nm, while SEM/EDS cross-sections indicate a
uniform interlayer thickness of approximately 9.5 ± 0.2 µm. This can indicate enhanced
compactness and defect filling. These improvements are attributed to the nano-crosslinked
structure of CAm/MPD that infiltrates and seals sol–gel micropores to form a dense hybrid
network that effectively blocks chloride ions and water. In short, polymer-gel composite
coatings achieve promising corrosion protection through the combined effects of enhanced
adhesion and reduced porosity for protection of reactive Mg alloys [69].

4. Gel-Based Composite and Nanostructured Coatings
Gel-based composites combined with nanostructured coatings represent a promising

class of advanced protective systems [70–72]. Although some composite gels discussed
in this review may be classified as both polymer-gel composites and gel-based nanostruc-
tured coatings, these sections are distinguished according to their primary design strategy.
Section 3.3 discusses the polymer-gel composites, where the polymer gel has the continu-
ous matrix and other components may be incorporated to improve mechanical integrity,
adhesion, barrier properties, and corrosion resistance. In contrast, this section discusses
gel-based composites and nanostructured coatings in which nanoscale fillers, hierarchical
structures, and hybrid inorganic–organic architectures are the dominant design features.
Unlike rigid coatings, these systems exploit flexibility, porosity, and tunable chemistry of gel
networks [73,74]. These characteristics can enhance both passive barrier properties and ac-
tive corrosion protection mechanisms. Examples of nanostructures that can be incorporated
in gels are inorganic nanoparticles [75], carbon-based nanofillers [76] including CNTs [77],
graphene [78], nanodiamonds [79,80], and hybrid frameworks such as MOFs [81–83] and
metal–organic gels (MOGs) [84,85]. The combination of gel networks and nanoparticle
characteristics can improve dispersion, defect sealing, and stimuli-responsive behavior.
These nanostructured gels can act as nano-reservoirs for controlled inhibitor release, facili-
tate self-healing at damaged sites, as well as reduce ion permeability by forming a dense,
crosslinked network.

4.1. Nanoparticles

Nanoparticle incorporation into gel-based coatings has been presented as an effective
strategy to enhance barrier performance and introduce active protection. Oroujzadeh et al.
studied zirconium-based metal–organic gel (Zr-MOG) nanoparticles in epoxy matrices [86].
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These nanogels have a high specific surface area of 455.7 m2/g with an average pore
diameter of 1.2 nm and pore sizes in the range of 1–5 nm. This high surface area can
play a role in the adsorption mechanism for corrosion inhibition. Morphologically, FE-
SEM analysis reveals aggregated nanostructures composed of 100–500 nm particles with
smaller features below 100 nm, while DLS measurements indicate an average particle
size of 89 nm. Their electrochemical analyses indicated the impact of pH. The healing
efficiencies reached 472.7%, 287.8%, and 208.8% in acidic, neutral, and alkaline conditions,
respectively, after 24 h immersion in 3.5% NaCl. The total impedance of optimized coatings
reaches 259.69 kΩ·cm2 within 5 h and remains around 135.69 kΩ·cm2 after 24 h in neutral
media. Controlled release studies show zirconium ion concentrations of only 18–39 ppb
and organic species of 14.42–29.45 ppm over 48 h depending on pH. This highlighted
slow degradation and sustained inhibitor delivery. The corrosion protection mechanism
was studied and demonstrated that nanoparticles actively participate in both anodic and
cathodic processes by forming Zr(OH)4 precipitates and TPA-Fe complexes. Additionally,
enhancing epoxy crosslinking and adhesion leads to a compact Zr-MOG protective film
that blocks harsh ions such as Cl−, H3O+, and OH− penetration [86]. In short, nanoparticle-
reinforced gel coatings provide a unique combination of nano-barrier effects, intelligent
inhibitor release, and self-healing capability.

AZ31B Mg alloys were anodized under variable voltages at high pH. Then, an epoxy-
alkyl silane sol–gel reinforced with SiO2 nanoparticles was deposited on top of the opti-
mized anodic layers. 1-Methylimidazole was added to the gel to promote a partial epoxy
ring aperture. A quick deterioration of the oxide film with immersion time was evident,
showing a reduction in the protection efficiency of 76.5% after 16 h immersion. Figure 4
illustrates the evolution of electrochemical impedance behavior of anodized and sol–gel
sealed systems as a function of immersion time in a chloride environment. A clear de-
crease in impedance values at low frequencies was observed. For the anodized coating
(100V2), the polarization resistance (Rp) decreases from 13,557 Ω·cm2 to 884 Ω·cm2 after
16 h of immersion. This fast decline indicates the limited long-term stability of porous
anodic oxide layers. In contrast, the incorporation of gel coating enhances corrosion re-
sistance. The epoxy-alkyl hybrid silica sol–gel (SGMI)_110 system maintains a high Rp
value (14,903 Ω·cm2 even after 72 h of immersion) [32]. Additionally, the SGMI_160 system
exhibits lower resistance (1546 Ω·cm2 after 72 h), which can suggest faster degradation.
This difference can be attributed to the higher crosslinking density at elevated curing
temperature. These results emphasize the critical role of both sealing treatment and curing
conditions in controlling the long-term electrochemical stability of gel-Si NPs coatings.

Beyond traditional nanoparticles, two-dimensional nanosheet fillers such as hexagonal
boron nitride (h-BN) illustrate how nano-structuring can alter the barrier performance
of gel coatings as reported by Akbarzadeh et al. [87]. In gel-sealed plasma electrolytic
oxidation (PEO) systems on AA2024, the incorporation of h-BN at 1000 and 2000 ppm was
investigated for corrosion protection. Pristine h-BN without functional groups disrupts
the gel network and reduces corrosion resistance. In contrast, oxidized and especially
APTES-functionalized nanosheets enhance coating compactness and performance. Quanti-
tatively, optimized coatings containing functionalized h-BN (PS-F2) exhibit outstanding
electrochemical stability, with inner-layer resistance (Rmix,in) reaching 5.33 × 107 Ω·cm2

after one week of immersion in 0.1 M NaCl. Additionally, poorly dispersed systems (PS-N2)
show degradation and an increase in effective capacitance up to 34.67 nF·cm−2, which
indicates electrolyte penetration. For structural analysis, the degree of network conden-
sation, such as the (Si-O-Si)/(Si-OH) ratio, increases from 1.86 in neat sol–gel to 2.42 in
functionalized gels, which reflects enhanced crosslinking and densification [87]. Moreover,
FE-SEM observations demonstrate effective pore sealing and homogeneous nanosheet dis-
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tribution. Therefore, nanosheet-based fillers act as passive barriers and structural modifiers
that improve the gel network.

Figure 4. (A) Bode plots of impedance magnitude and (B) phase angle for the anodized coating
(100V2), SG_160, SG_110, and as-received Mg alloy at different immersion times in 3.5 wt% NaCl
solution. (C) Equivalent circuit for 100V2 after 16 h and SG_160 after 72 h of immersion, and
(D) equivalent circuit for SG_110 after 72 h of immersion. Reproduced from Merino et al. [32] under
CC BY 4.0 license.

4.2. CNT, Graphene, Nanodiamond

Carbon-based nanostructures such as carbon nanotubes (CNTs), graphene derivatives,
and nanodiamonds have attracted considerable attention in gel coatings because of their
high aspect ratio, mechanical strength, and impermeability to corrosive species [88–90].
Nanofillers act as physical barriers that elongate diffusion pathways as well as structural
modifiers that enhance network densification, interfacial bonding, and coating. Their
surface functionalization is critical, as it governs dispersion stability and interaction with
the siloxane network. In addition, recent studies have begun to use computational tools
such as artificial neural networks (ANNs) to better understand and predict the complex
electrochemical behavior of such nanostructured coatings. The incorporation of oxidized
multi-walled carbon nanotubes (O-MWCNTs) into silane gel coatings provides a clear image
of how carbon nanostructures can impact corrosion protection, as reported by Akbarzadeh
et al. [91]. By increasing the O-MWCNT content from 0.05 to 0.9%, a clear improvement
in coating properties is found. FT-IR analysis reveals an increase in the Si-O-Si/O-H ratio
from 2.22 to 9.02, which indicates a transition toward a more condensed siloxane structure.
Cross-sectional SEM images show an increase in coating thickness from 1.59 ± 0.21 µm
(neat silane) to 6.24 ± 0.35 µm at the highest CNT loading. For electrochemical evaluation,
EIS results demonstrate a substantial increase in Rct from 66.7 kΩ·cm2 (neat coating, 24 h) to
359.5 kΩ·cm2 for CNT coatings. Additionally, a rise in film resistance (Rf) to 286.5 kΩ·cm2

confirmed enhancement in barrier properties. Moreover, low-frequency impedance values
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increased from 4.73 to 5.81. Polarization measurements indicated a reduction in icorr from
5.40 µA·cm−2 to 0.04 µA·cm−2. This value is an improvement of more than two orders
of magnitude as well as a shift of corrosion potential toward more noble values. These
enhancements are attributed to the dual role of O-MWCNTs (physically blocking pores
and extending diffusion pathways) and chemically interacting with silanol groups (Si-O-C
bonding) to reinforce the hybrid network. Additionally, the stability and predictability
of such nanocomposites are demonstrated through ANN modeling and achieve high
accuracy with R2 = 0.9879 [91], which highlights the potential of incorporating carbon nano
structuring with gel coatings.

