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Metal corrosion causes huge economic losses, environmental pollution and industrial disasters. Application of
smart self-healing coatings for the active corrosion protection of metal substrate has attracted substantial interest
in recent years. The self-healing function can be achieved through either the intrinsic or extrinsic method. The
intrinsic self-healing coatings mainly make use of the reversible physical and chemical interactions between
molecules, whose self-healing effect is permanent. While the extrinsic method is mainly caused by embedding the
micro/nanocontainers in the coatings, which can sense the micro-environmental changes and give rapid feed-
back to repair the micro cracked zones on the coating surface, the self-healing performance is temporary after the
encapsulated active substances are fully consumed. Furthermore, inspired by these intelligent behaviors, more
and more multi-functional coatings are designed and widely used in different fields. In this review, we sum-
marized the research development of different stimuli-responsive self-healing coatings based on micro/nano-
container techniques in recent years. Different types of micro/nanocontainers, as well as their synthesis or
encapsulation technologies, are exampled to clarify the recent achievements. Meanwhile, the single stimulus-
responsive systems are gradually evolved into the multi-stimulus-responsive system that endows the coatings
with more sensitivity and intelligence. The stimuli-responsive self-healing coatings with different functions, such
as self-reporting, anti-microbial, anti-fouling and self-lubrication functions, etc., are also explored, which en-
riches the application ranges of these smart coatings. This review investigated the research progress of the micro/
nanocontainers-based self-healing coatings over the past few years and provided a unique insight into the future
development of such smart coatings.

1. Corrosion protection: from physical barrier to active
protection

Metal corrosion leads to a huge economical loss every year and also
has a great negative impact on our daily life. The application of anti-
corrosive coatings is the most convenient and effective strategy to pro-
tect the metal against degradation. Traditional corrosion protective
coatings mainly create a physical barrier to prevent the direct contact of
the corrosive ions and water with the metal substrate. This kind of
physical barrier effect is also regarded as passive corrosion protection.
However, the coating structure may be attacked by the corrosive ions
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and stimulated by the external environment changes as the prolonged
service time in the aggressive environment. All these factors will lead to
the appearance of the micro-pores and cracks across the coating surface,
the aggressive ions will penetrate and diffuse through these defects and
arrive at the metal surface, finally causing the degradation of the coating
matrix and corrosion of the underlying metals. As the service time ex-
tends, the micro-corrosion sites will be enlarged, leading to failure of the
protective coatings and severe corrosion of the metal substrate. There-
fore, the coatings with only a physical barrier effect cannot play long-
term corrosion protective ability in many cases especially when a
harsh environment is combined with mechanical impacts.
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Numerous methods have been carried out to extend the service time
of the coating and improve the corrosion protection efficiency. Recently,
the concept of ‘smart self-healing coatings’ has been proposed and
widely investigated, which can be achieved through intrinsic or extrinsic
self-healing methods. The intrinsic self-healing coatings are based on the
break and reorganization of the chains, and therefore achieving the
autonomous self-healing effects at the molecular level, which is an
inherent characteristic of the material itself. While the extrinsic self-
healing method is achieved by incorporating the active species (such
as corrosion inhibitors and healing agents) to inhibit corrosion activity
or repair the coating structures. These coatings can provide a physical
barrier to resist the ingress of the water, oxygen and aggressive corrosive
ions, moreover, the incorporated active species will also minimize the
occurrence of corrosion reactions at the metal/electrolyte interface
when the physical barrier effect is disrupted [1]. Overall, incorporating
the active healing species in the coating transforms the ‘passive corro-
sion protection’ system into ‘active corrosion protection’ that the
corrosion inhibition actions are activated when the coating upon
damaged [2].

However, the main drawback of this kind of active corrosion pro-
tective coating is that the self-healing function is temporary when the
active species are fully consumed. And the poor compatibility with the
polymeric matrix and the possible reactions between the active species
and polymeric matrix will cause the disordered and uncontrolled release
of the incorporated active species, which will further impair the coating
performance. In addition, from an economic and environmental stand-
point, chromate-based coatings are also banned in recent years by many
countries since the high toxicity and carcinogenic effects of chromium
(VD) may cause major damage to the environment and seriously
endanger human health.

The intelligent active corrosion protection coatings based on micro/
nanocontainers are designed in recent years. The active substances are
pre-loaded in the containers and then dispersed in the polymeric matrix.
The micro/nanocontainers can respond to one or several stimuli from
the environmental changes and give rapid feedback. As a result, the
encapsulated active species are triggered to release to repair the coatings
and therefore inhibit further corrosion. This kind of ‘active corrosion
protection’ system for the metal substrate has also gradually become a
popular research trend, and numerous kinds of micro/nanocontainers
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are designed to achieve their multi-functions. In this review, we sum-
marized the research progress of the micro/nanocontainers-based
intelligent coatings in recent years (Fig. 1). Different types of micro/
nanocontainers and their synthesis/encapsulation technologies are sys-
tematically discussed with specific examples. Moreover, various
stimulus-responsive coatings and release models of the encapsulated
payloads were thoroughly analyzed. Finally, the application of the
micro/nanocontainers in different fields is discussed in-depth and the
prospects are put forward.

2. Classification and synthesis of micro/nanocontainers

Extrinsic self-healing coatings mainly work with the help of incor-
porated micro/nanocontainers. As shown in Fig. 2 that the micro/
nanocontainers with high capacity can ensure the sufficient content of
the encapsulated active agent content (e.g., corrosion inhibitors and
healing agents). The cracks propagation causes the rupture of the con-
tainers, the healing agents flow to the cracks under the capillary action
and contact with the catalysts. The polymerization of the healing agent
leads to the recovery of the barrier properties of the coatings [3].
Therefore, the micro-scale containers have to be around 50-200 mm to
enable easy rupture and accommodate sufficient amounts of healing
agents, while the nanocontainers are more suitable for loading the
corrosion inhibitors. Given the nature of the containers themselves or
after the decoration of the container surface, the encapsulated payloads
will spontaneously respond to the external environmental stimuli and
give rapid feedback to realize the intelligent release of the loaded agents.
These series of protective behaviors can be regarded as active corrosion
protection and self-healing performance.

On the other hand, the design of micro/nanocontainers can avoid the
direct contact between the inhibitors and coating matrix, which pre-
vents the decline of coating integrity and ensure long-term corrosion
resistance. Commonly, due to the materials category and preparation
process, the micro/nanocontainers can be divided into organic, inor-
ganic and organic/inorganic hybrid micro/nanocontainers (Fig. 3). In
this section, different synthesis methods for various kinds of micro/
nanocontainers are discussed in detail.

Fig. 1. Scheme of different kinds of stimulus-

reponsive micro/nanocontainer-based coatings

and their application in various fields. [109]
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Fig. 2. Schematic diagram of the encapsulation/release of active agents. (a) active agents are embedded in the coatings; (b) active agents are encapsulated in micro/
nanocontainers with a shell [4]. Copyright 2007. Reproduced with permission from Wiley.
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Fig. 3. Different synthesis methods for various kinds of micro/nanocontainers.

2.1. Organic micro/nanocontainers

Organic micro/nanocontainers are one of the most promising
structures in self-healing materials, including microcapsules, hollow fi-
bers, micro-network structures, etc. They can offer high load capacity,
efficient protection against degradation and high compatibility with
polymer matrices. The polymer shell can protect the encapsulated

substance from stringent environmental factors, e.g., pH, temperature,
and light, and therefore increase the service time in the corrosive
environment. However, the preparation procedures of the organic
micro/nanocontainers are more complicated, including polymerization
reaction, encapsulation of the agent, removal of by-products and sol-
vents, etc. The commonly used methods for preparing organic micro/
nanocontainers include in-situ polymerization, Pickering emulsion



Z. Chen et al.

polymerization, interfacial polymerization, solvent evaporation, etc.

In-situ polymerization is regarded as the most convenient and
effective way among these synthesis methods, which can simultaneously
realize the encapsulation of the active substances. During an in-situ
polymerization process, all the reactive monomers (or soluble prepol-
ymers) and catalysts are added into the dispersed or continuous phase,
while the core material acts as the dispersed phase. Since the monomer
is soluble in a single-phase and its polymer is insoluble in the emulsion
system, therefore, an in-situ polymerization reaction often occurs on the
dispersed phase core material surface. The monomers are pre-
polymerized at the beginning of reactions. When the molecular weight
or chain length of the pre-polymers gradually increases, they will de-
posit on the core material surface. Commonly, the in-situ polymerization
has a simple and economic synthesis process, controllable size and ease
of industrialization [5]. However, it usually requires a long reaction
time, and the properties of the synthesized products are greatly influ-
enced by the reaction environment, i.e. different core and shell mate-
rials, core/shell mole ratios, pH value, temperature, reaction time, type
of emulsifier, stirring speed, etc.[6]. White [7] firstly prepared polymer
microcapsules (size: 50-200 pm) of poly(urea—formaldehyde)-coated
dicyclopentadiene repairing agent by in-situ polymerization method.
The polymer capsules were pre-added with initiating monomers Grubb’s
catalyst to cause ring-opening for polymerization. A layer of protective
film will form when the two substances interact, which will repair the
microcracks on the coating surface. The repairing agent and catalyst are
mixed into the coating in the form of two microcapsules to prevent direct
contact with coatings. This research created a precedent in the field of
microcapsules and has made great contributions to the development of
container-based self-repairing systems.

Nowadays, Pickering emulsion polymerization also comes into focus
as a popular strategy to form organic core-shell micro/nanocontainers.
The ultrafine colloidal-sized solid particles are assembled on the water/
oil interface to form a stable Pickering emulsion, then monomers are
added to the continuous phase for polymerizing the micro/nano-
containers with special structures and functions [8]. In contrast to the
traditional emulsion method, the application of solid particles instead of
organic surface-active substances to stabilize the emulsion reaction,
with low toxicity, no surfactants, low emulsifier content and adjustable
droplet size [9]. On the other hand, since the Pickering emulsifier and oil
phase provide different loading spaces, the micro/nanocontainers with
different payloads in two separate compartments can be prepared via
Pickering emulsifier polymerization. In particular, the particulate
emulsifier and microcapsule shell with different stimuli responsiveness
can be designed by modifying the emulsifier or selecting a specific oil
phase [10]. The dual-stimuli-responsive microcontainers with multi-
storage spaces for reprogrammable release functions can also be pre-
pared through the Pickering emulsion polymerization [11]. Recently,
Chen [10] modified poly-N-isopropylacrylamide particles with Nile Red
and applied them as the Pickering emulsifier. The oil phase consisted of
pH-sensitive monomers and oil-soluble fluorescent green. The as-
synthesized microcapsules contained the temperature-sensitive poly-N-
isopropylacrylamide@Nile Red shell and oil-soluble fluorescent green
core (Fig. 4). Therefore, the release of the encapsulated payloads (Nile
Red and oil-soluble fluorescent green) from the shell and core can be
selectively under different external stimuli. The application of the multi-
compartmental microcapsules with different stimulus-responsive fea-
tures will show great potential in smart self-healing materials.

