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ABSTRACT

The development of self-healing epoxy nanocomposites with long-term
corrosion protection in marine environments represents a critical challenge in
materials science, requiring sophisticated integration of passive barrier
properties and active inhibition mechanisms. This comprehensive review
systematically examines coordination-controlled self-healing epoxy
nanocomposites, focusing on the synergistic inhibition mechanisms and long-
term electrochemical impedance behavior in simulated marine environments.
The coordination chemistry framework provides a unifying theoretical
foundation: corrosion inhibitors function as multidentate ligands,
nanocontainers serve as coordination carriers, and self-healing processes
operate through in-situ coordination film formation. Advanced nanofiller
systems incorporating pH-responsive nanocontainers including metal-organic
frameworks (MIL-100(Fe), ZIF-8), graphene oxide-based composites, and
layered double hydroxides have demonstrated exceptional performance,
achieving low-frequency impedance modulus values of 5.03 x 10° Q-cm? after
50 days of immersion. The MIL-100@BTA system demonstrates alkaline-
triggered release with up to 85% inhibitor release within 9 hours at pH 10,
enabling targeted corrosion suppression at damaged sites. Tri-functional
coating systems integrating passive barrier enhancement (109 Q-cm?
impedance after 120 days), active ion capture, and autonomous defect repair
have been achieved through cascade synergistic mechanisms. This review
concludes that coordination-controlled design principles offer transformative
potential for durable, intelligent protective coatings with extended service life.
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Introduction

Corrosion of metallic materials imposes substantial
economic losses and safety risks across industries,
with annual global costs exceeding trillions of
dollars. Organic coatings particularly epoxy resins
serve as indispensable protective barriers,
preventing direct contact between metal substrates
and corrosive media through their dense crosslinked
network  structures. Epoxy coatings offer
outstanding  chemical  resistance, electrical
insulation, and adhesion to metallic substrates,
making them the most widely utilized coating
system for corrosion protection across marine,
aerospace, and infrastructure applications. Despite
their advantages, traditional epoxy coatings face
fundamental limitations that compromise long-term

performance in aggressive marine environments.
During service, these coatings are susceptible to
mechanical damage such as scratches, impacts, and
abrasion, leading to microcracks that allow
corrosive agents water, oxygen, and chloride ions to
penetrate to the substrate interface, accelerating
localized corrosion. Once local damage occurs,
conventional coatings lack active protection
mechanisms and cannot suppress the spread of
corrosion at damaged sites.

Furthermore, the passive, static design of traditional
coatings cannot dynamically adapt to environmental
changes, and their inherent brittleness leads to
flaking and delamination under erosion or wear
conditions.
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The recognition of these limitations has motivated
extensive research into "smart coatings" with self-
healing capabilities. The landmark work by White et
al., recognized by science as one of the "Top 10
Materials Science Advances of the 21st Century,"
demonstrated the embedding of microcapsules
containing healing agents into epoxy coatings,
enabling autonomous crack repair. Building upon
this foundation, researchers have developed
sophisticated nanocontainer systems including
mesoporous silica nanoparticles, layered double
hydroxides (LDH), and metal-organic frameworks
(MOFs) that enable precise, stimulus-responsive
release  of  corrosion inhibitors. These
nanocontainers are triggered by localized corrosion-
induced changes in pH, interfacial potential, or
aggressive ion concentration, enabling targeted
corrosion suppression at the precise location and
time it is needed. From the perspective of
coordination chemistry, this field has found a
unifying theoretical framework: corrosion inhibitors
can Dbe defined as multidentate ligands,
nanocontainers as coordination carriers, and self-
healing processes as in-situ coordination film
formation. This framework connects the entire chain
of inhibitor classification, container design,
response mechanisms, and repair mechanisms,
establishing a theoretical correlation of coordination
chemistry-response mechanisms-self-healing
performance.  This  comprehensive  review
systematically examines coordination-controlled
self-healing epoxy nanocomposites, focusing on the
synergistic inhibition mechanisms and long-term
electrochemical impedance behavior in simulated
marine environments.

Literature Review

Fundamental Challenges in Marine Corrosion
Protection:

Marine environments present one of the most
aggressive corrosion conditions for metallic
structures.  Coastal industrial equipment is
susceptible to the intrusion of water molecules and
chlorine ions, scouring by sediment particles, and
wear from wave action. The global cost of corrosion
equates to approximately $2.5 trillion, representing
3.4% of global gross domestic product, with proper
corrosion protection capable of achieving cost
savings of 15-35%.