Afsharimani et al. studied the effect of graphene nanosheets to improve gel coat-
ings in corrosion inhibition [92]. In the GPTMS-TEOS-colloidal silica nanoparticles (GTS),
the incorporation of silica nanoparticles increased coating thickness from 2.1–2.3 µm to
5.3–5.5 µm and surface roughness from 0.5 nm to 3.6 nm. For wettability, the contact
angle values increased to 74◦ for GTS/GN-coatings. To evaluate the barrier performance
in corrosion protection of silica-based coatings, Figure 5A presents the potentiodynamic
polarization behavior of the bare AA2024 alloy compared with silica coatings with and
without colloidal silica nanoparticles. The uncoated alloy demonstrates corrosion activity
in chloride-containing environments. For the GT system, a reduction in icorr is observed,
which can reflect the formation of a partial barrier between the electrolyte and the metal
surface. However, the most pronounced improvement is achieved when colloidal silica
nanoparticles are incorporated (GTS system). In this case, the polarization curve shifts
toward lower current densities and displays an extended passive region, which can be
attributed to the increased structural compactness and thickness of the coating. Then,
the influence of graphene nanosheets on corrosion protection was investigated through
electrochemical polarization as shown in Figure 5B. The incorporation of chemically modi-
fied graphene nanosheets into the gel leads to an improvement in corrosion resistance. A
shift in corrosion potential was seen. The polarization measurements show that the jcorr

decreased from 3.0 ± 0.5 µA·cm−2 (bare AA2024) to 0.5 ± 0.1 µA·cm−2 (GT) and down
to 0.03 ± 0.01 µA·cm−2 (GTS). The addition of chemically modified graphene nanosheets
leads to a better reduction in jcorr to 0.002 ± 0.001 µA·cm−2. Additionally, there was a
positive shift in corrosion potential from −0.48 ± 0.03 V to approximately −0.32 V. This
superior performance can be attributed to the combined effects of enhanced crosslinking
(Si-O-Si and Si-O-C bonding), pore filling by silica nanoparticles, and the high aspect ratio
of graphene nanosheets. All these factors create a highly difficult diffusion pathway for
corrosive species. Furthermore, the increase in hydrophobicity and surface roughness
reduces water uptake [92]. In short, the combination of graphene nanosheets and silica
nanostructures produces a dense, highly impermeable hybrid network.

In 2020, Li et al. studied a sol–gel layer filled with graphene oxide for corrosion
protection of Ti6Al4V [93]. EIS reveals that the diffusion resistance (Warburg element)
increases with GO incorporation. It was found at 1.60 × 106 Ω·cm2 for the P/S-GO100
sample. The icorr decreases from 1.17 × 10−7 A·cm−2 (P/S-GO0) to 1.88 × 10−8 A·cm−2

(P/S-GO100). Additionally, there is a positive shift in corrosion potential to 0.47 V. However,
excessive GO addition (P/S-GO150) leads to performance deterioration, with icorr around
2.85 × 10−8 A·cm−2 and a lower Ecorr of 0.29 V. This can be due to agglomeration effects
that disrupt coating uniformity and create defect pathways. The open circuit potential
remains stable for 24 min in P/S-GO100, compared to only 14–18 min for lower or higher
GO contents. This indicates that the corrosion protection mechanism is governed by the
intrinsic impermeability of graphene oxide in addition to its dispersion state and interaction
with the silane matrix [93].
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Figure 5. (A) Potentiodynamic polarization curves of bare AA2024-T3 alloy and coated with gel
without and with colloidal SiO2 NPs denoted as GT and GTS, respectively. (B) Potentiodynamic po-
larization curves of bare AA2024-T3 and coated with gel including graphene nanosheets. Reproduced
from Afsharimani et al. (2020) [92] under CC BY license.

The incorporation of hydroxylated nanodiamonds (HNDs) modified the resistive
and capacitive responses of the gel coating in corrosion inhibition application [94]. The
impedance analysis showed that the polarization resistance (Rp) of the optimized coating
(0.01% HND) reached 111.01 kΩ·cm2 after 60 min immersion and only 12.09 kΩ·cm2 for the
neat gel coating, without HND. This represented nearly a ninefold enhancement in corro-
sion resistance. Additionally, capacitance parameters (Qf) increased with immersion time,
which reflects electrolyte uptake and the lowest Qf values observed for the 0.01% HND
coating. This indicates minimized water diffusion and a more compact structure. Polariza-
tion measurements were used to check the Jcorr, and it decreased from 2.202 µA·cm−2 (0%)
to 0.476 µA·cm−2 at 0.01% HND. This was observed along with a positive shift in corrosion
potential from −1.519 V to −1.335 V. Increasing the nanoparticle content to 0.02 and 0.05%
gave higher Jcorr values around 0.745 and 1.884 µA·cm−2, respectively. This means higher
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loading from HND reduced protection efficiency, which can be due to partial agglomeration
and defect formation. Morphological observations after corrosion displayed no visible
degradation for 0.01%–0.02% coatings, while clear delamination occured at 0.05% [94].
This emphasizes that optimal nanoparticle loading governs initial barrier properties and
electrochemical stability under aggressive conditions.

4.3. MOFs and Advanced Fillers

Metal–organic frameworks (MOFs) have recently emerged as a promising class of ad-
vanced fillers in gel-based coatings [95–97]. This can be due to a unique combination of high
porosity and capability to act as smart nanocontainers for corrosion inhibitors [81,98,99].
Chen et al. studied the development of a benzotriazole (BTA)@ZIF-8/sol–gel composite
which was prepared via a facile one-step in situ growth method [82]. The incorporation of
BTA promotes the formation of a compact ZIF-8 layer and provides active corrosion inhibi-
tion because of interaction with Cu-rich intermetallic phases. Quantitatively, the coating
with 2.6 µm thickness exhibits long-term performance with a low-frequency impedance of
106 Ω·cm2 after 30 days of immersion in 3.5% NaCl. Electrochemical analysis confirmed
that the degradation of sol–gel coatings occur within 3–14 days, whereas the presence of
the MOF layer delays it to 30 days. This indicates a promising retardation of electrolyte
penetration and interfacial reactions. Moreover, the high-frequency phase angle remains
around −50◦ after 30 days for MOF coatings, and it was found at −10◦ for unmodified
gel. The ideal dielectric coating should have a phase angle of −90◦ [100], but practical
coatings rarely achieve this value because of surface roughness, heterogeneity, finite ionic
conductivity, and water uptake. Therefore, the observed high-frequency phase angle of
approximately −50◦ should not be interpreted as ideal capacitive behavior but rather as ev-
idence of a mixed capacitive–resistive response characteristic of real coating systems. This
behavior is represented by a constant phase element (CPE) in equivalent circuit analysis.
When considered together with the high low-frequency impedance modulus and stable
electrochemical response during immersion, the −50◦ phase angle indicates that the MOF
coating maintains an effective barrier against electrolyte penetration while suppressing
charge-transfer processes. The enhanced performance after MOF modification can be
attributed to a dual protection mechanism. The MOF layer acts as a physical barrier and
enables pH-triggered release of inhibitors (BTA and 2MI). This smart release is controlled by
local pH gradients during corrosion. Additionally, the MOF particles exhibit 8.1% inhibitor
loading capacity and interfacial adhesion exceeding 20 MPa. In short, MOF fillers can
transform gel coatings from passive barriers into self-responsive inhibitors for long-term
corrosion protection [82].