The interfacial polymerization method is another method appro-
priate for the large-scale production of organic capsules. The polymer-
ization reaction often happens at the organic-water interface between
two incompatible solutions dissolved with the shell and core monomers,
respectively. Finally, the capsules with encapsulated agents as the core
are formed at the interface. Sun [12] loaded hexamethylene diisocya-
nate in the double-layered shells of microcapsules. The inner polyurea
shell layer was prepared by interfacial polymerization of tetraethyle-
nepentamine and isocyanates. The microcapsules had a diameter of 80
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Fig. 4. Synthesis and controlled release behavior of the dual-stimuli-responsive
multi-compartmental microcapsules (1) preparation of poly-N-iso-
propylacrylamide particles; (2) Nile Red loading; (3) application of the poly-N-
isopropylacrylamide@Nile Red as the Pickering emulsifiers.[10] Copyright
2020. Reproduced with permission from the American Chemical Society.

=+ 22 pm, a shell thickness of 3.8 + 0.2 pm, and a core fraction is 74 +
1.3 wt%. The tetraethylenepentamine was used as a cross-linker agent to
promote the formation of a higher cross-linked density shell layer.
Interfacial polymerization usually shows high encapsulation efficiency,
mild reaction conditions and controllable size of the microcapsules [13].
However, the selection of suitable pre-monomers and synthesis param-
eters are crucial for the performance of the capsules [14]. In addition,
large quantities of solvents are required during the synthesis process.

The solvent evaporation method is also a common method for pre-
paring organic capsules. The polymer shell and core materials are firstly
dissolved in an organic solvent. Subsequently, the stabilizer is dropwise
added to the mixed solution under continuous stirring until forming a
polymer droplet containing the core materials. The shell of the con-
tainers gradually solidifies after the evaporation of the solvent and
finally obtains the microcapsules. Gu [15] synthesized bisphenol A
cyanate ester/polyglycidyl methyacrylate microcapsules through the
solvent evaporation technique. The as-prepared microcapsules were
spherical in shape with an average diameter of 31.5 pm and a wall
thickness of 2.2 pm (Fig. 5). Moreover, the fabricated composite coat-
ings with 8 wt% of the synthesized microcapsules processed excellent
self-healing performance.

The size of the microcapsules can be well controlled by varying the
emulsifier concentration and agitation speed during the synthesis pro-
cess. Khan [16] synthesized epoxy-filled microcapsules by the solvent
evaporation method. The lowest average size with the core content of
54 % was obtained when the emulsifier concentration was 8 wt% and
the stirring speed was 500 rpm. Generally, the properties of the micro-
capsules synthesized via this method can be easily controlled by
adjusting the experimental parameters (temperature, core/shell mole
ratios, agitation speed, etc.). Moreover, the solvent evaporation method
also shows high encapsulation efficiency and low solvent residue, which
is more feasible for solid core materials [17].

Specifically, 2D convents organic framework (COF), appears as a
typical representative of the new organic container, attracting much
attention for designing such self-healing materials due to their flexible
and porous structure, specific surface area, controllable pore size, etc.
[18,19]. COFs are formed by the covalent bonding of organic elements,
and their porous structure provides a channel for material permeation
and also serves as a carrier for accommodating corrosion inhibitors to
achieve the active corrosion protection of metal substrates [20,21].
Moreover, COFs exhibit weak interlayer interactions and thus show
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Fig. 5. Synthesis process and its morphology of bisphenol A cyanate ester/polyglycidyl methyacrylate microcapsules via solvent evaporation method.[15] Copyright

2016. Reproduced with permission from the American Chemical Society.

better compatibility and dispersion in organic matrices [22]. Liu [22]
synthesized TpPa-1 (Tp: 1,3,5-Triformylphrogroglucinol, Pa-1: 1,4-phe-
nylenediamine) COF nanocontainers by Schiff base reaction. The ben-
zotriazole (BTA) inhibitors are loaded into the TpPa-1 nanocontainers
and then embedded into the epoxy coatings. The BTA/TpPa-1 embedded
epoxy coatings exhibited good corrosion resistance after 60 days, with
an impedance value of 6.45 x 10% Q cm? In addition, the hybrid of COF-
modified GO sheets as nanofillers is also investigated for further
enhancing the corrosion resistance of the epoxy coatings [21,23].

Theoretically, different synthetic methods can produce organic
containers of various sizes (1-1000 pm), and the diameter is greatly
affected by the synthesis parameters, such as emulsifier content, agita-
tion speed, reaction time, etc. In general, increasing the emulsifier
content or agitation speeds will generate smaller-sized and narrow size
distributed containers. On the other hand, the container diameter also
has a significant impact on its mechanical properties, while the smaller-
sized containers often suffer higher loads than the larger containers. The
micro/nanocontainers will not rupture when the outer shell is robust,
which cannot realize the repair effect. And the containers cannot survive
in the coating matrix if they are sufficiently weak. Therefore, the se-
lection of micro/nanocontainers with rational size and mechanical
strength is beneficial to obtaining excellent self-healing performance of
the smart coatings.

2.2. Inorganic micro/nanocontainers

Inorganic micro/nanocontainers mainly utilize their cavity struc-
tures, which can load the active agents inside the nanoparticles. After
the surface modification of the nanoparticles, it can be easily achieved
excellent compatibility and controlled release of the loaded active sub-
stances. The intelligent micro/nanocontainers are stimulated by a
certain external microenvironment, and their structure will undergo a
reversible or irreversible change. Consequently, the encapsulated func-
tional species in the inorganic micro/nanocontainers, such as corrosion
inhibitors, release into the cracked areas to inhibit further corrosion.
Inorganic micro/nanocontainers usually have a small size, good stabil-
ity, large coverage, and easy encapsulation process. Also, compared to
the organic micro/nanocontainers, the inhibitor encapsulation process
in inorganic containers is much easier, and the application of inorganic
micro/nanocontainers in the coating matrix can improve the overall

thermomechanical properties and barrier performance of the self-
healing system even after the total release of the loaded inhibitors
[24]. So far, titanium dioxide, cerium dioxide, mesoporous silica,
nanoclays, halloysite nanotubes, layered double hydroxide (LDH),
multi-walled carbon nanotubes, hydroxyapatite, etc. are widely inves-
tigated as inorganic containers [25-33]. The encapsulated active agent
can be either inorganic inhibitors (cerium salt, molybdate, tungstate
[34-36]) or organic inhibitors, such as BTA, 5-aminoindazole, 8-
hydroxyquinoline (8-HQ) and t-histidine [37-40]).

However, the main drawback and limitation of the inorganic micro/
nanocontainers that may hinder their development is their poor inter-
facial compatibility with polymer materials, which will lead to unde-
sirable aggregation in coatings [41]. Moreover, the aggregated
inorganic micro/nanocontainers will induce the formation of the mi-
cropores or micro defects, which reversely accelerate the penetration
process of the aggressive ions and therefore reduce the service life. In
addition, due to the special structure of the nanoparticles, the loading
capacity of the active species is relatively lower when compared to other
containers. Commonly, the loading capacities of the inorganic con-
tainers are generally lower than 20 %, which limits the long-term active
corrosion protection applications [33,42,43]. Therefore, the improve-
ment of the interfacial compatibility and dispersion in the polymer
matrix and the enhancement of the loading capacity for the inhibitors
are still imperative aspects needed to be solved.

The sol-gel method is the main approach for synthesizing inorganic
micro/nano containers, which can happen at room temperature and the
reaction environment is mild. The most typical example in practical
application is the synthesis of mesoporous silica and titanium dioxide
containers. In this method, the high chemically active component
(inorganic shell material, such as tetraethoxysilane and tetrabutyl tita-
nate) are used as precursors and dissolved in water to form low-viscosity
solutions [44-46]. The emulsified droplets are obtained in vigorous
stirring, which acts as a reactor for the suspension containing sol par-
ticles. However, the micro/nanocontainers obtained via this method
often are not compact, which is evidenced by some visible micro-pores
or defects on their surface after the drying process. Moreover, the re-
action process is time-consuming and the prepared nano-sized con-
tainers show limited load capacity of active agents [13]. Stober [47] first
developed a chemical reaction that can control the growth of the
spherical silica particles by the hydrolysis and condensation reactions of
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tetraethoxysilane under alkaline reaction conditions. The size of the as-
prepared particles ranged from less than 0.05 pm to 2 pm in diameter.
Following, more and more inorganic hollow spheres are synthesized as
micro/nanocontainers using the sol-gel method. Wang [48] prepared
hollow mesoporous zirconia nanospheres by the sol-gel method and
loaded the i-carnosine green corrosion inhibitors. The release of the i-
carnosine inhibitors was pH-sensitive, while 90 % of them are released
only within 70 min when under pH 10.0. The hollow mesoporous zir-
conia nanospheres nanocontainers with r-carnosine inhibitors were
dispersed in the water-based epoxy resin coating to design a type of
intelligent anti-corrosion system. The scanning vibrating electrode
technique results showed that the anodic current densities of the
nanocontainers-based coatings were 6.7 pA-cm~2 (with nanosphere
diameter of 300 nm) and 10.4 pA-cm™2 (with nanosphere diameter of
150 nm), respectively, after 24 h of immersion, which were much
smaller than that of the pure epoxy coatings (22.9 pA-cm™~2).

Compared with the organic micro/nanocontainers, the inorganic
containers usually exhibit constant shapes and stable physicochemical
and mechanical properties. However, the inorganic containers have low
compatibility with organic coatings and lack responsive functionality in
most cases. In addition, the release mechanism of the encapsulated
payloads for inorganic and organic containers shows a great difference.
Commonly, the inhibitors released from organic micro/nanocontainers
mainly rely on the chemical reactions on the shell wall, including the
breakage of the covalent bond and depolymerization of the shell walls.
In contrast, the release of the encapsulated payloads from inorganic
micro/nanocontainers is more influenced by the physical or mechanical
effects, such as outer pressure, thermomechanical destruction and the
porosity of the micro/nanocontainer surface, etc.

2.3. Organic/inorganic hybrid micro/nanocontainers

Organic/inorganic hybrid micro/nanocontainers typically have a
hollow lumen and a hybrid wall, which can be prepared with a combi-
nation of inorganic constituents and organic substances. Commonly,
organic micro/nanocontainers usually display multi-functions and
adjustable properties, but their mechanical property is weak, while
inorganic micro/nanocontainers have good physiochemical stability
and strong mechanical properties, but their rigid structure and inertness
often limit their application range [49] The typical organic/inorganic
hybrid micro/nanocontainers include inorganic nanoparticles covered
layer-by-layer (LBL) polyelectrolytes [31,50,51], polymeric coated
inorganic nanospheres/nanotubes [32,52], inorganic coated organic
hollow nanospheres [53] and metal-organic framework (MOF) [54,55],
etc.