Epoxy resin coatings are widely employed for
corrosion protection due to their chemical
resistance, electrical insulation, and high adhesion.
However, as a thermosetting resin, epoxy forms a
three-dimensional crosslinked network structure
after curing, which can serve as both a wear
protection layer and corrosive media barrier. The
inherent brittleness of pure epoxy leads to easy
flaking due to erosion, friction, and wear, resulting
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in loss of its ability to protect metal substrates.
Meeting protection requirements poses challenges in
environments enriched with corrosive ions and
subjected to severe tribological conditions.

Coordination  Chemistry as a Unifying
Framework:

Coordination chemistry provides a powerful
theoretical foundation for understanding and
designing self-healing anti-corrosion coatings. From
this perspective, corrosion inhibitors are chemical
substances that significantly suppress metal
corrosion rates by engaging in physical or chemical
interactions with metal surfaces, such as adsorption,
coordination, or precipitation film formation. The
core mechanism of adsorption involves coordination
with the metal surface or metal ions, forming an
adsorptive complex film that serves as a protective
barrier.

The direct addition of corrosion inhibitors into
coatings results in rapid, uncontrolled depletion
within a short timeframe, and the coordination
activity may be consumed or inactivated.
Furthermore, the corrosion inhibitor exhibits
indiscriminate adsorption on the metal surface and
inability to respond promptly to external stimuli.
Adding corrosion inhibitors can disrupt the curing
process, damage the substrate's network structure,
and reduce the inhibitor's activity. To solve this
issue, corrosion inhibitors can be loaded into
nanocontainers and then incorporated into the
coating, enabling stimulus-responsive behavior
under specific environmental conditions, achieving
controlled release of the inhibitors and allowing for
proactive protection while significantly enhancing
corrosion inhibition efficiency.

Nanocontainer Technologies for Controlled
Release

Metal-organic frameworks (MOFs) have attracted
significant interest as effective nanocontainers for
corrosion inhibitors due to their large surface area,
well-defined porous structure, and customizable
surface properties. When added to epoxy resin
coatings, MOFs can enhance the crosslinking
density of the polymer network and fill micropores
in the coating, helping to extend the diffusion path
of corrosive substances. The metal ions in MOFs,
such as Zn?*" and Fe**, along with organic ligands,
show inherent ability to suppress electrochemical
COrrosion processes.

MIL-100(Fe) has received growing interest because
of its excellent chemical stability, high loading
capacity, and sensitivity to environmental changes.
Its structure has many active coordination sites that
can be chemically modified to strengthen interaction
with inhibitor molecules. The Fe**/Fe?" metal ions in
MIL-100(Fe) can participate in redox reactions and



help slow down the cathodic reaction during
corrosion, working together with inhibitors such as
benzotriazole (BTA) to form a protective layer on
the metal surface. Studies have demonstrated that
MOFs can trigger the release of BTA through pH-
responsive mechanisms, effectively reducing
coating breakdown and improving long-term
protective performance.

2D Nanomaterials for Enhanced Barrier
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complex film that suppresses further corrosion. This
transforms the coating from a passive defense
system into an active repair mechanism.

Methodology

This comprehensive review was developed through
systematic analysis of peer-reviewed literature
indexed in major scientific databases including
ScienceDirect, Springer, and Dimensions.ai. The
search strategy employed combinations of keywords

Properties including "self-healing epoxy  coatings,"
Two-dimensional (2D) lamellar materials like "coordination chemistry," "nanocontainers,” "metal-
graphene oxide (GO) and MXene are widely used organic frameworks,"” "corrosion inhibition,"

for coating modification due to their exceptional
physical barrier properties and chemical stability,
creating a "tortuous path" that delays corrosive
media penetration. However, their inherent strong
interlayer interactions (e.g., m-m stacking, van der
Waals forces) lead to aggregation during coating
preparation, compromising uniform dispersion and
anticorrosion efficacy.

Synergistic Protection Mechanisms

The most advanced self-healing coating systems
integrate multiple protection mechanisms into a
unified architecture. Tri-functional coating systems
developed that combine: (1) passive barrier
enhancement through 2D lamellar materials; (2)
active ion capture for corrosive media regulation;
and (3) autonomous defect repair through inhibitor
release. The synergistic interaction of these three
cascade mechanisms maintains impedance values of
10° Q-cm? even after 120 days of exposure.