Another study of MOF-based fillers was investigated by Mohammadpour et al., in-
cluding the incorporation of 2-aminobenzothiazol (2-ABT)-Cu-1,3,5-tricarboxylate (Cu-BTC
MOF) particles into electro-assisted silica sol–gel coatings [101]. The Cu-BTC framework ex-
hibits a high inhibitor loading capacity of around 10.7 mg per 100 mg MOF. It achieved 40%
controlled release within 24 h. The Jcorr decreased from 19.62 µA·cm−2 (bare Ni-Fe alloy)
to 10.37 µA·cm−2 (pure silica coating) and went down to 2.10 µA·cm−2 for the optimized
silica/MOF3 coating. The corrosion potential changed from −544.5 mV to −269.6 mV.
Additionally, an increase in polarization resistance (Rp) was seen from 1.57 kΩ·cm2 to
11.69 kΩ·cm2 and a reduction in coating porosity to 0.3%. The inhibition efficiency reached
98.87% for the silica/MOF3 system at optimal concentration (0.037 g/L). After inhibitor
optimization, the Rp increased to 74.6 kΩ·cm2. This behavior can be attributed to the dual-
function mechanism of MOFs: (i) improving coating compactness and reducing electrolyte
pathways, as well as (ii) enabling time-dependent release of active molecules such as
2-aminobenzothiazole, which adsorbed on the metal surface via heteroatoms (N, S) and
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π-electrons [101]. In short, MOF-based fillers provide a synergistic combination of passive
barrier and active self-healing protection.

5. Functional Gel Coatings
Beyond passive barrier protection, modern gel-based coatings are designed and en-

gineered to have active and adaptive functionalities that can respond to environmental
stimuli and damage environments [102–104]. These systems represent a shift from tra-
ditional coatings toward smart protective coatings, which are capable of responding to
abnormal corrosion processes in real time. Functional gel coatings can repair damage,
regulate ion diffusion, and provide early-stage corrosion inhibition [105–108]. Among the
reported functional gels, self-healing, pH-responsive, and sensing coatings are promising,
as they address the critical limitations of traditional coatings [27,109].

5.1. Self-Healing Coatings

Self-healing gels can be considered as one of the most effective strategies to extend the
life of metallic substrates by restoring protective functionality after mechanical or chemical
damage [8,110,111]. Xu et al. introduced the integration of MOF-based nanocontainers
within sol–gel by designing a ZnO/ZIF-8@2-mercaptobenzothiazole (MBT)/sol–gel com-
posite coating [105]. In this gel, the self-healing characteristic arises from the synergistic
interaction between encapsulated inhibitors and responsive components. ZIF-8 acts as
both a carrier for MBT and 2-methylimidazole (2-MI) source. Upon coating damage and
electrolyte penetration, these species are released and adsorb onto exposed metallic regions
to form a protective film. Quantitative electrochemical and surface potential analyses
confirm this self-repair capability. Scanning Kelvin probe measurements show that the
potential difference (∆E) between damaged and intact regions decreases from −714 mV to
214 mV after 6 h. This rapid equilibration indicates effective re-passivation of the damaged
area. Additionally, cyclic EIS reveals partial recovery of impedance values during exposure.
At the molecular level, the self-healing mechanism is controlled by co-adsorption and
synergistic inhibition. The combined presence of MBT and 2-MI leads to the formation of
a dense adsorption layer on the alloy surface. This synergy is supported by a calculated
synergistic factor (SF = 1.15). Density functional theory calculations further reveal that
co-adsorption enhances binding strength, with adsorption energy improving to −2.092 eV,
compared to −1.359 eV and −0.872 eV for MBT and 2-MI, respectively. Therefore, the
sol–gel top layer can serve as a physical barrier in addition to regulating the release kinetics
of inhibitors [105]. This hierarchical design illustrates the next generation of self-healing
coatings, where repair processes are localized and tightly coupled to corrosion activity.

In addition to MOF incorporation, recent advances have highlighted the potential of
bio-based gel microspheres for sustainable gel coatings [112–114]. Liu et al. introduced
the incorporation of tea polyphenol@graphene oxide@polyvinyl alcohol (TGPG) hydrogel
microspheres into a polyaspartic ester (PAE) gel through a one-step blend–cryogenic–
in situ crosslinking strategy. This method presented uniformly dispersed microspheres
that were chemically combined in the gel network. The coating exhibited promising
corrosion resistance. The low-frequency impedance modules increased from 9.3 × 108 to
5 × 109 Ω·cm2. The performance was stable after 28 days of immersion as well as 1000 h
salt spray exposure. The self-healing mechanism is governed by multiple synergistic
effects. Upon damage, water penetration induces microsphere swelling (1.2–1.3 times),
facilitating crack filling, and the controlled release of tea polyphenols promotes metal–
polyphenol chelation. This chelation forms a protective passivation layer. Additionally,
the photothermal effect of graphene oxide increases the local temperature to 46 ◦C, which
exceeds the glass transition temperature of the matrix (43–44 ◦C). So, the coating restores
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its protective performance, with impedance recovering to 1 × 109 Ω·cm2 and stabilizing
around 8 × 109 Ω·cm2 after healing [110].

The strategy for self-healing coatings was reported by inhibitor-loaded plasma elec-
trolytic oxidation (PEO) combined with sol–gel sealing [115]. In this method, corrosion
inhibitors such as benzotriazole (BTA) and 8-hydroxyquinoline (8-HQ) were introduced
into PEO pores at concentrations ranging from 1 to 20 g/L with a sol–gel top layer to
enhance barrier properties. Electrochemical analysis revealed a synergistic effect at an
optimized 8-HQ/BTA ratio of 7:3 to achieve an inhibition efficiency of 93% after 72 h in
0.1 M NaCl solution. Structurally, the PEO coating has a thickness of about 12.8–13.4 µm,
with pore sizes in the range of 1–10 µm. Long-term impedance measurements demonstrated
the effectiveness of this gel. In the case of the optimized gel, low-frequency impedance
values exceeded 108 Ω·cm2 after two weeks. The intermediate inhibitor concentration of
5 g/L provides the best balance between pore filling and sol–gel adhesion. The self-healing
mechanism arises from the triggered release of inhibitors in the case of electrolyte penetra-
tion. BTA passivates Cu-rich intermetallic sites while 8-HQ forms chelating complexes to
suppress both anodic and cathodic reactions [115].

Another direction in self-healing coatings involves ethyl cellulose-based supramolecu-
lar gel enriched with functional inhibitors or responsive nanoparticles. Lin et al. introduced
coatings pre-loaded with high concentrations of imidazoline inhibitors (up to 25%) [26].
Electrochemical measurements indicated that the C17 inhibitor achieved up to 91% in-
hibition efficiency at 10 × 10−4 mol/L in 3.5% NaCl. The overall coating performance
improved with increasing chain length due to better hydrophobic barrier formation. How-
ever, coatings containing 25% C11 exhibit the most effective self-healing under damaged
conditions, because the higher release rate facilitates rapid formation of a protective ad-
sorption film. This is reflected in the corrosion potential, which shifted from −621 mV to
−451 mV (vs. SCE) for coatings without inhibitor and from −557 mV to −493 mV for the
inhibitor system after 7 days. In another study, supramolecular gel coatings incorporating
10% Fe3O4 nanoparticles introduce an externally triggered healing mechanism based on
electromagnetic heating [116]. Under an alternating magnetic field, these coatings can
reach healing temperatures near 80 ◦C using a rate of about 1.64 ◦C/s, which enables defect
closure within 58 s. The reversible nature of hydrogen bonding and van der Waals inter-
actions allow the coating to undergo repeated healing cycles (up to 10 cycles). Therefore,
combining highly loaded responsive inhibitors with supramolecular networks extends
coating life by enabling both autonomous and on-demand self-healing responses.

5.2. pH-Responsive Systems

pH-responsive gel coatings represent a key type of smart protective system in which
corrosion-triggered local pH variations occur [117–119]. These pH-responsive gel systems
exploit the fact that anodic and cathodic reactions during corrosion generate localized acidic
or alkaline environments. These generated protons can be used to activate gel swelling,
nanocontainer opening, or chemical release processes. In 2023, MOF-based pH-responsive
nanocontainers were introduced by Huang et al. [25]. This was based upon BTA-ZIF-8 as-
sembled on hydroxylated hexagonal boron nitride (BN-OH) within sol–gel coatings. These
hybrid systems combine active inhibition and passive barrier effects. ZIF-8 frameworks pro-
vide pH-triggered release of encapsulated BTA under both acidic and alkaline conditions,
while BN nanosheets introduce a “labyrinth effect” that limits the diffusion of aggressive
species. So, coatings incorporating these nanocontainers exhibit an improvement in long-
term corrosion resistance, with low-frequency impedance values reaching 2 × 108 Ω·cm2

after 28 days of immersion. These values are three orders of magnitude higher than those of
the unmodified sol–gel coating. Moreover, scratched coatings show increasing impedance
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over time, which confirms effective self-healing through on-demand inhibitor release and
re-passivation of exposed sites [25]. In 2024, Samadianfard et al. reported a pH-responsive
gel through functional nanocarriers embedded in sol–gel matrices, such as losartan-loaded
graphitic carbon nitride (g-C3N4@LP) nanoplates [120]. These layered nanostructures (with
hydrodynamic sizes of 803 nm) enable controlled inhibitor storage. The incorporation
of 100 ppm of g-C3N4@LP leads to uniform, crack-free coatings with reduced surface
roughness (1.60 µm instead of 1.77 µm) and significantly enhanced corrosion resistance.
Electrochemical measurements show that the polarization resistance reaches 1.782 MΩ·cm2