The LBL assembly technique is an innovative method for designing
two-dimensional or three-dimensional molecular structures with certain
orientation and tight arrangements, which are formed with the active
molecules spontaneously adsorbed on the solid-liquid or solid-gas
interface [56]. Lvov [57] firstly produced a thin film through the elec-
trostatic interaction of oppositely charged polyelectrolytes. After that,
LBL technology becomes a versatile method for assembling poly-
electrolyte films on multiple substrates, which can realize the precious
control of the thickness, composition and molecular organization of the
deposited layers [58,59]. Caruso [60] fabricated the silica-polymer
hybrid capsules via the LBL assembly of polyelectrolyte and inorganic
nanoparticles, which afforded a simple route for synthesizing diverse
charged polymers and inorganic hybrid nanocapsules, such as FegOy,
graphene oxide, Au, SnO; and ZnO nanoparticles [61-65]. This kind of
hybrid micro/nanocontainers not only provides stable structures and
physical/chemical properties but also offers multi-functions for enrich-
ing the application ranges in various fields [66,67]. Furthermore, since
the nature of polyelectrolytes, the permeability of each layer can be
controlled by varying the pH, ionic strength, temperature and magnetic
or electromagnetic fields, therefore, the synthesized polymer-coated
nanoparticles exhibit multi stimuli-responsiveness [65,68-70].
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Shchukin firstly reported the LBL assembled polyelectrolyte layer to
achieve the pH-triggered release of inhibitors [50]. After that, numerous
works have been concentrated on the LBL assembled micro/nano-
containers for the various stimulus-responsiveness release, and their
applications have also been widely used in corrosion protection, storage
and delivery tool, wastewater remediation and drug delivery fields
[71-73].

In addition, depositing a functional inorganic substance onto poly-
mer capsules is also considered an alternative method for synthesizing
multifunctional organic/inorganic hybrid capsules. For instance, Li [74]
used graphene oxide as a Pickering emulsion stabilizer to prepare gra-
phene oxide microcapsules coated with linseed oil. Graphene oxide
microcapsules have both the physical barrier effect of graphene and
microcapsules characteristics. The scratched and healed coatings with
the microcapsules showed no-corrosion products after 43 h of salt spray
test, exhibiting excellent corrosion inhibition and self-repairing effects.
Yi [75] synthesized the microcapsules loaded with isophorone diiso-
cyanate healing agents by the Pickering emulsion method. The resulting
microcapsules were spherical with a shell thickness of 4.5 pm and an
average diameter of 40-117 pm. The size of the microcapsules can also
be controlled by the lignin content and the oil-water volume ratios of
the Pickering emulsions. Apart from the Pickering emulsion method, Wu
[76] prepared the silica/polyurea hybrid microcapsules loaded with
hexamethylene diisocyanate via the combination of interfacial poly-
merization and the sol-gel method. The synthesized microcapsules were
57-328 pm in diameter, 1-8 pm in shell thickness and 51.2-65.6 % in
the core rate. The scratched area of 5 x 5 cm? steel coated with the
microcapsules-based self-healing anti-corrosion coating were almost
completely rust-free after immersion in 10 wt% NaCl solution at room
temperature for 48 h, confirming its great corrosion resistance.

MOF is also a representative example of organic/inorganic hybrid
containers, which is flourishing in the past decade for their abundant
variety, high surface area, high stability and adjustable morphology.
MOFs have received numerous attention in energy storage, catalysis,
drug delivery, separation membrane and electromagnetic wave shield-
ing fields [54,77]. Zeolitic imidazolate framework (ZIF), as typical
MOFs, are constructed with tetrahedral units, formed by one Zn?* cation
and four imidazolate anions. Especially, ZIF-8 can decompose under
weakly acidic conditions and can be used as a pH-responsive container.
Yang [78] reported a pH-responsive BTA@ZIF-8@tannic acid
controlled-release system by precipitation polymerization from a mixed
methanol solution containing BTA and zinc nitrate hexahydrate. The
impedance value at 0.01 Hz was about 2 orders of magnitude higher
than that of the pure epoxy coatings after 20 days of immersion. Besides,
more and more active agents are loaded into ZIF-8 nanocontainers,
exhibiting multi-functions for self-healing materials [55,79,80].

Combining the advantages of organic and inorganic micro/nano-
containers, the organic/inorganic hybrid micro/nanocontainers display
excellent physicochemical properties and multi-responsive functions,
which provides higher compatibility with both organic and inorganic
coating matrices. However, the release properties of the encapsulated
active payloads are also dependent on the organic components in the
hybrid containers. Additionally, the dispersion of these containers,
whether organic, inorganic or organic/inorganic hybrid micro/nano-
containers, is critical for achieving highly efficient self-healing perfor-
mance, therefore, it is equally important to develop a convenient and
effective coating technology.

In addition to the above discussion, the authors also give some
typical examples of different types of stimulus-responsive micro/nano-
containers in Table 1.

3. Release kinetic of the encapsulated active agents from the
micro/nanocontainers

The encapsulation of the active agents in the micro/nanocontainers
can be achieved through physical or chemical interactions between the
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Table 1
Examples of the different stimulus-responsive micro/nanocontainers.

Chemical Engineering Journal 451 (2023) 138582

Type Micro/nanocontainers

Inhibitors/Healing agent Trigger factors Ref.

Organic micro/nanocontainers poly(urea-ormaldehyde)
poly(urea-urethane)

alginate hydrogel capsules

BTA Mechanical/pH [81]
2-oxoacetates uv [82]
silver Chloride ions [83]

calcium alginate gel capsules imidazoline quaternary ammonium salt Thermo [84]
polyaniline/poly(2,5-dimercapto-1,3,4-thiadiazole) 2,5-dimercapto-1,3,4-thiadiazole Redox [85]
Inorganic micro/nanocontainers LDH sodium molybdate pH [86]
graphene BTA pH [87]
Fe304@mSiO, 8-HQ Redox [88]
mesoporous SiO, 2-mercaptobenzothiazole (MBT) pH/redox [89]
TiN@mesoporous SiOy BTA NIR [90]
TiOy/carbon black nanoparticles fluorine silane NIR/UV [91]
Organic/inorganic hybrid micro/nanocontainers ZIF benzimidazole pH [92]
MOF/graphene oxide 2-mercaptobenzimidazole (MBI) pH [93]
SiO,/polyelectrolyte layers BTA pH [51]
silica-poly(N-isopropylacrylamide) rhodamine B Thermo [94]
inhibitors and carriers. When the coatings are subjected to an external . ]
Wor — Wi = Kt 4

stimulus and trigger the response characteristics of the micro/nano-
container, the encapsulated inhibitors inside the containers will be
released to the corrosive sites and therefore inhibit the further devel-
opment of the corrosion phenomenon. However, the loading capability,
dispersion status, particle size, solubility and types of corrosion in-
hibitors greatly affect the release kinetics of the payloads [95]. There-
fore, the investigation of the release kinetics of the encapsulated
inhibitors attracted much attention, which is of great importance to
ensure the reliability and timeliness of the inhibitor release. However, in
many cases, theoretical equations for the extended-release of corrosion
inhibitors are not available, so more adequate empirical equations can
be used in some cases. According to the literature reports, several release
kinetic models can represent the release of corrosion inhibitors as a
function of time, which is usually used to present information about the
diffusion process and matrix degradation [86,96-99]. These model
equations can be derived from a theoretical analysis of the process,
which is listed as Egs. (1-6). The goodness of fit can be assessed by the
correlation coefficient (R?) value.

(a) Zero-order model:

M, = My + kot (1)

M; = amounts of released inhibitors at time t, My = initial amounts of
inhibitors, ko = zero-order release rate constant, t = release time. This is
an ideal release method that describes the profile release that the same
amount of the encapsulated active substances by a unit of time.

(b) First-order model:

M,
ln<M ) = —kt 2)

oo

M,, = amounts of released inhibitors at equilibrium, k; = first-order
release rate constant. In this way, the graphic decimal logarithm of the
release of encapsulated active substance will be linear with time, and the
release amount of the encapsulated substances released by a unit of time
diminish.

(c) Higuchi model:

M, = Kyt )

Ky is the Higuchi dissolution constant. The Higuchi diffusion process
is based on Fick’s law, which is associated with the square root of time.
This relationship can be used to describe the dissolution of the sub-
stances in several modified release dosage forms.

(d) Hixson-Crowell model:

Wy = initial amounts of inhibitors, W; = remaining amounts of in-
hibitors at time t, and K5 = constant incorporating the surface-volume
relation. This model assumes that the release kinetics is controlled by
erosion of the matrix surface and the encapsulated substances simulta-
neously dissolve as the matrix is eroded.

(e) Korsmeyer-Peppas model:
— = k1" 5)

ki = release rate constant. The model is often used in the release
analysis of polymeric formulations when the release mechanism is not
clear or when other types of release phenomena are involved. This
mathematical model, also known as the Power Law, is often used to
describe the drug release of several different drug modified release
dosage forms.

(f) Hopfenberg model:

1—(1—%)21(: (6)
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n = release exponent, k = release rate constant. This model assumes
that the rate-limiting step of the encapsulated substances is the erosion
of the matrix itself and that the time-dependent diffusion resistance does
not have a significant effect on the erosion matrix.

In addition to the above commonly used release models, the Elovich,
Baker-Lonsdale and Weibull models are also ever used to characterize
the release behaviors of the encapsulated substances. Cao [100] pre-
pared the 2-mercaptobenzothiazole @polyaniline (MBT @PANI) micro-
spheres and studied its release behaviors. The size of the as-prepared
microcapsules is 1.7 pm, and the loading amount of the MBT inhibitors
was 23.5 wt%. The release tests confirmed that the MBT@PANI micro-
capsules showed good long-term sustainable controlled release proper-
ties in a 3.5 % NaCl solution. The release process of MBT inhibitors is
divided into three stages, which sequentially followed the Elovich, first-
order and zero-order kinetics. The controlled release system and release
kinetics provide broad potential applications. Adsul [38] investigated
the release rate kinetics of corrosion inhibitors from halloysite nano-
tubes in 3.5 wt% NaCl solutions at different pH values. They found that
the Korsmeyer-Peppas model best fit for the release of the encapsulated
inhibitors with a diffusional release coefficient is approximately 1,
indicating that the diffusion mechanism followed a zero-order time-in-
dependent release. Therefore, they concluded that the reaction order did
not change after the release rate reached a steady state. Similarly,
Ghodke [101] investigated the release behaviors of fragrance molecules
from halloysite nanocontainers at different pH conditions for 24 h. They
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found that the fragrance release amount was increased with the
increasing pH value from 3 to 7. The release behavior of fragrance
molecules from nanocontainers was fitted using the above release ki-
netic model. Results indicated that Korsemyer-Peppas showed the best
fit (R = 0.9544), whose release process was dependent on time and
initial concentrations.

Commonly, the actual release process of the encapsulated substances
usually involves multiple steps due to their different and complex
physicochemical reactions, which makes it difficult to get an accurate
mathematical fitting model to describe the release process accurately.
Both these models listed above have their applicable conditions. In
general, the Higuchi model, zero-order model and Korsmeyer-Peppas
models are the most used release models with major appliances and
best-describing characters [99]. Especially, the Korsmeyer-Peppas
model can be a decision parameter between the Higuchi and zero-
order model that reflects two limit cases during the release process.
On the other hand, concerning the criteria to choose the “best-fitting
model” to study the release kinetics of the encapsulated substances from
the micro/nanocontainers. The R? value is widely used to evaluate the
“fitting degree” of a model equation. However, the R? value usually gets
greater with the addition of more model parameters, irrespective of the
significance of the variable added to the model. Nowadays, when
comparing models with a different number of parameters, it is proposed
to use the adjusted correlation coefficient (Rgdjusted) [99]:

(n—1)
R e = 1 —
adjusted (n —p

(1-R%) %)

=

where n is the number of dissolution data points and p is the number of
parameters in the model. Commonly, the Rgdjusted will decrease when
adding new model parameters whereas the R? increases or be constant,
which will reflect the actual release condition of the encapsulated sub-
stances, displaying the best applicability.