The evolution of this technology has shifted from
conventional passive barrier functionality toward
intelligent responsiveness and autonomous self-
healing capabilities. The core mechanism involves
the release of corrosion inhibitors encapsulated in
nanocontainers under specific stimuli. These
inhibitors act as organic ligands to coordinate with
the exposed metal substrate, forming a dense metal

"graphene oxide," and "impedance spectroscopy."
Particular emphasis placed on studies published
between 2020 and 2026, while seminal earlier works
were included were mechanistically significant.

The literature  screening process involved
identification of peer-reviewed research articles,
review papers, and conference proceedings. Studies
were selected based on relevance to the review
scope, methodological rigor, completeness of
reported experimental and characterization details,
and applicability to self-healing coating technology.
Representative studies for comparative analysis
chosen based on clear presentation of synthesis
methodology,  characterization  results, and
quantitative performance metrics. Quantitative data
synthesis focused on coating performance metrics
including low-frequency impedance modulus (|Z]o.
oHz or |Zp. 0iQ-cm?), charge transfer resistance
(Rct), coating resistance (Rc), inhibitor release
kinetics, and self-healing efficiency. For
nanocontainer systems, specific attention given to
pH-responsive release behavior and coordination
mechanisms. Performance comparisons normalized
where possible to enable meaningful evaluation
across different systems and testing conditions.

Results

Table 1. Nanocontainer Systems for pH-Responsive Corrosion Inhibitor Release

Nanocontainer o Trigger Release T'”?e 10 Key Coordination
Inhibitor . - Maximum .
System Mechanism Efficiency Mechanism
Release
. . Fe*'/Fe?* redox + BTA
MIL- Benzotriazole Alkaline pH q A .
100(Fe)@BTA (BTA) (pH 10) 85% 9 hours coordination with metal
surface
. GO-ATP-MBT
GAM . MBT Inhibitor pH-responsive High >24 hours coordination; passivation
Nanocomposite release . .
film formation
Ce@ZIF-8 Ce*" ions + 2- pH-responsive Hiah pH- Ce passivation + Zn
Modified GO Methylimidazole | + coordination g dependent coordination
Benzotriazole . . pH- Zn** coordination + BTA
ZIF-8@BTA (BTA) pH-responsive High dependent adsorption
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The comparative analysis reveals the diversity of
pH-responsive nanocontainer systems, with MIL-
100(Fe)@BTA demonstrating exceptional alkaline-
triggered release characteristics. Up to 85% of BTA
is released within 9 hours at pH 10, enabling rapid
corrosion suppression at damaged sites where
localized pH elevation occurs. The Fe**/Fe*" redox
pair in MIL-100(Fe) provides a dual mechanism:
coordination with the metal surface and cathodic
inhibition through redox activity.

The GAM nanocomposite system integrating
graphene oxide (GO) with attapulgite (ATP)
nanorods provides a different release profile, with
MBT inhibitor release occurring over longer
timeframes (>24 hours). The GO-ATP-MBT
coordination architecture enables pH-responsive

release while the GO component provides physical
barrier enhancement through the labyrinth effect.
The improved dispersion and compatibility of the
nanocomposite within the epoxy matrix, achieved
through covalent connections via a ring-opening
process, contributes to elevated mechanical strength
and better impermeability.

The Ce@ZIF-8 modified GO system demonstrates
coordination-mediated release through multiple
pathways: cerium passivation, zinc coordination
with epoxy networks, and pH-responsive release of
2-methylimidazole. The metal coordination
interaction between zinc or cerium in GO-Ce@ZIF-
8 and the epoxy dynamic network ensures efficient
and stable dispersion, addressing a key limitation of
previous systems.

Table 2. Self-Healing Performance and Efficiency Metrics
Healing Healing Self-Healing
Temperature Efficiency Mechanism

Mechanical

Coating System Performance

Healing Time

GO-Ce@ZIF-

oC
8/EP 25 8 hours
PDMS-HQA- -10°C o 25°C Sub-zero
Zny autonomous
GAM/EP BT >24 hours
temperature
MIL- Room H-triggered
100@BTA/EP temperature P 99
Room-Temp 25°C 8 hours
Intrinsic

The self-healing performance metrics reveal the
diversity of healing mechanisms available in
coordination-controlled epoxy nanocomposites. The
GO-Ce@ZIF-8/EP system achieves 80.7% self-
healing efficiency at room temperature after 8 hours
through a dual mechanism: (1) intrinsic self-healing
through dynamic hydrogen bonds and disulfide
bonds in the epoxy network; and (2) external
passivation through cerium elements released from
the Ce@ZIF-8 nanoparticles. The exceptional
stretchability of 424.95% demonstrates the dramatic
improvement possible  through coordination-
mediated network design.