after 120 h immersion. It represents an increase of more than 18 times compared to the
unmodified coating. The inhibitor release is strongly pH-dependent, reaching a maximum
in alkaline conditions (pH 10–12) and stabilizing after 1 h, which confirms rapid response
to corrosion initiation while preventing excessive leaching [120]. In 2025, Fang et al. intro-
duced the incorporation of tannic acid (TA) and benzotriazole (BTA) to form tannic acid @
Benzotriazole @ Poly(hydroxypropyl acrylate-triethoxyvinylsilane-acrylic acid)/polyethyl
enimide (TBP) gel embedded in epoxy coatings [121]. Upon water uptake, the gel expands
and fills microdefects, while pH-mobility release of inhibitors leads to the formation of
protective adsorption films and iron-tannate complexes on the metal surface. This dual
mechanism improves long-term performance, and the impedance values were found to
be as high as 2.36 × 107 Ω·cm2 after 181 days of immersion. The neat epoxy coating
decreased to 6.86 × 104 Ω·cm2. Additionally, adhesion properties were improved and
increased by 18.2% in dry adhesion and 74.7% in wet adhesion [121]. This highlights the
promising interfacial compatibility introduced by siloxane bonding within the gel struc-
ture. In short, pH-responsive gel coatings can be designed across multiple length scales
from polymeric gels to nanostructured carriers and MOF-based architectures for achieving
corrosion-triggered functionality. The combination of stimuli-responsive swelling, con-
trolled inhibitor delivery, and enhanced barrier properties provides a promising pathway
toward intelligent coatings capable of adapting dynamically to aggressive environments.

5.3. Sensing Coatings

In addition to protective and responsive functions, gel-based coatings are designed as
integrated sensing substrates for real-time corrosion monitoring toward intelligent coating
systems [122]. A recent advancement in this direction is the development of a flexible
electrochemical sensing device incorporating a poly(vinyl alcohol) (PVA) gel electrolyte.
Unlike traditional electrolytes, the PVA gel provides excellent adhesion [123–125], shape
conformity, and electrolyte retention. The gel electrolyte exhibits sufficient ionic conduc-
tivity at 11.44 mS·cm−1 for 0.1 M KCl and 2.00 mS·cm−1 for 0.01 M KCl. Electrochemical
performance evaluation demonstrates that the gel-enabled device can reproduce corrosion
inhibition. For example, anodic polarization measurements of copper show an immersion
potential near −10 mV, and corrosion current increases across flat and curved geometries.
Furthermore, the device enables quantitative analysis of corrosion products through ca-
thodic reduction measurements. A clear reduction was observed at −0.8 V (Cu2O and Ag2S
reduction) and −1.2 V (hydrogen evolution). Using these values, corrosion film thicknesses
can be determined and found at 2.13 µm (sticker device) vs. 2.19 µm (conventional system)
for Cu2O, and 723 nm (horizontal) and 694 nm (curved) compared to 689 nm for Ag2S.
The sensing capability is supported by the stability of the integrated reference electrode,
which maintains a consistent potential over extended periods (up to 48 h) under both liquid
and gel conditions. Also, the device shows robustness against mechanical deformation.
This combination of mechanical flexibility, electrochemical accuracy, and environmental
adaptability enables continuous monitoring of corrosion processes and corrosion product
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evolution [122]. In short, gel-based sensing coatings illustrate the transition from passive
protection to multifunctional gels that integrate protection and diagnostics.

6. Gel-Based Coatings in Concrete and Civil Applications
The application of gel-based coatings in civil applications has received much atten-

tion to enhance the durability of reinforced structures [29,126–128]. These structures can
be exposed to aggressive environments such as chlorides [129], moisture [130], and pH
change [131]. In reinforced concrete, the corrosion of steel rebars is one of the primary
causes of structural degradation because it leads to cracking, spalling, and loss of mechani-
cal properties. Gel-derived coatings can offer unique advantages in this problem, such as
better adhesion to metallic substrates, and resistance to alkaline concrete pore environments.
By combining barrier protection with mechanical enhancements, these coatings serve as
effective interfaces that retard ion transport and delay corrosion initiation.

6.1. Rebar Protection

Gel-based coatings were studied to protect steel reinforcement within concrete.
Xu et al. introduced the use of polydimethylsiloxane (PDMS)/SiO2 hybrid gel coatings,
which were synthesized via a base-catalyzed sol–gel process with varying silica contents
(0%–20%) [132]. The incorporation of SiO2 into the PDMS matrix introduces a clear syn-
ergistic effect, where mechanical properties such as Young’s modulus and yield strength
increase. This indicates improved stiffness and structural integrity. From electrochemical
analyses, EIS and polarization studies reveal an enhancement in corrosion resistance com-
pared to uncoated steel in concrete pore solutions. The coating containing 15% SiO2 exhibits
optimal performance and achieves an inhibition efficiency of 95.8%. This can be attributed
to dense hybrid networks that effectively restrict the penetration of aggressive ions. Surface
analysis confirmed the smooth, crack-free morphology after 24 h immersion, but uncoated
rebars show signs of corrosion product formation and surface degradation [132]. Similarly,
crack-free gel coatings based on polyvinyl butyral (PVB)/silica nanocomposites provide
an effective route for rebar protection in chloride-containing concrete environments, as
reported by Meng Zhang [133]. Young’s modulus increased from 36.3 MPa for pure PVB
to 94.5 MPa because of the incorporation of 15% silica. This reflects an enhanced rigidity
and resistance to mechanical damage. Electrochemical studies indicate that the optimal
corrosion resistance is achieved at 10% silica loading, and the coating delivers an inhibition
efficiency of 89.3% after 2 days of exposure in simulated concrete pore solution [133]. The
observed performance can be due to the formation of a uniform, defect-free barrier layer,
which minimizes electrolyte penetration and delays the onset of corrosion reactions. In
short, the effectiveness of gel-based rebar coatings strongly depends on composition op-
timization and microstructural control. The incorporation of silica within polymeric gel
matrices enhances mechanical durability as well as improves resistance to corrosion. Such
hybrid gel coatings offer a promising pathway toward crack-resistant protective systems
for reinforced concrete structures.

6.2. Crack Repair Gels

Gel-based crack repair systems are multifunctional solutions that can restore the phys-
ical properties of concrete. Among the reported gels, bio-inspired gels based on microbially
induced calcium carbonate precipitation (MICP) have been studied by Fan et al. [29]. This
bio-gel composed of bacterial solution and calcium alginate acts as both a self-mineralizing
filler and a chloride-binding medium. The gel demonstrates strong adsorption capacity
for aggressive ions. The capacity reached 118.3 mg/g, which is about 31.6% higher than
that of traditional alginate gels. This enhanced ion-binding capability retards chloride
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transport toward the steel surface. From structural analysis, cracks with widths up to
1 mm can be completely sealed within 15 min. Electrochemical measurements highlight
the protective role of the bio-gel because the corrosion current of embedded steel decreases
to around 2.88 × 10−6 mA·cm−2. In reinforced concrete specimens, the corrosion reduction
reached 88.7%, which confirms the effectiveness of the gel in real structural environments.
The mechanism is attributed to a combination of physical blocking, chloride adsorption,
and pore densification by mineral deposition [29]. The long-term evolution of corrosion
behavior in reinforced concrete was studied. The Rp value of untreated cracked concrete
(CG) decreased from 555 to 433 Ω·cm2 over 14 days. In contrast, specimens repaired with
calcium alginate gel (CA) and bio-gel (CAB) exhibit higher initial Rp values of 3109 and
4890 Ω·cm2, which remain comparatively elevated after 14 days (1799 and 3847 Ω·cm2,
respectively). A similar trend is observed where the corrosion current values provide direct
insight into corrosion kinetics. The untreated icorr increased from 0.6425 to 0.8244 µA·cm−2

over time. In comparison, lower values are recorded for CA (0.073 to 0.0928 µA·cm−2)
and CAB (0.1151 to 0.1988 µA·cm−2). The bio-gel system achieved an overall corrosion
reduction of 88.7% relative to the untreated case. This behavior confirmed that the bio-gel
seals cracks and slows down steel corrosion through a combination of chloride binding,
oxygen barrier effects, and pore densification via calcium carbonate precipitation [29].
In parallel, synthetic alkaline hydrogels provide an alternative strategy by combining
crack sealing with chemical reconditioning of the concrete environment. Hydrogels based
on diallyldimethylammonium hydroxide, modified with acrylic acid, function as “3-in-1”
systems [134]. They are able to seal cracks, restore alkalinity, and re-passivate steel reinforce-
ment. Their performance is driven by a zwitterionic network structure, which generates
significant swelling pressure upon water uptake. This is demonstrated by leakage tests,
where no water penetration is observed for more than 28 days. Simultaneously, the high
alkalinity of the gel promotes re-passivation of steel. To conclude, crack repair gels have
evolved into integrated protective systems that combine rapid crack sealing with long-term
corrosion control.