Overall, the incorporation of different release kinetic models gives
much information about the diffusion processes of the encapsulated
inhibitors from micro/nanocontainers, as well as the detailed degrada-
tion process of the coating matrix [102]. This will help to gain insight for
exploring the corrosion protection mechanisms of such smart anti-
corrosive coatings, facilitating the optimization of existing corrosion
protection systems and developing new systems with more sensitive
controlled release behaviors.

4. Different stimulus-responsive coatings

Stimulus-responsive coatings can spontaneously respond to the
environmental changes under the external stimulus factors. By adjusting
their physicochemical properties, such as shape, solubility, permeability
and surface wettability, the adaptation of the coatings to the corrosive
environment will be greatly improved. So far, a variety of stimulus-
responsive coatings were designed and applied in the fields of drug
delivery, tissue engineering and sensing, etc.

In recent years, the application of smart stimulus-responsive coatings
in the metal corrosion protection fields has attracted much attention.
Generally, traditional anti-corrosive coatings can only block the pene-
tration of the aggressive ions through their physical barrier effect. Once
the coating is destroyed by the corrosive ions or mechanical actions,
corrosive ions will penetrate the coating through the defect and finally
reach the metal surface, causing the corrosion of the metal substrate and
destruction of coatings. In contrast, micro/nanocontainers-based stim-
ulus-responsive coatings can produce rapid and effective responses to
external environmental stimuli (including pH, light, potential, temper-
ature, ions, etc.). Consequently, the encapsulated functional species,
such as corrosion inhibitors, release to the damaged areas and provide
timely active corrosion protection to repair the micro-cracked regions
and inhibit further corrosion reactions. However, the dispersion of
micro/nanocontainers in the polymer matrix is also a very important
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issue that greatly affects anti-corrosive performance. Very often the
micro/nanocontainers lead to a significant negative impact on the bar-
rier properties of polymer coatings, especially when compatibility and
agglomeration issues are not fully resolved. Moreover, the precisely
controlled stimuli-responsive release behavior of the encapsulated
active substances is also a great important aspect to achieve the long-
term corrosion resistance and active corrosion protection ability.

4.1. pH-responsive coatings

Metal corrosion is accompanied by the dissolution and often subse-
quent hydrolysis process of metal ions, which results in the decrease of
pH value in the micro corrosion anodic region. Meanwhile, the reduc-
tion reaction that happened in the micro-cathodic area led to a local pH
increase. Therefore, pH fluctuation during the corrosion process can be
regarded as a typical stimulus for the smart release of the encapsulated
corrosion inhibitors from the micro/nanocontainers. At this time, the
intelligent anticorrosive coating with the pH-responsive micro/nano-
containers can spontaneously sense the corrosion of the metal substrate
after the coating structure is damaged, and then quickly give feedback to
stimulate the protective function of the coatings and thereby inhibiting
the corrosion of the metal substrate. The pH-responsive materials are
currently the most widely researched materials, which have been suc-
cessfully applied in intelligent anti-corrosive coatings. Polyelectrolyte
molecules can act as a typical ‘gatekeeper’ for the micro/nano-
containers, which prevents the self-leakage of the loaded agents and also
endows the pH-sensitive of micro/nanocontainers. When the corrosion
happens, the increase or decrease of local pH value can deprotonate or
protonate polymer molecules or accelerate their hydrolytic degradation
reaction, which leads to an enhanced release amount of the encapsu-
lated inhibitors. Shchukin [103] proposed to deposit multi-layer poly-
electrolyte protective layers on the nanocontainer surface through an
LBL self-assembly technology. As shown in Fig. 6, the polyelectrolyte
contains a large number of functional groups, which can adjust their
solubility autonomously with the response of local pH changes. Conse-
quently, the encapsulated active substance will release on-demand
under the stimulus of pH values and therefore realize the active corro-
sion protection of the metal substrate.

The commonly used polyelectrolyte ‘gatekeeper’ includes polydop-
amine [65], poly(sodium-4-styenesulfonate) [104], chitosan [105],
polyacrylic acid [58,96], poly(allylamine hydrochloride) [106], tannic
acid [107] and polyethyleneimine [108], etc. Haddadi [109] synthe-
sized MBI@carbon hollow spheres using silica as the template (Fig. 7).
The silica templates were modified with the polysaccharide shells
through hydrothermal treatment. The release rate of MBI inhibitors is
the highest in the solution with a pH value of 11. The pH difference in
the micro-anodic and cathodic regions will lead to the protonation or
deprotonation of MBI. The released MBI adsorbed on the steel surface in
the forms of thione and thiolate to protect the metal from corrosion. The
total impedance modulus of the coatings was higher than 9 x 10° Q-cm?
after 48 days of exposure to the corrosive solution, showing remarkable
improvements in the corrosion resistance.

Overall, the release of the encapsulated inhibitors in the micro/
nanocontainer is directly influenced by the micro-pH values during the
corrosion process. The structure and properties of the micro/nano-
containers are altered with the response of the micro-pH changes,
exhibiting the pH-responsiveness release of the encapsulated payloads.
Despite tremendous progress had been made in designing various pH-
responsive coatings, the potential limitations or challenges of these
pH-responsive coatings are mainly reflected in the ranging of triggering
pH values and the significant difference for different metals in various
corrosive environments. The uncontrolled release under the effect of
eternal pH changes will also have a negative influence on the release of
the encapsulated substances. More importantly, the reversibility release
of the encapsulated inhibitors only makes the coatings display a tem-
porary self-healing effect.
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Fig. 6. Schematic diagram of self-healing mechanism for the LBL-based polyelectrolyte anti-corrosive coating. (Corrosion attacks metal surface and causes pH change
of micro-zones, resulting in the pH buffer, rearrangement of the polyelectrolyte chain and release of loaded inhibitors, PE*, PE™ represent the positively and
negatively charged polyelectrolyte layer, respectively, Inh is inhibitors) [103] Copyright 2010. Reproduced with permission from the American Chemical Society.
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Fig. 7. Active corrosion protection mechanism of EP-MBI@carbon hollow
spheres coating. (Corrosive ions damage the coating matrix and lead to the
controlled release of MBI inhibitors from the broken capsules, and the deposit of
the protective layer on the mild steel surface will inhibit the corrosion re-
actions) [109] Copyright 2021. Reproduced with permission from Elsevier.

4.2. Redox-responsive coatings

Apart from the pH changes of the micro-regions during the corrosion
process, electrochemical potential fluctuation is also an important
trigger for sensing the beginning of the corrosion reactions. Due to the
attack of corrosive ions, local corrosion potential is reduced, which
triggers the release of the encapsulated healing agents and realizes the
self-healing functions. Among various redox stimulus-responsive mate-
rials, conducting polymers have attracted many interests because of
their reversible redox properties. The conducting polymers can be doped
with anions as the counter ions to the main chain of the oxidized poly-
mer, which is released with the reduction of the conducting polymers.
These conducting polymers show different permeability, color and sol-
ubility, etc., therefore, the changes in physicochemical properties can be
used for the redox-responsive intelligence release of the encapsulated
substances. Rohwerder [110] designed a self-healing coating based on
the redox-sensitive PANI capsules. The PANI capsules were loaded with
3-nitrosalicylic acid (3-NisA) corrosion inhibitors (Fig. 8). CV curves
confirmed the reversible redox and chemical structure characteristics of
PANI capsules in corrosive environments. Moreover, the release of 3-
NisA inhibitors was investigated by measuring the absorption at 225
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Fig. 8. (A) CV curves of PANI capsules in 0.5 M KCI solution, (B) Cumulative
release of 3-NisA from PANI capsules under oxidized and reduced conditions
[(a, ¢) white and (b, d) gray areas represent the oxidized and reduced state of
PANI capsules, respectively], (C) Schematic illustration of the redox-responsive
behaviors of PANI capsules (Incorporated cations in polymers cause the in-
crease of PANI capsules volume and permeability, leading to the diffuse of the
loaded 3-NisA inhibitors).[110] Copyright 2013. Reproduced with permission
from Wiley.

nm with UV-vis tests under different electrochemical potentials.
Different corrosion conditions were stimulated by applying electrical
potentials, where the low potential simulates the corrosion initiation
and the reduction of the PANI shell, the high potential represents metal
passivation and reoxidation of the PANI shell by oxygen and the intact
coating is stimulated without applying potentials. When no potential is
applied, the PANI shell is an effective barrier to prevent the release of 3-
NisA inhibitors from the core (white areas); the reduction of PANI
capsules led to an increase in the PANI capsule volume and shell
permeability, causing the release of the loaded inhibitors (gray areas).
The re-oxidation process further led to a decrease in permeability and
prevented the release process. The as-prepared PANI capsules with
remarkable redox responsiveness have been successfully applied with
polymeric substrates to fabricate smart anti-corrosive coatings onto zinc
substrates.
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Besides, the application of a kind of redox-sensitive nanovalves
immobilized on the micro/nanocontainers surface also emerged as a hot
topic to achieve the stimulus-responsive releases of the encapsulated
agents. Such a functional delivery system usually consists of a porous
inorganic or hybrid scaffold and switchable gatekeepers mounted on the
micro/nanocontainers surface to open or close the pore entrances,
which is used for controlling the on-demand release of the encapsulated
agents [111]. These nanovalves gatekeepers often include inorganic
nanoparticles, organic molecules, biological macromolecules and su-
pramolecular assemblies, which can keep the guest molecules in the
pores until they are removed by the external stimuli [112]. Accordingly,
the supramolecular nanovalves installed on the micro/nanocontainers
surface are the most investigated in recent years. Fu’s group [113]
designed the redox-trigger smart nanocontainers (RTSN) assembled by
mounting supramolecular switches on the exterior mesoporous silica
nanocontainer (MSN) surface (Fig. 9). The supramolecular switches
underwent the reversible transition from self-complexation to self-
dissociation under the redox stimuli and achieved the controlled
release of the encapsulated p-coumaric acid molecules in RTSNs nano-
containers. Electrochemical tests indicated that the bilayer coating
consisting of Ce(IV)-doped ZrO2-SiO, sol-gel coating and RTSN incor-
porated ZrO5-SiO- sol-gel coating exhibited the best self-healing effect,
whose the low-frequency impedance value increased from 1.18 x 10°
Q-cm? to 1.51 x 10° Q-cm? in the initial stage, then decreasing slightly
and finally remaining at a stable value (2.85 x 10° Q-cm?). Based on this
design, the bi-layered nanocomposite coatings displayed great potential
in providing reliable and long-term active corrosion protection for
aluminum alloys.