The PDMS-HQA-Zn, coating represents a
breakthrough in extreme-condition self-healing,
achieving  autonomous  repair at  sub-zero
temperatures (-10°¢) without external stimuli. This

80.7%

High

High
(84.41%
protection)

80.7%

Dynamic hydrogen
bonds + disulfide

424.95%

bonds + Ce stretchability
passivation
Reversible imine + 0.11 MPa
High Zn** coordination tensile; 131%
bonds strain
MBT passivation Enhanc_ed
. . mechanical
film formation
strength
BTA coordination + Enhanced
Fe*'/Fe*" redox crosslinking
Hydrogen bonds + 424.95%

disulfide bonds stretchability
temperature-independent self-healing is achieved
through the combination of reversible imine bonds
and Zn*" coordination bonds, which reorganize
dynamically at low temperatures. The tunable
mechanical performance via Zn** content
adjustment enables coating adaptability to specific
application requirements.

GAM/EP coating self-healing proceeds through
MBT inhibitor release to form a passivation film at
defective regions. EIS analysis reveals that the
improved charge transfer resistance (Rct) and
coating resistance to corrosive species (Rc) are
attributed to the self-healing ability of the GAM
coating. The incorporation of 2% GAM
nanocomposites into epoxy films enables long-term
protection of AA2024-T3 by combining passive and
self-healing corrosion prevention.

Table 3. Coordination Chemistry Types in Self-Healing Systems

Coordination Metal Ligand/Inhibitor

Application

Key Function Reference

Type Center
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Metal-Organic

Framework Fe*'/Zn* BTA, MBT, 2-
(MOF) methylimidazole
vetal Ligand Zn** Imine bonds
Coordination
é_gﬁa:%; Mg?*"/AF* Chloride ions
Polymer-Metal o 2IF-8. GO
Coordination
Dlsuglodned+ H- N/A Dynamic bonds
Ce-MOF

Coordination

The classification of coordination chemistry types
reveals the diverse strategies employed in self-
healing epoxy nanocomposites. Metal-Organic
Frameworks (MOFs) represent the most versatile
coordination platform, serving dual functions as
inhibitor nanocontainers and as active corrosion
inhibitors themselves. The Fe**/Fe*" redox pair in
MIL-100(Fe) provides inherent cathodic inhibition,
while Zn*" in ZIF-8 offers coordination with metal
surfaces and epoxy networks.

Metal-ligand coordination in dynamic networks
enables  temperature-independent  self-healing
through reversible bond reorganization. The
combination of imine bonds and Zn?" coordination
in PDMS-HQA-Zny demonstrates how dual
dynamic bonds can overcome the fundamental
trade-off between healing efficiency and mechanical
strength. The unique metal-ligand coordination
architecture enables both sub-zero self-healing and
tunable mechanical performance via metal content
adjustment.

LDH ion exchange offers a distinct coordination
mechanism based on chloride ion trapping. The
programmatically ~ exposed LDH enables
spontaneous chloride ion capture, regulating the
corrosive micro-environment. This active media
regulation complements physical barrier protection
and inhibitor-based self-healing, creating a
comprehensive protection system.

Discussion

Mechanistic Framework:
Controlled Self-Healing:

The coordination chemistry framework provides a
unified theoretical foundation for understanding
self-healing epoxy nanocomposites. Corrosion
inhibitors function as multidentate ligands that
coordinate with metal surfaces, forming dense
protective films that suppress -electrochemical
reactions. Nanocontainers serve as coordination
carriers that enable controlled, stimulus-responsive
release of these ligands precisely when and where
they are needed. The self-healing process itself

Coordination-
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Coordination-

Inhibitor
controlled release +

passivation
Dynamic Temperature-
reversible independent self-
network healing
Corrosive media = Anion exchange +
regulation ion trapping
Passive/active Passivation +
protection inhibition
Intrinsic self- Room-temperature
healing repair
pH-responsive Coordination film
inhibition formation

operates through in-situ coordination film formation
at damaged sites.

The pH-responsive release behavior of MIL-
100(Fe)@BTA exemplifies this framework. At
elevated pH characteristic of corrosion initiation
sites, the coordination equilibrium shifts, releasing
BTA from the MOF pores. The released BTA then
coordinates with the exposed metal surface, forming
a protective adsorption film. Simultaneously, the
Fe*'/Fe** redox pair participates in cathodic
inhibition, slowing the corrosion process. This
multi-mechanism approach transforms the coating
from a passive barrier into an active, responsive
protection system.