7. Bio-Based and Eco-Friendly Gel Coatings
Currently, replacing toxic corrosion inhibitors with bio-safe and eco-friendly inhibitors

is an interesting point [135]. The bio-based gel coatings can be considered as sustainable
alternatives [110,136–138]. These systems use naturally derived or biologically safe compo-
nents to introduce functionality and electrochemical stability of metal substrates. Unlike tra-
ditional coatings, bio-based gels can be designed to interact dynamically with the surround-
ing environment to offer adaptive responses to microbial activity, pH change, and moisture
attack. This class of gel coatings integrates principles from materials science, microbiology,
and green chemistry to reduce ecological impact with corrosion protection performance.

7.1. Bio-Gels for Corrosion Protection

Bio-gel coatings represent a novel strategy to address microbially influenced corrosion
(MIC). In these aqueous systems, biofilm formation plays a critical role in degradation. An
example involves the integration of Bacillus clausii spores and biosurfactants into silica-
based sol–gel [139]. A partial reduction in spore viability within the gel network demon-
strates approximately 20.8% survival, corresponding to 1.71 × 106 CFU/mL. The presence
of bio-components enhanced surface hydrophobicity. The contact angles increased from
60.6o (bare steel) to 93.25o in spore coatings and 83.22o in biosurfactant-modified systems.
The role of hydrophobicity can play a promising function in limiting water penetration
and microbial adhesion. Biofilm formation decreased, as observed via a reduced bacterial
population of 2.23 × 105 CFU/mL at the maturation stage for biosurfactant-containing
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coatings. Additionally, a delay in biofilm development of up to 12 days was found in
spore-functionalized systems. Electrochemical performance indicated the protective role
of bio-gels: after prolonged exposure (180 days), biosurfactant-loaded coatings maintain
a remarkably low corrosion current density (icorr = 0.51 µA/cm2) and high impedance
values (104 Ω·cm2). Surface analyses revealed smoother and more uniform morpholo-
gies with iron exposure (0.12% Fe) [139]. Mechanistically, these bio-gel systems worked
through a combination of physical barrier effects, antimicrobial activity, and inhibition of
biofilm-mediated electrochemical processes.

A complementary perspective on bio-gel systems is introduced by Ghuzali et al.
through the preparation of plant extract-functionalized sol–gel coatings. Clitoria ternatea
extract-incorporated silica coatings demonstrate how bio-derived compounds can actively
enhance electrochemical performance. The incorporation of ethanol-extracted bioactive
molecules at an optimal concentration of 75 ppm leads to a decrease in corrosion current
density from 618 µA·cm−2 (bare steel) to 64.2 µA·cm−2. This corresponds to an inhibition
efficiency of 89.6%, while water-based extracts achieve 85.6% efficiency under a similar
environment [140]. EIS showed an increase in charge transfer resistance up to 488 Ω·cm2

and inhibition efficiencies exceeding 83%, indicating the formation of a more resistive
interfacial layer. These improvements are linked to the antioxidant-rich composition of
the extract, such as flavonoids like quercetin. These biomolecules can promote adsorption
onto the metal surface and facilitate the formation of protective Fe-O-Si bonds. Morpholog-
ically, SEM images revealed smoother and more homogeneous surfaces for bio-gel-coated
substrates, while EDX analysis showed reduced oxygen content and higher iron retention
(92% Fe for extract-modified coatings versus 68.67% in unprotected samples) [140]. From a
mechanistic point of view, these bio-gel coatings act through a synergistic combination of
barrier enhancement, antioxidant activity, and interfacial chemical bonding.

7.2. Natural Extracts for Corrosion Protection

For natural extracts, the incorporation of Clitoria ternatea [141] and caffeine [142]
as a green inhibitor within TEOS-APTES hybrid sol–gel provides an example of how
small bioactive molecules can modulate both electrochemical behavior and surface proper-
ties of protective coatings. For the caffeine study, increasing caffeine concentration from
25 to 100 ppm enhanced corrosion resistance, with charge transfer resistance rising from
2441.65 Ω·cm2 to 6218.02 Ω·cm2 and an inhibition efficiency of 84.22%. This improvement
is accompanied by a marked decrease in corrosion current density from 6.3096 µA·cm−2

(bare steel) to 0.7079 µA·cm−2 at 100 ppm, corresponding to a high inhibition efficiency
of 88.79%, confirming a substantial suppression of electrochemical activity at the metal
interface (page 7). Additionally, electrochemical noise analysis reveals an increase in noise
resistance from 0.23 kΩ·cm2 to 1.83 kΩ·cm2, further evidencing enhanced barrier perfor-
mance and reduced corrosion fluctuations (page 9). Surface characterization supports these
electrochemical trends: SEM images show a transition from rough, pitted morphologies in
uncoated samples to relatively smooth and defect-minimized surfaces upon caffeine incor-
poration, while EDX data indicates improved iron retention (85.44 wt.% Fe) and reduced
chloride penetration (0.12 wt.% Cl) compared to untreated substrates (page 10). Moreover,
wettability measurements highlight a shift toward hydrophobic behavior, with water con-
tact angles increasing from 59.74◦ to 96.41◦, implying reduced water affinity and improved
coating integrity (page 11) [142]. Mechanistically, these enhancements are attributed to the
adsorption of caffeine molecules via electron-rich O and N atoms, promoting the formation
of stable interfacial bonds and a denser siloxane network, ultimately yielding a mixed-type
inhibition effect that simultaneously retards both anodic and cathodic reactions.
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Beyond Clitoria ternatea extract and caffeine, some plant-derived natural products
have recently been incorporated into gel coatings as environmentally friendly corrosion
inhibitors. Extracts obtained from green tea [110], henna (Lawsonia inermis) [143], neem
(Azadirachta indica) [144,145], and other botanical sources [146] are rich in functional groups,
which possess abundant hydroxyl, carbonyl, and aromatic functional groups able to in-
teract with metallic substrates. These phytochemicals can play a promising role in pro-
tection by being adsorbed at the surface of metal. This adsorbed layer forms a fixed
metal–organic layer, which can decrease the reaction between metal and reactive oxygen
species. Furthermore, their incorporation into gel systems enables controlled release of
active corrosion inhibitors. These findings demonstrate that plant extracts represent an
expanding type of sustainable additives for gel corrosion-protective coatings.

Tea polyphenols have been studied after incorporation into graphene oxide/poly(vinyl
alcohol) (GO/PVA) hydrogel microspheres within a polyaspartic ester (PAE) coating to pro-
duce an intelligent self-healing anticorrosion system [110]. The phenolic hydroxyl groups
of tea polyphenols give a dense hydrogen-bonding layer with PVA and GO, while their
catechol part dynamically chelates Fe2+/Fe3+ ions released during corrosion to generate
protective passivation layers. Simultaneously, graphene oxide nanosheets support the
hydrogel to provide a physical barrier against harsh ions. The composite coating pro-
vides long-term protection with an impedance above 109 Ω·cm2 after self-healing and
prolonged immersion. This demonstrates the synergistic contribution of natural polyphe-
nol gel matrices toward intelligent protective coatings. Similarly, plant-derived extracts
have been successfully incorporated into hybrid sol–gel coatings for biomedical metallic
implants. Lawsonia inermis (henna) extract has been introduced into vinyltrimethoxysi-
lane (VTMS)-based hybrid sol–gel coatings deposited on stainless steel 316L [143]. The
hydroxyl- and carbonyl-containing phytochemicals in henna interact with the siloxane
network without disrupting the gel structure and preserve promising coating adhesion
as well as enhance corrosion resistance in simulated body fluid. The optimized coating
(0.05 wt% henna extract) achieved protection efficiencies exceeding 90%. This result indi-
cates that plant-derived extracts can improve corrosion resistance and adhesion, which
makes them promising functional additives for protective coatings in orthopedic and dental
implant applications. Neem (Azadirachta indica) has also been investigated as an attractive
renewable source of green corrosion inhibitors for gel and polymer-based coating sys-
tems [144,145]. Encapsulated crude neem leaf extracts have been incorporated into epoxy
coatings to provide active corrosion protection through a controlled release mechanism.
Upon coating damage, the released phytochemicals adsorb onto the exposed aluminum
surface and promote the formation of protective organic films. In alkaline chloride me-
dia, the encapsulated neem extract exhibited an extrinsic self-healing effect, while X-ray
photoelectron spectroscopy confirmed the formation of corrosion-resistant surface species
generated by the interaction between neem-derived compounds and the metallic substrate.
In addition to leaf extracts, neem seed oil has been utilized as a renewable precursor for
alkyd resin synthesis. Epoxy-modified neem oil alkyd coatings exhibited excellent curing
behavior, enhanced hydrophobicity, improved thermal stability, and durable corrosion
protection for steel substrates. This highlights the versatility of neem-derived products as
sustainable alternatives to conventional coating materials.