The assembled supramolecular with high binding affinity act as
gatekeepers and block inhibitors within the micro/nanocontainers. Ding
[88] prepared MSN with magnetic Fe3sO4 as the core. The supramolec-
ular nanovalves were assembled on the nanocontainer surface through
the interaction of disulfide bonds (Fig. 10). The surface potential quickly
dropped below —1.5 V when the Mg alloy substrate was damaged by the
corrosive ions. Consequently, the disulfide bond in the nanovalve was
damaged and then released the encapsulated 8-HQ inhibitors from the
nanocontainers. The formation of a compact protective layer inhibited
the attack of the corrosive ions. Moreover, with the help of the magnetic
field, micro/nanocontainers can be uniformly dispersed close to the
metal surface, which also shortened the distance between the containers
and the metal surface so that the smart potential-sensitive anti-corrosive
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coating could exhibit a quickly self-healing function when local corro-
sion occurred. The intelligent coating showed a fast response and self-
healing time and good corrosion resistance, which met the active
corrosion protection requirement of the Mg alloys in local regions.

Apart from the supramolecular gatekeeper, quantum dots as the
capping gate also received considerable attention since their easy
preparation, biocompatibility, high availability, evident stimulus-
responsive feature and simple modification. Sun [114] designed hol-
low mesoporous silica sphere nanocontainers with the redox-responsive
ZnO quantum dots as nanovalves. The MBT corrosion inhibitors were
loaded in the hollow mesoporous silica sphere nanocontainers and
showed an on-demand release behavior under specific environments
The nanovalves opened upon adding the disulfide reducing agents and
caused the MBT inhibitors to release from the hollow mesoporous silica
sphere. The released amount of MBT increased with the rising concen-
tration of reducing agents, and the release amount reaches 23.4 % at 10
mM for 24 h. The constructed redox-responsive Zn-capped hollow
mesoporous silica sphere nanocontainers showed promising applica-
tions for self-healing coatings, where the release is controlled by the
redox environments. In addition, Li [89] embedded disulfide bonds and
interaction between hollow mesoporous organosilica nanoparticles and
MBT inhibitor molecules. The responsive release characteristic of MBT
inhibitors under the reduction conditions were investigated in PBS (pH
= 7.4) solution with different dithiothreitol concentrations. The sulfides
on the exterior of nanocontainers reacted to the reduction environment
and led to the breakdown of nanocontainer shells, which caused the
release of the loaded MBT molecules. Electrochemical tests indicated
that the corrosion of the metal substrate is greatly inhibited when the
incorporated nanocontainers concentration was 1.6 g-L}, with inhibi-
tion film resistance and charge transfer resistance values of 5.41 kQ-cm?
and 734.6 kQ-cm?, respectively. In conclusion, the embedded of nano-
valves on the micro/nanocontainers surface effectively minimizes the
premature release of the encapsulated agents and reduces the side ef-
fects on the coating matrix. The dynamic reversible connections, flexi-
bility and controllability characteristics of the prepared nanovalves on
the container surface promise an excellent idea for designing such an
intelligent stimulus-responsive self-healing coating.

Corrosion potential is the most reliable stimulus signal during the
corrosion process, which always decreases as the corrosion reaction
continues. Since the uniform distribution, highly sensitive and durative
corrosion potential signal, the redox-responsive self-healing coatings
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Fig. 9. (A) Schematic of the synthesis process of RTSNs 1 nanocontainers. MSNs are modified with (3-aminopropyl) trimethoxysilane and Fec-B-CD-I successively to
achieve RTSNs 0. The oxidation potential is applied to open the supramolecular switches and then loaded the p-coumaric acid molecules into RTSNs 0, finally
applying the reduction potential to close the switches to synthesize the RTSNs 1. (B, C) TEM image of MSNs and RTSNs 1 nanocontainers, respectively [113].
Copyright 2017. Reproduced with permission from the Royal Society of Chemistry.
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[88]. Copyright 2017. Reproduced with permission from the American Chemical Society.
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Fig. 11. Microbiological corrosion protection mechanism for the intelligent coatings (The increased S* ions concentration causes the degradation of ZIF-8, leading to
the release of antibacterial agent. The released biocides permeate through the coating, kill the adhesive and corrosive microorganism and suppress the sulfate-

reducing bacteria corrosion) [115] Copyright 2021. Reproduced with permission from Elsevier.

11



Z. Chen et al.

often exhibit excellent feedback and self-healing efficiency. However,
the inherent limitation of these redox-responsive micro/nanocontainers
is the need to have electrical contact with the metal substrate. Conse-
quently, the dispersion of these micro/nanocontainers will also have
great importance on their redox-responsiveness release. Similarly, the
irreversible release of the encapsulated payloads can only provide a one-
time repairing process.

4.3. Ions-responsive coatings

Recently, different kinds of ion-responsive micro/nanocontainers are
developed, which can quickly respond to the specific aggressive ions in
the corrosive environment and then release the entrapped active in-
hibitors to repair the cracked micro-areas on the coating surface. For
instance, steel-based engineering equipment is often faced with serious
microbiological corrosion when working in the marine environment
containing the sulfate-reducing bacteria microorganism. Cai [115]
designed a novel kind of $%" ions-responsive nanocontainers by assem-
bling ZIF-8 nanovalves on the MSN surface, while ZIF-8 acted as a
gatekeeper to control the intelligent release of the loaded metronidazole
inhibitors (Fig. 11). The as-prepared ZIF-8/MSN nanocontainers could
respond to the S fluctuations caused by the corrosion of sulfate-
reducing bacteria. When the S* concentration was higher than 0.04
mM, the S% ions-responsive release would be achieved due to the for-
mation of the ZnS that causes the dissolution of the ZIF-8 nanovalve. The
protective performances of the smart coating with s% ions-responsive
characters were evaluated in a sulfate-reducing bacteria environment.
The intelligent coatings showed the highest impedance (3.31 x 107
Q-cmz) and lowest corrosion current density (1.36 x 1019 A-cm~2) after
14 days of immersion, reflecting the excellent resistance to microbio-
logically influenced corrosion. This work provided a reference for
designing the ions-sensitive anti-corrosive coatings and broadened their
applications in the marine environment.

Besides, LDH is also a kind of typical ion-exchange material, whose
chemical formula can be expressed as [M#EM3T(0OH),] [Ax/n" 1-mH20
(M?* = divalent cations, M>"= trivalent cations, and A" = exchange-
able charge-compensating anions). LDH has the layered structure of
cations and anions, and the anions have ions exchangeability (Fig. 12).
The release of anionic inhibitors entrapped in LDH can be stimulated by
the corrosive anions and proceeds with the anion-exchange reactions. As
a result, corrosive ions are trapped in the LDH structure while the in-
hibitors are released as a result of the ions-exchange process. Therefore,
LDH can be regarded as a kind of ions-responsive container.

Mg-Al LDH and Zn-Al LDH are the most investigated among these
LDH materials. Anjum [117] synthesized Mg-Al-based LDH coatings
intercalated with 8-HQ inhibitors on AZ31 Mg alloys. The corrosive Cl°
ions are exchanged with 8-HQ inhibitors and entrapped into the LDH
structure. After that, the intercalated 8-HQ was released and reacted
with the Mg?" ions to form an Mg(HQ) chelate layer, which will block
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Fig. 12. Schematic of LDH structure. [116] Copyright 2018. Reproduced with
permission from the American Chemical Society.
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the active corrosive sites and seal the micro-defects (Fig. 13). Therefore,
the LDH-based coatings with excellent ion-exchange capability dis-
played more corrosion resistance. In addition, Song [118] inserted two
eco-friendly organic acid anions, aspartic acid and lauric acid, into Zn-Al
LDH on AZ31 Mg alloys. The Zn-Al- lauric acid LDH has a larger d(po3)
spacing value than Zn-Al-aspartic acid LDH, showing the better
adsorption ability of the CI” ions. Therefore, more interlayer lauric acid
anions in the Zn-Al-lauric acid LDH were released and therefore signif-
icantly improve the corrosion resistance of the Mg substrate. The
corrosion current density of the Zn-Al LDH (2.772 x 107 A-cm~2) was
significantly lower than that of the bare Mg alloys (7.482 x 107
A~cm’2).

To date, lots of research are performed on designing various LDHs for
the active corrosion protection of metals. Both organic and inorganic
corrosion inhibitors are also intercalated into the LDHs, such as 2-mer-
captobenzothiazolates, quinaldate [119], 5-aminoindazole [37], ami-
nobenzoate [120], thiophene [121], 8-HQ [117], aliphatic carboxylates
[122], phenylphosphonic acid [123], nitrate [124,125], vanadate
[126], fluorine[127] etc. The entrapped inhibitors will release to inhibit
the further corrosion of the metal substrate during the ions exchange
process. Meanwhile, there are still some investigations that showed that
the pure LDH also has a protective ability, therefore the synthetic effects
of LDH and encapsulated inhibitors should be taken into consideration
in such comparison studies [128,129].

In conclusion, the ions-responsive micro/nanocontainers can effec-
tively capture the corrosives and therefore reduce the corrosion process.
However, the ions-responsive process usually requires a certain corro-
sive environment, and many ions-responsive coatings can only respond
to specific ions, which greatly limits their application ranges. In addi-
tion, the response sensitivity also needed to be improved in the
following studies.

4.4. Light-responsive coatings

The design of light-responsive systems mainly relies on the intro-
duction of a photosensitive group that can absorb light to trigger the
photochemical reaction. In recent years, light-responsive materials have
begun to be used in metal corrosion protection fields. Moreover, the
electron density of the photocatalytic materials will change through UV
light exposure, which provides a new photocatalysis method for con-
trolling the corrosion protection efficiency.

The application of photocatalytic materials is a widely used method
for designing such intelligent light-responsive coatings, such as TiO,,
WO3 and CdS, et al. He [130] loaded 8-HQ inhibitors in TiO, nano-
particles and then coated a polyethyleneimine shell to prepare a pho-
tocatalytic self-repairing coating. The UV irradiation with 260 nm in
wavelength was used to trigger the release of the 8-HQ corrosion in-
hibitors. Consequently, the released inhibitors form a passivation layer
on the metal surface to inhibit further corrosion. Ma [90] prepared
TiN@SiO- nanocontainers and loaded BTA inhibitors. The TiN-BTA@-
SiO2 nanocontainers were integrated into a shape memory epoxy
coating to prepare dual light and thermal responsive self-healing coat-
ings (Fig. 14). The heat generation effect of TiN nanoparticles promoted
the encapsulated BTA inhibitors released to the crack area within 30 s of
NIR irradiation. Moreover, the photothermal effect of TiN nanoparticles
also increased the surface temperature, which triggered the shape
memory effect of the damaged coating to repair the scratched areas. The
formation of the inhibitor-based protective layer and the sealing of the
scratches will effectively inhibit the corrosion process. The coating with
2 wt% of TiN-BTA@SiO, nanocontainers maintained stable impedance
values throughout the immersion time. After 15 days of immersion, the
impedance (1.2 x 107 Q-cm?) was nearly 20 times higher than that of
the blank epoxy coating (6.2 x 10° Q-cm?). This light-controlled self-
healing method provided a reference for designing a new generation of
intelligent self-healing coating with ultra-fast response time and high
repair efficiency.
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Fig. 13. Schematic diagram of the corrosion protection mechanisms for the LDH-based coatings (The intercalated ions in LDH exchange with corrosive ions, and the
entrapped 8-HQ releases and interacts with Mg>" ions to form chelate to block the active sites).[117] Copyright 2019. Reproduced with permission from Elsevier.
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Fig. 14. The self-healing and photothermal effect of epoxy coatings with 0 wt
%, 1 wt%, 2 wt% and 3 wt% TiN-BTA@mSiO, nanoparticles under NIR irra-
diation (TiN nanoparticles convert light energy to heat, then rapidly elevate the
surface temperature and repair the scratch with the shape memory effect) [90]
Copyright 2021. Reproduced with permission from Elsevier.
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On the other hand, the application of photochromic molecules is also
a known method. For instance, ortho-nitrobenzyl, coumarin, azobenzene
and spiropyran-based polymers all show rapid and reversible photo-
isomerization [131]. Chen [132] reported a novel and simple light-
triggered anti-corrosive coating by loading azobenzene molecules into
MSNs. The water-borne alkyd coatings were employed to disperse the
azobenzene -MSNs. The cis isomer of azobenzene molecules was trans-
formed into the trans isomer under the visible light irradiation, which
acted as a gatekeeper to prevent the diffusion of the encapsulated in-
hibitors. The trans form was converted to the cis form upon the UV (365
nm) light irradiation, leading to the release of azobenzene molecules.
Conversely, the cis form was transformed to the trans form under the
visible light at 450 nm irradiation. As a result, the pores on the MSN
surface were closed and the release process was stopped (Fig. 15). The
local current density tests showed that the maximum current density
was constant at the noise level. Therefore, it was confirmed that the
release of the encapsulated azobenzene molecules could be precisely
controlled by opening or closing the surface pores, exhibiting a contin-
uous photosensitive self-healing ability for improving the long-term
protection of the underlying substrates even if the cured defect was
damaged again.
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Fig. 15. Schematic diagram of the reversible release of the trans—cis photo-
isomerization of azobenzene molecules grafted in the MSNs. (UV irradiation at
365 nm converts azobenzene to its cis form, causing the pores to open, the
visible light at 450 nm irradiation transforms it into the trans isomer and closes
the pores) [132] Copyright 2015. Reproduced with permission from the Royal
Society of Chemistry.