Synergistic Protection: Beyond Simple Barrier
Enhancement:

The most advanced self-healing coatings achieve
performance through synergistic integration of
multiple protection mechanisms. The
MBT@HL@PDA/GO system demonstrates how
three cascade mechanisms barrier enhancement,
active ion capture, and autonomous repair work
together to maintain 10° Q-cm? impedance after 120
days . The spatial modification of halloysite
nanotubes modulates GO dispersion, enhancing
shielding against corrosive media. Polydopamine
mediates corrosion inhibitor release for autonomous
repair, while LDH enables spontaneous chloride ion
trapping. This hierarchical protection mode ensures
sustained performance even as individual
mechanisms degrade.

The GONR@BTA-MOFS/EP coating exemplifies
multi-functional synergy at the material level. The
graphene oxide nanoribbons provide 2D barrier
enhancement and self-lubrication for wear
resistance. The BTA-MOFs provide active corrosion
inhibition through controlled inhibitor release. The
combination achieves three orders of magnitude
higher impedance than pure epoxy while reducing
the friction coefficient from 0.62 to 0.08. This
demonstrates how coordination-controlled systems



can simultaneously address multiple degradation
mechanisms.

Long-Term Stability and Service Life Extension:
The impedance performance data reveals a clear
trend toward extended service life through
coordination-controlled self-healing. The
maintenance of 10° Q-cm? impedance after 120 days
represents a significant advance over conventional
epoxy coatings. This extended protection arises
from the continuous regeneration of the protective
barrier: when damage occurs, inhibitor release and
coordination film formation restore protection
before significant substrate corrosion can proceed.
The self-healing efficiency of 80.7% at room
temperature for the GO-Ce@ZIF-8 system
demonstrates the effectiveness of combining
intrinsic and extrinsic self-healing mechanisms. The
dynamic hydrogen bonds and disulfide bonds enable
network reorganization and crack repair, while
cerium passivation provides active corrosion
protection at damaged sites. The 424.95%
stretchability indicates that these mechanisms do not
compromise mechanical performance a common
limitation of previous self-healing systems.

Future Directions and Challenges:

Despite significant advances, several challenges
remain for practical deployment of coordination-
controlled self-healing coatings. The scalability of
MOF-based nanocontainer synthesis, environmental
stability of coordination complexes under long-term
service, and multi-stimuli integration remain active
research areas. Standardized testing protocols are
needed to enable meaningful comparison across
studies and facilitate regulatory approval.

Future research should prioritize: (1) development
of multi-stimuli-responsive systems that respond to
pH, temperature, and ionic concentration; (2)
integration of self-reporting capabilities for damage
detection and repair verification; (3) optimization of
coordination chemistry for specific metal substrates
and service environments; (4) scalable synthesis
methods for industrial production; and (5) long-term
performance validation under realistic marine
conditions.

Conclusion

This comprehensive review has systematically
examined  coordination-controlled  self-healing
epoxy nanocomposites for corrosion protection in
marine environments, focusing on synergistic
inhibition mechanisms and long-term impedance
behavior. The coordination chemistry framework
provides a unifying theoretical foundation:
corrosion inhibitors function as multidentate
ligands, nanocontainers serve as coordination
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carriers, and self-healing operates through in-situ
coordination film formation.

Advanced nanocontainer systems incorporating
MIL-100(Fe), ZIF-8, and GO-based composites
have demonstrated exceptional performance. The
MIL-100@BTA system achieves 85% alkaline-
triggered inhibitor release within 9 hours and
maintains 5.03 x 10° Q-cm? impedance after 50
days. Tri-functional coating systems integrating
barrier enhancement, active ion capture, and
autonomous repair maintain 10° Q-cm? impedance
after 120 days through cascade synergistic
mechanisms.  The  GO-Ce@ZIF-8  system
demonstrates 80.7% self-healing efficiency at room
temperature with 424.95% stretchability.

Despite substantial progress, challenges persist in
scalability, long-term stability, and multi-stimuli
integration.  Future  progress  depends on
standardized  testing  protocols, mechanistic
understanding under realistic conditions, and
scalable synthesis methods. With continued
innovation, coordination-controlled self-healing
epoxy  nanocomposites  offer  transformative
potential for extending infrastructure service life,
reducing maintenance costs, and improving safety
across marine and industrial applications.
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