7.3. Sustainable Coatings for Corrosion Protection

In the context of eco-friendly corrosion protection strategies, Domínguez-Martínez et al.
investigated eco-friendly sol–gel coatings on AZ61 magnesium alloy [135]. The study
highlights the role of naturally derived and low-toxicity compounds, such as L-cysteine,
N-acetyl-cysteine, curcumin, and methylene blue, in coating performance. The macroscopic
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corrosion behavior of these systems is illustrated in Figure 6, which presents photographic
images of coated and uncoated samples before and after 14 days of immersion in NaCl
solution. As shown in Figure 6, all samples exhibit some degree of surface degradation.
This was evidenced by the formation of white corrosion products. However, significant
differences in performance were observed depending on the type of incorporated inhibitor.
The uncoated alloy had severe corrosion. In contrast, the presence of eco-friendly gel
provides partial protection depending on inhibitor chemistry. Coating containing L-cysteine
and N-acetyl-cysteine demonstrates improved surface preservation. On the other hand, the
methylene blue-based coating exhibits pronounced degradation, indicating poor coating
stability and adhesion under prolonged exposure. This behavior suggests that not all
environmental additives are effective and that molecular structure can play a role in
determining corrosion protection efficiency.

 

Figure 6. Photographic images of uncoated and gel-coated AZ61 magnesium alloy incorpo-
rating different eco-friendly organic inhibitors (L-cysteine, N-acetyl-cysteine, curcumin, and
methylene blue) before and after 14 days of immersion in NaCl solution. Reproduced from
Domínguez-Martínez et al. [135] under CC BY 4.0 license.

A particularly promising direction within sustainable gel-based coatings is the utiliza-
tion of lignin as a bio-derived crosslinking component in hybrid sol–gel systems. It can offer
both environmental and functional advantages. The incorporation of 3% modified lignin
dissolved in a natural deep eutectic solvent (NADES) into organosilane/zirconium-based
sol–gel formulations enables the fabrication of corrosion-resistant coatings on Al2024 sub-
strates with significantly improved processing and performance characteristics. Notably,
lignin addition enhances formulation stability by increasing viscosity, thereby improving
shelf life, while simultaneously enabling room temperature curing, in contrast to conven-
tional thermally cured systems. FTIR analysis confirms that coatings cured at ambient
conditions exhibit a crosslinking density comparable to heat-cured analogs, indicating
that lignin actively participates in network formation rather than acting as a passive filler.
Morphologically, the resulting coatings are described as homogeneous, defect-free, and
hydrophobic, attributes that are critical for effective barrier protection. From an electro-
chemical standpoint, the 3 wt.% lignin-containing coatings demonstrate superior corrosion
resistance, even though they are thinner than lignin-free counterparts, highlighting the
efficiency of the lignin-induced network in limiting electrolyte penetration and interfacial
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degradation. This improved performance is attributed to the synergistic effect of dense
hybrid crosslinking and the intrinsic aromatic structure of lignin, which enhances barrier
properties and interfacial adhesion [147]. Overall, these findings emphasize that lignin-
based hybrid gels not only reduce reliance on fossil-derived components but also enable
energy-efficient processing routes, positioning them as a viable class of next-generation
eco-friendly coatings for corrosion protection.

8. Comparative Analysis of Gel-Based Corrosion Protection Systems
The increase in the reported publications (Figure 1) reflects the evolution of gels

corrosion protection technologies. Firstly, it focused on conventional sol–gel barrier coat-
ings. Then, the studies moved to multifunctional gels. These gels are able to provide
corrosion protection, self-healing, crack sealing, corrosion sensing, and environmentally
sustainable performance. Significant technological advances have substantially enhanced
coating durability, barrier properties, and long-term electrochemical stability. The recent
gel coatings included the incorporation of nanomaterials, MOFs, bio-inspired additives,
plant-derived corrosion inhibitors, and hybrid organic–inorganic networks. Furthermore,
increasing environmental regulations have accelerated the replacement of toxic coatings
with green and sustainable gel-based alternatives. These technological developments have
collectively driven the rapid expansion of research in this field. The quantitative results
reported throughout the recent literature about advanced gels for corrosion protection
applications are organized in Table 2. It provides a clearer comparison of how different
gels perform under various conditions. Despite differences in substrates, electrolytes, and
testing environment, some consistent trends can be observed. Effective gel coatings have
inorganic networks and interfacial bonding, such as hybrid sol–gel and ORMOSIL gels
with high impedance values and low corrosion current densities. This can indicate effective
barrier properties and long-term stability. The incorporation of nanoparticles such as carbon
nanotubes, nanodiamonds, and boron nitride enhances performance by improving coating
compactness and creating more tortuous pathways for corrosive protection. However,
the literature reports show that this improvement is highly dependent on proper loading
levels. Excessive filler content can introduce defects and reduce protection efficiency. More
advanced systems, such as MOF-based, pH-responsive, and supramolecular gels, have an
additional level of functionality through controlled inhibitor release and self-healing char-
acteristics. These gels are effective in maintaining protection over extended exposure times
or after mechanical damage. Similarly, hydrogel and bio-based systems can contribute
through crack sealing, ion adsorption, and in some cases biological mineralization. The
reported performance varies widely, which might be due to differences in experimental
conditions as well as evaluation techniques. So, the data in Table 2 should be defined
as an overview of reported capabilities rather than a direct ranking. Therefore, the table
shows the progression of gel coatings from simple barriers to complex gels that combine
structural, chemical, and responsive mechanisms. The studies reviewed throughout this
work reveal several common structure–property–performance relationships that govern
the corrosion protection of gel-based coatings, regardless of the specific material system.
Dense and highly crosslinked gels reduce pore connectivity and permeability, which can
play a promising role in improving barrier performance. Strong adhesion suppresses defect
formation. In addition, hydrophobic surface chemistry decreases water uptake. Encapsu-
lated corrosion inhibitors and self-healing agents provide active protection by responding
to coating damage. These design principles consistently emerge across conventional sol–
gel coatings, polymer-gel composites, nanostructured systems, MOF-based coatings, and
bio-inspired gels. So, superior corrosion performance can be achieved through the syn-
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ergistic integration of passive barrier protection, active corrosion inhibition, and durable
coating architecture.

Table 2. An overview of gels as corrosion protection coatings across different compositions. It should
be noted that the electrochemical parameters were obtained under different research groups.

Gel/Coating System Main Composition Substrate/Medium Key Results Main Protection
Mechanism Ref.

TiO2-SiO2 multilayer
sol–gel

TEOS/Ti alkoxide oxide
network Metallic substrate Rp increased to 61 kΩ·cm2 for

three layers
Dense oxide barrier [41]

Sol–gel + fluoride
pretreatment

TEOS/GPTMS +
hydroxyfluoride layer WE54 Mg alloy

Pretreatment layer
600–900 nm; icorr reduced to

1.37 × 10−8 A/cm2

Interfacial
stabilization + barrier [45]

pH-controlled sol–gel Silane-zirconium sol–gel AA2024-T3/
3.5% NaCl

pH 4: 71.8% Si-O-Si,
Rct 8.42 × 105 Ω·cm2, damaged

area 3.2% after
960 h; pH 10: 40.23% Si-O-Si,

30.54% Si-OH,
damaged area 54.9%

Network
condensation control [38]

TETA-crosslinked
hybrid gel GPTMS/TEOS/TETA Metallic substrate

Gelation shortened from
>90 days to <1–2 h; impedance

105–106 Ω·cm2

Accelerated
condensation +

organic–inorganic
crosslinking

[42]

Hybrid silica coating MMA/MAPTMS/TEOS AA2024-T3/0.1 M
NaCl

Thickness 4 µm; impedance
close to 1 GΩ·cm2 after

6 months; no visible salt-spray
damage after 500 h

Dense hybrid barrier [53]

Zr-modified
silica gel

TEOS/MAPTMS/
Zr + Ce3+

Hot-dip galvanized
steel/0.1 M NaCl

Initial impedance 107 Ω·cm2,
later 5 × 106 Ω·cm2; optimum

Ce3+ 650 ppm

Barrier + active Ce
inhibition [55]