Recently, some investigations also suggest that the carbon materials,
noble metal particles (silver, gold, gold sulfide or gold nanorods, etc.),
Fe304, MXene and aniline black materials exhibit strong photothermal
effects under light irradiation [133-138]. The light energy can be con-
verted into heat energy upon the light illumination, affecting the
structure or physicochemical properties of the polymeric shell materials.
Li [91] designed a novel kind of UV-responsive microcapsules with NIR-
responsive carbon nanoparticles. The nanoparticles were blended into
the waterborne silicone latex together with the silica nanoparticles for
preparing the self-healing superhydrophobic coatings. The loaded car-
bon nanoparticles generated heat to melt the microcapsules under UV
irradiation and release the 1H,1H,2H,2H-perfluorooctyltriethoxysilane
inhibitors inside the microcapsules. The released inhibitors migrated
to the metal surface and healed the superhydrophobic property. Overall,
the light stimulus is considered a prior factor among all the external
stimuli sources. The light-responsive self-healing coatings can be acti-
vated remotely to repair the selected damaged areas nondestructively
within an ultrafast process [139,140]. Meanwhile, the design of light-
responsive micro/nanocontainers and coatings is also indispensable
for the controlled release of other active agents besides in the corrosion
protection fields.
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4.5. Thermo-responsive coatings

As discussed above, light energy can be converted to heat energy
upon light irradiation, which will release the internal energies in a short
time and lead to an increase in the surface temperature. Meanwhile, as
one of the most investigated stimuli factors, thermo-sensitive materials
also have a wide application in corrosion protection fields. The shape
memory polymer (SMP), as an emerging thermo-sensitive intelligent
material, can recover to its original shape triggered by an external
thermal stimulus [141]. The molecular mechanisms of the SMP are
displayed in Fig. 16. SMP can be used as a coating matrix, including
polyolefins, polyethers and polyesters [142], and then incorporated
with different types of inhibitors or microcapsules. Especially, poly-
urethane is the most studied SMP material [143-146], whose thermal
conversion process makes the mixed dopants melt and diffuse to the
micro-defect on the coating surface. Consequently, the released healing
agents will repair the cracks. However, the self-healing efficiency mainly
relies on the loading and leaching capacity of the inhibitors, which can
only repair the micro-defects on the coating surface.

The concept of ‘close-then-heal’ is proposed by Li’s group to improve
the self-healing ability on a larger defect scale [148]. The heating pro-
cess can drive the molecular chains back to a low energy state and
achieve the self-closing effect with constrained shape recovery
[138,149]. Then, the self-healing process in SMP can be realized at
unbonded crevices by thermoplastic particles to repair the structural or
macro-scale damages [90]. The detailed self-closing mechanism is
shown in Fig. 17.

Based on the “close-then-heal” features, SMPs are expected to be
intelligent self-healing coating. Given the photothermal conversion
characteristics of graphene oxide, Cheng [150] prepared a multifunc-
tional thermal-responsive SMP coating by incorporating poly-
dopamine@graphene oxide loaded with 1,10-phenanthrolin-5-amine.
The SMP coating showed a rapid self-healing effect within 90 s of NIR
irradiation, and the formed Phen-Fe complex provided the sensing
function (Fig. 18). The scratched coatings with NIR healing exhibited a
higher impedance value (4.15 x 10° Q-cm?) after 15 days of immersion
in 3.5 wt% NaCl solution. Therefore, the smart SMP coating exhibited
excellent self-repairing performance with wide scratches as well as self-
reporting function, exhibiting strong potential for actual applications.

To further enhance the healing efficiency and endow the dual-effect
of the “close-then-heal” method, the thermoplastic fillers are incorpo-
rated into the SMP matrix. Huang [151] prepared new self-healing SMP
coatings by incorporating microspheres containing poly(e-caprolactone)
and 8-HQ inhibitors. It was found that 10 wt% of microspheres were
selected as the optimum quantity in the case of the surface morphology
and barrier properties. After heating at 80 °C, the scratch was closed and
recovered its corrosion resistance after heating. Then the scratch was
sealed by the melted microsphere, as well as the 8-HQ inhibition effect.

The melting thermoplastic fillers usually exhibit better flow char-
acteristics, therefore allowing the healing of larger cracks and defects,
and providing better self-healing performance. Luo [152] designed the
SMP coatings with thermoplastic poly(e-caprolactone) fibers. The SMP
matrix recovered its initial shape via heating, then the melting and flow
of poly(e-caprolactone) fibers connected the crack regions. In general,
the close-then-heal mechanism does not damage the coating integrity
and also effectively prevents the ingress of aggressive ions. Moreover,
the addition of micro/nanocontainers ensures the complete sealing of
the scratches and inhibits the further development of corrosion re-
actions. The autonomously, repeatedly and efficiently closing scheme in
combination with the micro/nanocontainers technique will achieve an
excellent self-healing effect at the molecular-length scale.

4.6. Magnetic-field responsive coatings

Inspired by the drug delivery system, the magnetic nanoparticles can
act as drug carriers that transport to the desired area in the body,
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therefore it can be deduced that the magnetic-field sensitive micro/
nanocontainers will show great potential in corrosion protection sys-
tems. These encapsulated active substances are released on demand and
contribute to forming a protective layer on the metal surface with the
response of the environmental changes, therefore achieving the active
corrosion protection or self-repairing functions. However, one of the key
factors affecting the coating performance is the dispersion of micro/
nanocontainers in the coating matrix. The application of magnetic-based
micro/nanocontainers in the coating is an improvement that can be tried
since the location and orientation of the magnetic-based micro/nano-
containers can be well controlled by applying an external magnetic field.
Moreover, magnetic nanoparticles show high chemical stability, lower
toxicity and easy functionalization [153]. Wang [154] designed a
magnetic poly(urea—formaldehyde) coating embedded with BTA in-
hibitors and multi-wall carbon nanotubes. As shown in Fig. 19, the
magnetic microcapsules could be rapidly and easily migrated under the
external magnetic field stimulus. The transmission pathway of the
released BTA molecules was also shortened than that of the non-
magnetic microcapsules, which extended the service time of the coat-
ings. The electrochemical test confirmed that the inhibition efficiency of
the scratched self-healing magnetic coating reach 91.2 % within 4 h of
BTA releasing. Moreover, compared with the non-magnetic gradient
coating, the corrosion protection efficiency of the magnetic gradient
self-healing coating was improved around 6.4 times.

On the other hand, the application of magnetic-based micro/nano-
containers can also be used for corrosion detection. It was reported that
aeronautical and offshore metallic structures are often affected by
aggressive environments, while corrosion monitoring is more compli-
cated and expensive. Although different types of sensors have been
proposed for corrosion detection [155], only limited techniques can be
used in practical corrosion processes. As generally accepted that the
electric current is related to a magnetic field, therefore, the corrosion as
an electrochemical process, which involves the movement of ions and
electrons, should also have an associated magnetic component. Conse-
quently, the application of the magnetic field from corrosion currents
can be regarded as a possible way to monitor metal corrosion. Super-
conducting interference device sensors can be applied to detect corro-
sion in large metallic structures in aeronautical and offshore fields.
However, the cost associated with the measurement and the low reso-
lution of the initial attempts with the sensors hinders its broad appli-
cability. Meanwhile, the magnetic flux leakage on the external part of
metallic pipes can detect the gradient of induced magnetization after
applying a local magnetic field [156]. One strategy to improve the
sensitivity of current and magnetic flux leakage measurement is to
amplify the signal of steel corrosion products by incorporating magnetic
nanoparticles in the coatings [157-159]. It is known that the iron-based
magnetic nanoparticles can modify their magnetic field intensity due to
the changes in their surface physicochemical properties upon the pH
variation, which often occurs during the corrosion process [160].
Moreover, the embedded of magnetic nanoparticles in the coating can
also give a signal of physical degradation of the coating [161], thus can
being an important factor to monitor corrosion activities and taking
preventive measures.

4.7. Multi-stimulus-responsive coatings

Stimulus-responsive materials are widely used for the fabrication of
various smart coatings and show great success in many application
fields. When the smart coating works in the corrosion protection areas, it
will give rapid feedback on the response of the external corrosion
environment and take timely measures to achieve the active corrosion
protection and self-healing effect. The current research is mainly focused
on the design of a single stimulus-responsive mechanism and has made
great achievements and breakthroughs. However, since the actual cor-
rosive environment is often more complex, it is necessary to design multi
stimuli-responsive coatings that adapt to various requirements in
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different working environments, which is still of great importance and
challenges. The design of multi-stimulus responsive coatings can
respond to different triggers and selectively release the corresponding
payloads inside the micro/nanocontainers, which will make the coatings
more intelligent and practical. Li [162] prepared different stimulus-
responsive silica/polymer double-wall hybrid nanotubes by surface
grafting method. Three different polyelectrolytes, namely pH-responsive
polymethacrylic acid, temperature-responsive poly-N-iso-
propylacrylamide and redox-responsive polyethylene alcohol methyl
methacrylate, were deposited on the surface of silica (Fig. 20). These
triple responsive nanotubes dispersed in silica-zirconia sol-gel coatings
can realize a multi-response of pH, temperature and redox, exhibiting an
excellent self-healing effect.
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The conducting polymers are also extensively investigated due to
their adjusted conductivity, environmentally friendly and anti-corrosive
performance. Saremi [163] encapsulated the molybdate inhibitors in
mesoporous silica. These nanocontainers were dispersed in the PPy
coating. It was confirmed that the release amount of molybdate in-
hibitors was larger at high pH and high chlorine concentrations.