Hydrophobic TEOS–
polybenzoxazine gel TEOS–PBz Al alloy/3.5% NaCl

Thickness 0.5 µm; contact angle
105.6 ± 0.4◦;

Rct > 105 Ω·cm2 after 1 week;
benzoxazine conversion 94%

Hydrophobic dense
barrier [36]

ORMOSIL
siloxane-polyacrylic

coating
MAPTMS/acrylate/TEOS Al alloy AA7075-T6

& 5% NaCl

Contact angle 70–85◦ for short
chains, 90◦ for perfluoroalkyl
coatings; impedance around

10 GΩ·cm2 after 18 months; salt
spray up to 550 h

Hybrid
siloxane-polymer

barrier
[57]

PATP-GPTMS
ORMOSIL

GPTMS +
p-aminothiophenol Cu/3.5% NaCl

PATP concentration 0.001–0.1 M;
efficiency 95.5% by EIS, 96.39%

by polarization after 12 h

Si-O-Si barrier + Cu-S
bonding [61]

Bz/EP-modified
sol–gel

Benzoxazine/epoxy/
sol–gel Immersion test

Impedance > 106 Ω·cm2 after
30 days; highly crosslinked
systems > 108 Ω·cm2; water

absorption 1.29% after 1 day, up
to 7.91% after 28 days at

excessive curing

Multi-crosslinked
hybrid barrier [66]

WBPU/catecholamine/
sol–gel

WBPU + CAm/MPD
sol–gel interlayer Mg alloy/3.5% NaCl

Dry adhesion 1.74 to 2.75 MPa;
wet adhesion 1.15 to 3.70 MPa;
Rct 4.9 × 104 to 1.7 × 107 Ω·cm2

after 120 days; roughness 9.901
to 1.120 nm

Adhesion
enhancement + pore

sealing
[69]

Zr-MOG nanogel
coating

Epoxy + Zr-MOG
nanoparticles 3.5% NaCl

Surface area 455.7 m2/g; pore
diameter 1.2 nm; particle size

89 nm; healing efficiency
472.7%, 287.8%, 208.8% in

acidic, neutral, alkaline media;
impedance 259.69 to

135.69 kΩ·cm2

pH-sensitive
inhibitor release +

barrier
[86]
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Table 2. Cont.

Gel/Coating System Main Composition Substrate/Medium Key Results Main Protection
Mechanism Ref.

h-BN sol–gel sealing PEO + functionalized h-BN AA2024/0.1 M NaCl

h-BN 1000–2000 ppm; Rmix,in
5.33 × 107 Ω·cm2 after 1 week;
capacitance 34.67 nF·cm−2 for

poor dispersion;
Si–O–Si/Si–OH
ratio 1.86 to 2.42

Labyrinth barrier +
network densification [87]

O-MWCNT sol–gel Silane gel + oxidized
MWCNTs NaCl

CNT loading 0.05%–0.9%;
Si-O-Si/O-H ratio 2.22 to 9.02;

thickness 1.59 ± 0.21 to
6.24 ± 0.35 µm; Rct 66.7 to
359.5 kΩ·cm2; icorr 5.40 to

0.04 µA·cm−2; ANN R2 0.9879

Tortuous diffusion +
Si-O-C bonding [91]

Graphene nanosheet
sol–gel GPTMS/TEOS/silica/GN AA2024-T3

Thickness 2.1–2.3 to 5.3–5.5 µm;
roughness 0.5 to 3.6 nm; contact

angle 74◦; jcorr 3.0 ± 0.5 to
0.002 ± 0.001 µA·cm−2; Ecorr

−0.48 ± 0.03 to −0.32 V

Silica pore filling +
graphene barrier [92]

GO-filled sol–gel PEO + sol–gel + GO Ti6Al4V

Warburg resistance 1.60 × 106

Ω·cm2; icorr 1.17 × 10−7 to 1.88
× 10−8 A·cm−2; Ecorr 0.47 V;

excessive GO: icorr 2.85 × 10−8

A·cm−2, Ecorr 0.29 V

GO impermeable
barrier [93]

Nanodiamond
sol–gel

Sol–gel + hydroxylated
nanodiamond Mg alloy

Optimum HND 0.01%; Rp 12.09
to 111.01 kΩ·cm2; jcorr 2.202 to

0.476 µA·cm−2; Ecorr −1.519 to
−1.335 V; 0.05% HND: jcorr

1.884 µA·cm−2

Compact barrier;
excess filler

causes defects
[94]

BTA@ZIF-8 sol–gel ZIF-8 + BTA/2MI + sol–gel AA2024-T3/3.5%
NaCl

Thickness 2.6 µm; impedance
106 Ω·cm2 after 30 days;

degradation delayed from
3–14 days to 30 days; phase

angle −50◦ vs. −10◦;
inhibitor loading 8.1%;

adhesion > 20 MPa

MOF barrier +
pH-triggered release [82]

Cu-BTC MOF/
silica gel Silica + Cu-BTC + 2-ABT Ni–Fe alloy/3.5%

NaCl

Loading 10.7 mg/100 mg MOF;
release 40% in 24 h; jcorr 19.62 to
2.10 µA·cm−2; Ecorr −544.5 to
−269.6 mV; Rp 1.57 to 11.69 to

74.6 kΩ·cm2; porosity 0.3%;
efficiency 98.87%

MOF nanocontainer +
active adsorption [101]

ZnO/ZIF-8@MBT
sol–gel

MOF nanocontainer +
MBT/2-MI Damaged coating

∆E −714 to 214 mV after 6 h;
SF 1.15; adsorption energy
−2.092 eV vs. −1.359 and

−0.872 eV

Local self-healing +
inhibitor

co-adsorption
[105]

TGPG hydrogel
microsphere/PAE

Tea polyphenol/GO/PVA
microspheres + PAE

Salt
spray/immersion

9.3 × 108 to 5 × 109 Ω·cm2;
stable after 28 days and 1000 h
salt spray; swelling 1.2–1.3×;

local temperature 46 ◦C; healed
impedance 1 × 109 to

8 × 109 Ω·cm2

multiple synergistic
effects [110]

PEO + inhibitor
sol–gel sealing

BTA/8-HQ in PEO pores +
sol–gel 0.1 M NaCl

Inhibitors 1–20 g/L; optimum
8-HQ/BTA 7:3; efficiency 93%

after 72 h; thickness
12.8–13.4 µm; pores 1–10 µm;
impedance > 108 Ω·cm2 after

2 weeks

Inhibitor release +
pore sealing [115]

Supramolecular gel Ethyl cellulose +
imidazoline inhibitors 3.5% NaCl

Inhibitor loading up to 25%;
C17 efficiency 91% at 10 × 10−4

mol/L; Ecorr shift −621 to
−451 mV and −557 to
−493 mV after 7 days

Hydrophobic
adsorption film +

self-healing
[26]

Magnetic
supramolecular gel

Supramolecular gel + 10%
Fe3O4

Damaged coating
Heating near 80 ◦C; rate 1.64

◦C/s; defect closure within 58 s;
repeated healing up to 10 cycles

Externally
triggered healing [116]
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Table 2. Cont.

Gel/Coating System Main Composition Substrate/Medium Key Results Main Protection
Mechanism Ref.

pH-responsive
BTA-ZIF-8/BN gel

BTA-ZIF-8 + BN-OH +
sol–gel Al alloy

Low-frequency impedance
2 × 108 Ω·cm2 after 28 days;
about 3 orders higher than

unmodified sol–gel

Labyrinth barrier +
pH-triggered release [25]

g-C3N4@LP sol–gel Losartan-loaded
g-C3N4 nanoplates Immersion

Size 803 nm; additive 100 ppm;
roughness 1.77 to 1.60 µm; Rp

1.782 MΩ·cm2 after 120 h, >18×
unmodified coating; release

stabilizes after 1 h at pH 10–12

pH-responsive
inhibitor release [120]

TBP gel/epoxy TA/BTA/polymer gel
in epoxy

Long-term
immersion

Impedance 2.36 × 107 Ω·cm2

after 181 days; neat epoxy
6.86 × 104 Ω·cm2; dry adhesion
+18.2%, wet adhesion +74.7%

Swelling repair +
inhibitor release [121]

PVA gel sensing
electrolyte PVA gel electrolyte Cu/Ag corrosion

sensing

Ionic conductivity
11.44 mS·cm−1 at 0.1 M KCl
and 2.00 mS·cm−1 at 0.01 M
KCl; potential near −10 mV;
Cu2O thickness 2.13 vs. 2.19
µm; Ag2S 723/694 vs. 689 nm;

stable up to 48 h

Flexible corrosion
monitoring [122]