The application of a supramolecular valve is also a convenient way to
realize a triple stimulus-response system, which will also make fully
efficient use of inhibitors and improve the self-healing efficiency. Wang
[164]. prepared acid/base/corrosion potential triple stimulus-
responsive nanocontainers containing BTA corrosion inhibitors. The
bistable pseudorotaxane was used as the supermolecular nanovalve to
control the intelligent release of BTA inhibitors. When nanocontainers
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Fig. 20. Triple stimuli-responsive silica/polymer double-walled hybrid nanotubes.[162] Copyright 2013. Reproduced with permission from the American Chemi-

cal Society.

were stimulated by acid/base/corrosion potentials, the supramolecular
nanovalve opened rapidly and released the loaded BTA molecules
(Fig. 21). After that, the nanocontainers were added to the SiO3-ZrO5
sol-gel coating to design a smart self-repairing anticorrosive coating.
Studies showed that the coatings could respond to both the micro pH
values and corrosion potential changes during the corrosion process.
The application of the supramolecular nanovalves prevented the leakage
of the loaded BTA inhibitors and enhanced the response sensitivity of
nanocontainers. The multi-stimulus-responsive coatings can respond to
several triggering factors to deal with different environmental changes,
which exhibits more intelligence and flexibility. The encapsulated pay-
loads are released selectively under the different stimuli, featuring rapid
feedback rates and superior active corrosion protection performance. It
is expected that the multi-stimulus-responsive intelligent coatings will
have a wider application in both industrial and daily life. In addition, the
multi-stimulus-responsive behaviors of the smart coatings mainly rely
on the fabrication of multi-stimulus-responsive micro/nanocontainers,
whose synthesis process is usually needed multiple steps and routes are
more complex. Therefore, besides developing more types of stimulus-
responsive coatings, future research should also be prioritized to
design a simple and effective synthesis procedure for synthesizing the
multi stimuli-responsive intelligent micro/nanocontainers.
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5. Application of the micro/nanocontainers in functional
coatings

Nowadays, micro/nanocontainers techniques are widely used in
different fields such as drug delivery, food preservation, energy storage
and conversion, catalysis and metal corrosion protection [2,165-168],
Commonly, the intelligent (smart) performances of coatings are re-
flected by the stimulus-responsive release characteristics of the loaded
substances. The micro/nanocontainers give rapid feedback to the
external environmental stimuli and then release the encapsulated active
substances. The released agents diffuse to the micro-regions and repair
the coatings. Overall, the intelligent and controlled release process of
the encapsulated substances provides an active corrosion protection
effect. On the other hand, the multifunctionality of the intelligent
coatings mainly depends on the encapsulated active substance in the
micro/nanocontainers. For example, loading fluorescent substances into
the micro/nanocontainers can realize the self-reporting function,
loading anti-bacterial agents can make the coating with anti-bacterial
properties, etc. Herein, we discussed the self-reporting, anti-bacterial,
anti-fouling and self-lubrication effects along with the self-healing
coatings.
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5.1. Self-reporting and self-healing coatings

The application of protective coatings on the metal surface is one of
the most commonly used corrosion protection strategies, which provides
a physical barrier to isolate corrosive ions. However, the coating sub-
stance will gradually degrade during long-term exposure to the corro-
sive environment, and the structure and surface morphology of the
coatings are destroyed by the aggressive species or UV. However, some
micro-cracks on the coating surface are hard to detect on time, which
may provide a path channel for the corrosive ions to penetrate through
the coating and arrive on the metal surface, consequently accelerating
the coating degradation and metal corrosion.

Recently, ‘self-reporting coatings’ are emerged for detecting micro-
defects in the early corrosion process. The self-reporting function of
smart coatings is often achieved by impregnating fluorescent com-
pounds or color-changing dyes [169]. These indicators are sensitive to
the corrosion-related changes, which will exhibit the fluorescence or
color change with the response of local pH changes caused by the anodic
or cathodic corrosion reactions, therefore playing a ‘self-reporting’ role
for the smart coatings. Generally, the indicators are usually encapsu-
lated in micro/nanocontainers to avoid the side effects of coating matrix
or premature color display. At present, the synergistic effects of the self-
reporting, self-protection and self-healing functions lead to a great
improvement of the coating performance, presenting all-around active
corrosion protection for metals. Dungen [170] encapsulated rhodamine-
based fluorescent molecules in microcapsules. Nucleophilic attack of the
thiol group on the 2,4-dinitrobenzenesulfonamide group led to sulfon-
amide chain breakage and recovery of rhodamine, resulting in a high-
intensity fluorescent signal The generated bright red fluorescence on
the cracked coating area exhibited the early warning effect. Apart from
the rhodamine-based fluorescent, the commonly fluorescent indicators
also include coumarin [171], 8-HQ [172], curcumin [173], fluorescein
isothiocyanate [174], 5,6-carboxyl fluorescein [175], spiro[1H-iso-
indole-1,9'-[9H]xanthen]-3(2H)-one, 3,6'-bis(diethylamino)-2-[(1-
methylethylidene)amino] [176], etc. Overall, the specific complexation
of fluorophores with metal ions will lead to higher sensitivity for the
indication of chelation-enhanced fluorescence or chelation-enhanced
quenching phenomenon, and the detected limitation of fluorescent
compounds are 102 ~ 10 lower than those of colorimetric indicators
[169]. All these advantages are beneficial for sensing corrosion in
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transparent or opaque coatings [176,177]. However, the incorporated
fluorophores amount, encapsulation methods, etc. also have a great ef-
fect on the coating properties. The undesirable interactions between
fluorescence and coating matrix may bring the fluorescence changes and
damage their mechanical properties [178]. More importantly, the
fluorescence in the abovementioned researches can be only observed
under the UV excitation at a specific wavelength, which is inconvenient
and less adaptable in the practical applications.

To make the self-reporting function more suitable for practical ap-
plications, color indicators are used in the coatings. Compared to the
fluorescence, the color change that happened at the beginning of the
corrosion process is easier for visual inspection. Liu [179] grafted the
corrosion indicator on the polybutylene glycol skeleton. Once the
coating was damaged, the reporting effect was realized through the
optical color and fluorescence fading phenomenon (Fig. 22). Corrosion
immersion experiments showed that the formation of the red Phen-Fe
complex could play a reporting role in the early corrosion process. In
addition, the smart coating exhibited a superior self-healing effect at
room temperature (88 %), —20 °C (65 %) and saltwater (61 %), which
can be used for the non-destructive testing and high-efficiency active
self-repairing of metals.

Phenolphthalein (PhPh) is regarded as an appropriate pH indicator
due to its high color contrast in the variation pH ranges. The PhPh is
colorless when the pH is lower than 8.2 and turns bright pink when the
pH is between 8.2 and 12 [169,180]. Galvao [181] prepared the water-
based lacquer with PhPh-loaded silica nanocapsules for early corrosion
detection. Moreover, the coating directly dispersed PhPh indicator is
used as a comparison. The immersion test and salt spray test all showed
that only the samples with encapsulated PhPh indicators could change
color and indicate the corrosion process. The sample with free PhPh was
unable to detect the corrosion happening, which also confirmed the
necessity to encapsulate the pH indicators in nanocontainers for keeping
the sensing functions of coatings. In addition, the PhPh exhibits high
sensing accuracy, which is also used for sensing corrosion in the early
stage. Mata [182] incorporated PhPh-loaded silica capsules into the
polyethyleneimine coatings on AZ31 Mg alloys. The particles with a size
below 2.2 pm were homogeneously dispersed in the polymer matrix. The
immersion test showed that the pH values of the coatings changed
quickly, accompanied by the appearance of pink color. The color-signal
function can effectively sense the tiny corrosion activity even for the
dense polyethyleneimine coatings, while the EIS test failed to detect,
confirming that the nanocontainers exhibited high detection accuracy
and resolution in the micron range. The pH-sensitive and color signal
coatings might effectively extend the service life of coatings and reduce
the maintenance costs in the daily industries.

Recently, fluorescent molecules with aggregation-induced emission
(AIE) are reported to be encapsulated in micro/nanocontainers for
preparing the self-reporting coatings. Due to the low concentration of
the AIE fluorescent molecules in the solution, the AIE is not obvious.
However, the AIE molecules are released to the damaged regions when
the coating is damaged and the micro/nanocontainers rupture (Fig. 23).
The AIE fluorescent molecules aggregate and exhibit fluorescence
visible to the naked eye after the solvent evaporates [183]. The AIE
fluorescent molecular are not subject to interference factors, which is
suitable for designing the self-reporting smart coatings.

For instance, Robb [185] used the AIE-based 1,1,2,2-tetraphenyl-
ethylene as sensing agents. The mechanical damage of the coating
triggered the rapid generation of a local fluorescence signal that was
visible under UV light irradiation. The epoxy coatings with 10 wt% of
1,1,2,2-tetraphenylethylene microcapsules were scratched and evalu-
ated under white and UV light irradiation. The scratch coating signifi-
cantly enhanced the visual identification of damaged areas under UV
light irradiation. In addition, the fluorescent area and average intensity
increased proportionately with the depth of cut. Therefore, the corrosion
degree of coatings could be easily measured according to the fluores-
cence intensity, which was beneficial for taking the corresponding
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protection method in time. The AIE-based system with fast response and
high sensitivity facilitates the design of self-reporting materials and can
be used for corrosion assessment. Lee [186] used the microcapsules
containing 1,1,2,2-tetraphenylethylene for the crack detection of the
thiol-epoxy thermoset coating (Fig. 24). The increasing load was applied
on the coating surface from 250 mN to 1000 mN through the scratch
tester. Results indicated that the higher the penetration depth, the more
microcapsules ruptured inside the coatings, and the blue fluorescence
intensity was proportional to the number of ruptured microcapsules.

Based on the literature investigation, it can be found that the AIE-
based self-reporting coatings show a simple expression mechanism,
fast response time and high sensitivity and high-efficiency lumines-
cence, which is useful for designing durable high-performance self-
reporting/self-healing active corrosion protection systems. However,
there are still some parameters that may affect the coating performance,
such as the synthesis technology of microcapsules, incorporation
amount and sensitivity of AIE molecules, etc. which still need to be
further explored in future investigations.

Although a wide variety of self-reporting coatings have been
designed, some fundamental limitations remain. Firstly, colored or
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opaque coatings should be carefully considered. The effective damage
indication can only be achieved when there is a significant color contrast
to the coating matrix. Secondly, enhancing the reliability and sensitivity
of the indicators is also an important issue, otherwise, false alarms about
the corrosion phenomenon will happen. Thirdly, the poor reversibility
response of the color signal cannot provide evidence when the damage is
fully repaired. Additionally, the selection of appropriate indicators in
different corrosive environments, coating thickness and stability of the
color signals are also important factors affecting the self-reporting
performance.