PDMS/SiO2 gel
coating PDMS + 0%–20% SiO2

Steel rebar/concrete
pore solution

Optimum 15% SiO2; inhibition
efficiency 95.8%; crack-free after

24 h

Dense polymer–silica
barrier [132]

PVB/silica
gel coating PVB + silica Rebar/simulated

pore solution

Young’s modulus 36.3 to
94.5 MPa with 15% silica;

optimum 10% silica; efficiency
89.3% after 2 days

Mechanical
strengthening +

barrier
[133]

MICP bio-gel
crack repair Bacteria + calcium alginate Reinforced concrete

Adsorption 118.3 mg/g, 31.6%
higher than alginate; crack

sealing up to 1 mm in 15 min;
icorr 2.88 × 10−6 mA·cm−2;
corrosion reduction 88.7%

Crack sealing +
chloride binding +

CaCO3 densification
[29]

Calcium alginate
gel repair Calcium alginate Cracked concrete

Rp 3109 to 1799 Ω·cm2 after
14 days; icorr 0.073 to

0.0928 µA·cm−2
Physical sealing [29]

Bio-gel CAB repair Calcium alginate + bacteria Cracked concrete
Rp 4890 to 3847 Ω·cm2 after

14 days; icorr 0.1151 to
0.1988 µA·cm−2

Bio-mineral sealing +
chloride binding [29]

Untreated cracked
concrete No gel Cracked concrete Rp 555 to 433 Ω·cm2; icorr 0.6425

to 0.8244 µA·cm−2 after 14 days
Baseline

deterioration [29]

Alkaline hydrogel
crack repair

Diallyldimethylammonium
hydroxide/acrylic acid

hydrogel
Concrete cracks No water penetration for

>28 days

Crack sealing +
alkalinity restoration
+ steel re-passivation

[134]

Bacillus/biosurfactant
bio-gel

Silica sol–gel + Bacillus
clausii/biosurfactant

Steel/MIC
environment

Spore survival 20.8%,
1.71 × 106 CFU/mL; contact
angle 60.6◦ to 93.25◦/83.22◦;

bacterial population 2.23 × 105

CFU/mL; biofilm delay 12 days;
icorr 0.51 µA/cm2 after

180 days; impedance 104 Ω·cm2

Antimicrobial barrier
+ biofilm suppression [139]

Clitoria ternatea
bio-gel Plant extract + silica sol–gel Steel

Extract 75 ppm; icorr 618 to 64.2
µA·cm−2; efficiency 89.6%

ethanol extract and 85.6% water
extract; Rct 488 Ω·cm2; Fe
retention 92% vs. 68.67%

Bioactive adsorption
+ Fe–O–Si bonding [140]

Caffeine sol–gel TEOS/APTES + caffeine Steel

Caffeine 25–100 ppm; Rct
2441.65 to 6218.02 Ω·cm2;

efficiency 84.22–88.79%; icorr
6.3096 to 0.7079 µA·cm−2; noise
resistance 0.23 to 1.83 kΩ·cm2;
Fe 85.44%, Cl 0.12%; contact

angle 59.74◦ to 96.41◦

Green inhibitor
adsorption +

hydrophobic barrier
[142]
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Table 2. Cont.

Gel/Coating System Main Composition Substrate/Medium Key Results Main Protection
Mechanism Ref.

Lignin-based
hybrid gel

Organosilane/Zr + 3%
lignin/NADES Al2024

Lignin 3%; room temperature
curing; thinner coating but

improved corrosion resistance

Sustainable
crosslinking + barrier [147]

Table 2 demonstrates that the impedance values range from 104 to over 109 Ω·cm2

depending on coating composition and protection mechanism. These variations cannot be
attributed to a single material component but to the combined effects of network crosslink-
ing density, coating compactness, adhesion, hydrophobicity, incorporation of functional
nanofillers, and active corrosion inhibition. Conventional gel coatings generally exhibit
impedance values in the range of 105–107 Ω·cm2 because their protection primarily depends
on passive barrier properties. In contrast, highly crosslinked hybrid organic–inorganic
coatings, ORMOSIL systems, and multilayer architectures often achieve impedance values
approaching or exceeding 108–109 Ω·cm2 owing to their dense siloxane networks, reduced
porosity, and superior resistance to water and chloride ion penetration. Other improve-
ments are observed in multifunctional gel coatings incorporating nanomaterials or other
inhibitors. Graphene oxide, hexagonal boron nitride, carbon nanotubes, nanodiamonds,
and silica nanoparticles increase the tortuosity of diffusion pathways, effectively delaying
electrolyte transport through the coating. MOFs provide an additional active protection
mechanism by functioning as nanocontainers for the controlled release of corrosion in-
hibitors in response to local environmental changes such as pH variation. The highest
impedance values reported in Table 2 are generally associated with multifunctional coating
systems that combine dense barrier structures with active inhibitor release, self-healing,
and strong adhesion, whereas lower impedance values are observed for coatings relying
solely on passive barrier protection or structural defects that facilitate electrolyte ingress.

9. Conclusions and Future Challenges
This review introduced gel coating studies to mitigate corrosion and increase the

durability of metal substrates. The literature review indicates that gel coatings can reduce
corrosion current density and increase charge transfer resistance compared to uncoated
substrates. Such improvements can be attributed to the formation of dense, crosslinked
hybrid networks that retard ionic transport and moisture penetration. In addition, the
incorporation of inhibitors and nanofillers in gel coatings has been reported to decrease
chloride diffusion coefficients. Self-healing gels enhanced performance via improving
barrier properties. In short, the reviewed gel coatings are better than conventional coat-
ings in terms of durability, adhesion strength, and electrochemical stability. However,
performance variability under real conditions suggests that further optimization is required
before large-scale uses.

Despite promising laboratory-scale results, several challenges are discussed regarding
the use of these coatings in industry. The first critical issue is long-term durability under
coupled environmental stressors. Another key challenge is scalability and cost. Many gels
can be prepared using expensive alkoxide precursors and controlled synthesis conditions.
Developing low-cost precursors and simplified processing methods will be essential for gel
commercialization. The efficiency of self-healing systems also requires further improve-
ment. Although initial healing efficiencies can exceed 80%, repeated damage cycles often
lead to a reduction below 50%. Future work should focus on multi-cycle healing capability
and controlled release mechanisms. Standardization remains a big gap in the research on
corrosion. Variations in evaluation methods make direct comparison between studies diffi-
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cult. Finally, the sustainability factor should be considered in future research. Developing
smart sensing technologies for real-time corrosion monitoring could enhance the function-
ality of the gel coatings. Addressing these challenges through interdisciplinary research
will be crucial for transport gel-based coating technologies from laboratory innovation
to industry.

The future of gels in corrosion science is predicted to go in the direction of intelligent
multifunctional systems. These systems combine self-healing, ion sensing, and monitor
changes in gel structures. Advances in materials and natural extracts will improve durabil-
ity and sustainability. Furthermore, the integration of artificial intelligence and machine
learning offers a promising opportunity to achieve fast design and optimization steps.
Emerging manufacturing technologies such as additive manufacturing and digital fabrica-
tion may also enable the production of gels with controlled characteristics. Future research
can additionally emphasize long-term large-scale validation, life-cycle assessment, and the
development of electrochemical testing to facilitate fast comparison among different gels.
In conclusion, these advances will accelerate the transition of gel coatings from laboratory-
scale to commercially sustainable and intelligent corrosion protection technologies.
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Abbreviations
The following abbreviations are used in this manuscript:

GPTMS 3-glycidoxypropyltrimethoxysilane
TEOS Tetraethylorthosilicate
ORMOSIL Organic-modified silicate
TETA Triethylenetetramine
MAPTMS 3-methacryloxypropyl trimethoxysilane
BZ/EP Benzoxazine/epoxy
WBPU Waterborne polyurethane
MICP Induced calcium carbonate precipitation
MOG Metal–organic gel
CAm Catecholamine
h-BN Hexagonal boron nitride
2-ABT 2-aminobenzothiazol
BTA Benzotriazole
PEO Plasma electrolytic oxidation
PVB Polyvinyl butyral
DLS Dynamic light-scattering
Jcorr Corrosion current density
NADES natural deep eutectic solvent
FTIR Fourier transform infrared spectroscopy
XPS X-ray photoelectron spectroscopy
SEM Scanning electron microscopy
AFM Atomic force microscopy
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CA Contact angle
PD Potentiodynamic polarization
GD-OES Glow discharge optical emission spectroscopy
EIS Electrochemical impedance spectroscopy
NaCl Sodium chloride
PVA Poly(vinyl alcohol)
RC Reinforced concrete
Rct Charge transfer resistance
Rs Solution resistance
icorr Corrosion current density
Rp Polarization resistance
HDGS Hot-dip galvanized steel
Rt Residence time
RL Layer resistance
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