5.2. Anti-microbial and anti-fouling coatings

Microbial corrosion in the marine environment involves many living
organisms, which is one of the key factors causing the deterioration and
fatigue failure of metallic structures and leading to a great economic loss
every year. Therefore, endowing the anti-corrosive coatings with anti-
corrosion and anti-bacterial properties is beneficial in actual industrial
applications. Recently, some studies implied that the encapsulation of
the anti-microbial and anti-fouling agents in the nanocapsules can
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Fig. 24. Effect of microcapsules amounts on the crack sensitivity of coatings
with increased load, (a) optical microscope image of the cracks under UV light
and (b) the relationship between penetration depth profile and lateral position
of the coatings. [186] Copyright 2018. Reproduced with permission
from Elsevier.

achieve the active anti-microbial and anti-fouling functions [187]. Qian
[188] prepared the microcapsules with an anti-microbial shell and anti-
corrosion core by Pickering emulsion polymerization (Fig. 25). The
dimethyloctadecyl [3-(trimethoxysilyl) propyl] ammonium chloride
and linseed oil were encapsulated as anti-microbial and anti-corrosion
agents, respectively. It was found that all the concentrations of the mi-
crocapsules exhibited anti-bacterial performances. The anti-microbial
efficiency increased from 52 % (5 mg~ml’1) to over 90 % (10
mg~ml*1) with the increased microcapsules concentrations. However,
the anti-microbial efficiency decreased to 86 % when the concentration
of microcapsules was further increased to 20 mg-ml~'. The anti-
microbial agents killed the bacteria by interacting with the lipid
bilayer structures of microbial cell membranes, which led to leakage and
cell death. Overall, the microcapsules-based coatings exhibited superior
self-healing and anti-microbial performances. This work was of great
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importance for exploring multifunctional micro/nanocontainers by
encapsulating different antimicrobial or anticorrosion agents.

Biofouling is a key factor causing metal failure in seawater. Yang
[189] synthesized polyurethane/ZIF-8 composite coatings with ZIF-8
nanoparticles of different sizes. It was found that the composite
coating with ZIF-8 nanoparticles (~50 nm) had the highest static water
contact angle (105°) and better antifouling performance with 0.51 % of
algae adhesion. Moreover, the antifouling property of the composite
coatings was inversely proportional to the ZIF-8 size. Especially, the
anti-fouling attachment rate of the polyurethane/ZIF-8 composite
coatings was 0.51 %, which was much lower than that of pure poly-
urethane coating (92 %).

Apart from the micro/nanocontainers, Hao [190] designed a copol-
ymer of block chitosan -b- polyethylene glycol nanomicelles. The
nanomicelles showed a reversible structure that responded to bacterial
stimulation and was pH-sensitive (Fig. 26). The polyethylene glycol
coating in an alkaline environment had a positive effect on chitosan. Due
to the protonation and deprotonation reactions of amino groups in
chitosan, the nanomicelles could be stimulated by bacteria to make the
charge reversal and expose chitosan to kill bacteria. The zeta potential
changed from + 15.87 + 0.64 mV (alkaline) to —1.96 + 1.09 mV (acid),
and the size increased from 30 nm to 51 nm in 90 min. The chitosan-b-
polyethylene glycol nanomicelles had reversible structural cycles in
acidic/alkaline solutions, indicating the cycled stability and antibacte-
rial properties of the nanomicelles. The anti-bacterial properties of
S. aureus and P. aeruginosa were up to 97.51 % and 97.74 %, respec-
tively. The structural design of charge-reversal micellar based on block
copolymers provided a basis for exploring “non-releasing” smart anti-
fouling coatings for marine applications.

Recently, environmentally friendly biological coatings have become
a research hotspot. The application of natural, renewable and biode-
gradable polymers with anti-microbial and anti-fouling properties is an
important research direction for future development. Barman [191]
prepared halloysite/chitosan bio-nano composite films by loading nor-
floxacin drug in halloysite nanotubes through vacuum and ultrasonic
treatment. The composite film showed good antibacterial properties.
The continuous delivery of drugs in the composite material could be
used in biomedical applications such as the wound healing field. The
encapsulated natural inhibitors in the micro/nanocontainers are also
effective for the active corrosion protection of metals. Mlaeto [192]
prepared the bio-based anti-microbial coatings with natural phyto-
chemical quercetin inhibitors loaded MSN. The release of flavonoid
quercetin inhibitors was pH-sensitive. The anti-microbial tests showed
that the coatings displayed great antibacterial properties against Pseu-
domonas nitroreducens with an enhanced zone of inhibition in the pres-
ence of MSN-quercetin-loaded coatings (Fig. 27). These kinds of
environmentally friendly biological coatings have potential develop-
ment prospects for anti-microbial and anti-fouling coatings.Fig. 28..

5.3. Self-lubrication coatings

Lubrication is an important part of mechanical systems, which will
improve the reliability and extend the service life of the manufactured
products. The research on lubricating materials has also attracted much
attention. Inspired by the bionic design, composites are often endowed
with self-regulating capabilities to realize the automatic lubrication ef-
fect. Typically, polyetheretherketone, poly (melamine-formaldehyde)
and polysulfone are often used to prepare capsule shells and porous
matrices because of their excellent formability and processability
[193-195]. Guo [196] first proposed a self-lubricating composite ma-
terial based on the nanocapsules in 2009. The self-lubricating materials
contained poly(melamine-formaldehyde) microcapsules with a size of
100 pm, which were mechanically embedded in an epoxy resin coating.
After adding 10 wt% of microcapsules, the friction coefficient and wear
rate of the composite material with were reduced by 75 % and 98.3 %,
respectively. The released lubricant was uniformly distributed on the



Z. Chen et al. Chemical Engineering Journal 451 (2023) 138582

DCM evaporation
Sonication Polymerization Qcis
—_———— —_—
Water phase Stirring, 305K, 6 h Stirring, 293K, 24 h
° ..
ole®
Qil phase e

Emulsion

Modified

Microcapsules microcapsules

Fig. 25. Synthesis process of dimethyloctadecyl [3-(trimethoxysilyl) propyl] ammonium chloride modified microcapsules loaded with linseed oil. [188] Copyright
2020. Reproduced with permission from Elsevier.

Contact killing
bacteria

pH increase

* on

® - O

Deprotonation

> =\ ;
- >, Protonation Bacteria damaged
et s
) H ¢
e ! H' ¢
7 }‘,
. X pIl decrease BO:
Bacterial reproduction /i > Micelles shrink

Fig. 26. The reversible structure of chitosan -b- polyethylene glycol nanomicelles under pH stimulus. [190] Copyright 2021. Reproduced with permission
from Elsevier.

Fig. 27. The antibacterial activity of the coatings against Pseudomonas nitroreducens, (a) bare Al 6061 alloys, (b) epoxy coating, (c-e) 0.5, 1.0, 3.0 wt% MSN-
quercetin loaded-coating shows the inhibition zones. [192] Copyright 2019. Reproduced with permission from Elsevier.

uneven friction surface to lubricate the interface, which improved the effect on the mechanical properties of composite materials. Besides,
tribological properties of the epoxy composite. In addition, it was incorporating the reinforcing fillers, reducing the capsule size and
confirmed that the capsule size and embedded amounts also have a large enhancing the interaction with the coating matrix can also greatly
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improve the mechanical performance of the composite coatings [197].
Therefore, developing intelligence lubricating materials with excellent
mechanical behaviors was more interesting and challenging in future
investigations.

On the other hand, micro/nanocontainers -based lubrication mate-
rials are often combined with other functions and endowed with more
intelligence. Yan [55] incorporated amino-functionalized TizCyTx
loading ZIF-8 @BTA fillers into the epoxy coating. The pH-sensitive
release of BTA inhibitors from the nanocontainers formed a protective
layer, thereby providing the passive and active double corrosion inhi-
bition effects. The wear rate of the epoxy coating with the nano-
containers also decreased by one order of magnitude since the
lubrication effect of Ti3CyTyx at the friction interface and high plastic
deformation resistance. In addition, the coatings displayed the lowest
water absorption and the highest impedance values after 4 weeks of
immersion, reflecting their long-term corrosion protection ability. On
the other hand, the commonly used healing agents, such as tung oil,
linseed oil and hexamethylene diisocyanate also exhibit lubricating
ability, which has been encapsulated successfully into the intelligent
lubricating materials with self-healing ability [198-200]. The healing
agents release to the friction surface and achieve the lubrication effect,
which will extend the durability and lifespans of the coatings. In addi-
tion, intelligent self-lubrication materials with self-reporting functions
are also of great necessity, which will continuously monitor the lubri-
cation status and the integrity of structures or components. Therefore,
timely measures can be carried out before the material failure to avoid
huge losses and security issues [201,202].

6. Conclusion and prospects

This paper gives a brief and up-to-date review of the micro/
nanocontainers-based smart coatings, including the synthesis or
encapsulation method of different kinds of micro/nanocontainers,
release kinetic models of the encapsulated active substances and multi-
triggering factors for the stimulus-responsive behavior. Numerous
existing examples have been used to illustrate the feasibility of the
micro/nanocontainers in smart self-healing coatings. In addition, the
application of micro/nanocontainer techniques also gives more
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functions for smart self-healing coatings, e.g., self-reporting, anti-mi-
crobial, anti-fouling and self-lubrication functions. However, with
intensive research progressing in the smart self-healing coatings, there
are still some outstanding issues that needed to be adequately addressed,
which are important for the future development of the smart coatings
with enhanced corrosion resistance, excellent self-healing performance
and multiple functions during the long-term working periods. It should
be mentioned that several additional objectives should be pursued to
promote the development of anticorrosion technology.

For instance, the distribution and location of micro/nanocontainers
in the coating matrix is one of the greatest challenges. Moreover, the
compatibility between the micro/nanocontainers and coating matrix is
also needed to be further improved, the incorporation of micro/nano-
containers should neither weaken the physical properties of the coating
itself nor the adhesion strength between the coating and metal substrate.

In the existing studies, the controlled release behaviors are only
investigated from the micro/nanocontainers directly. However, the
actual release behavior of the encapsulated inhibitors may be different
when the micro/nanocontainers are embedded into the coating matrix,
therefore, the actual release and diffuse behavior of the encapsulated
corrosion inhibitors should be taken more seriously into consideration.

The micro/nanocontainers responding to one single stimulus are
deemed insufficient since the actual corrosion environments are often
complicated. Consequently, designing multi stimuli-responsive micro/
nanocontainers will be more beneficial for enhancing the efficient self-
healing performance and dual corrosion resistance in the actual work-
ing conditions.

Commonly, the epoxy coatings are more corrosion resistant than
other coatings, therefore, the assessment time should be extended to get
a more accurate understanding of the self-healing effect. In addition,
developing a self-healing material with a shorter repairing time is
another challenge, which will also be beneficial for extending the service
time in the actual working environment.

Finally, more and more advanced environmental-friendly materials
can be adapted from natural materials to obtain a broader application
field. We convince that more bio-inspired self-healing coatings with
multi-functions are expected to have great value for the basic research
and advanced applications in 3D printing, biomedical materials,
supercapacitor, sensor and flexible electronic skin fields.

Currently, the fabrication and performance evaluation of micro/
nanocontainers-based self-healing coatings are mostly limited to labo-
ratory environments. The main bottleneck for the industrial uptake of
these active coatings is to explore a convenient, cost-effective and
environmentally method for the large-scale procedure of micro/nano-
containers. Furthermore, systematic commercialization investigations
are also necessary before the industrialization of these active self-
healing coatings.
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