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Smart Coatings through Materials with Self-Repairing Attributes
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Nanocontainers with the ability to release encapsulated active materials in a
controlled way can be employed to develop a new family of self-repairing
multifunctional coatings, which possess not only passive functionality but
also rapid feedback activity in response to changes in local environment.
Several approaches to fabricate self-repairing coatings on plastic and metal
substrates were surveyed. The release of the active materials occurs only
when triggered, which prevents leakage of the active component out of the
coating and increases coating durability. This Review also covers some
principles and recent developments in the fabrication of nanocontainers with
good compatibility with the coating components, the possibility to
encapsulate and upkeep active material, and permeability properties of the
shell controlled by external stimuli. Depending on the nature of the sensitive
components introduced into the container shell, reversible and irreversible
changes of the shell permeability can be induced by various stimuli. Different
responses can be then observed varying from fine effects like tunable
permeability to more drastic ones like total rupture of the container shell.

1. Introduction

Development of a new generation of self-repairing coat-
ings and bulk materials, which have both passive mechanical
characteristics originated from matrix material and active
response sensitive to changes in the local environment or to
the integrity of the passive matrix, opens an avenue for the
fabrication of future high-tech functional surfaces. Novel
feedback-active surfaces can be composed of a passive
matrix inherited from a “classical” approach for coatings
and active structures for fast response of the coating proper-
ties to outer environmental impacts. Corrosion losses are
one of the important destruction processes to be prevented
by active surfaces to reduce the depreciation of investments
and to increase the security of ground and air transporta-
tion. Active corrosion protection aims to decrease the corro-
sion rate when the main barrier (main coating matrix) is
damaged and corrosive species come into contact with the
substrate.?

The coatings have to provide release of the active and
repairing material rapidly after changes in coating integrity.
The active agents (e.g., corrosion inhibitors) can be intro-
duced in the different components of the coating: pretreat-
ment, primer, and topcoat. The agents are effective only if
their solubility in the defect environment is in the right
range. Very low solubility leads to lack of active agent at
the substrate interface and consequently to weak feedback
activity. If the solubility is too high the substrate will be pro-
tected, but for only a relatively short time since the active
agent will be rapidly leached out from the coating. Another
drawback, which can appear due to high solubility, is the os-
motic pressure that leads to blistering and delamination of
the active surface. The osmotic pressure can stimulate water
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to be transported through the coating, which acts as a semi-
permeable membrane, causing the destruction of the passive
matrix.

Recent developments in surface science and technology
offer new opportunities for modern engineering concepts
for the fabrication of active surfaces of the “passive” host—
“active” guest structure through either the fabrication of
active composite-layered systems in which the passive coat-
ing matrix is alternated with layers bearing an active coating
component (e.g., inhibitor, lubricant) or the integration of
nanoscale containers (carriers) loaded with the active com-
ponents into existing “classical” coatings (Figure 1a,b). The
first approach (Figurela) involves doping the passive
matrix with active components, which are released upon en-
vironmental triggering (some examples of this approach are
described below).’! However, interaction of the active mate-
rials with the passive matrix leads to significant shortcom-
ings in the stability and self-repairing activity of the coating.
Moreover, free inhibitor inside the active matrix is often
subjected to spontaneous leakage from the surface during
aging. The rate of release of the active load is dependent on
the structural, chemical, and acidic/alkaline properties of
the passive matrix.”!

The main idea of the second approach is to load active
compounds into nanocontainers with a shell possessing con-
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Figure 1. Schematic illustration of the entrapment/release of active

materials. A) Active material is embedded in the “passive” matrix of
the coating; B) active material is encapsulated into nanocontainers

with a shell possessing controlled permeability properties.

trolled permeability (Figure 1b) and then to introduce them
into the coating matrix. As a result, nanocontainers are uni-
formly distributed in the passive matrix keeping active ma-
terial in a “trapped” state, thus avoiding the undesirable in-
teraction between the active component and the passive
matrix, leading to spontaneous leakage. When the local en-
vironment undergoes changes or if the active surface is af-
fected by the outer impact, the nanocontainers respond to
this signal and release encapsulated active material.

The most important task for the second approach is to
develop nanocontainers with good compatibility with the
matrix components, the possibility to encapsulate and
upkeep active material, and control of the permeability
properties of the shell thorugh external stimuli. The nano-
containers should also be of a size less than 300-400 nm;
nanocontainers of larger size can damage the integrity of
the coating matrix forming large hollow cavities, which
reduce the passive protective properties of the coating. De-
pending on the nature of the sensitive components (e.g.,
weak polyelectrolytes, metal nanoparticles) introduced into
the container shell, reversible and irreversible changes of
the shell permeability can be induced by various stimuli:
variation of the pH, ionic strength, temperature, ultrasonic
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treatment, alternating magnetic field, electromagnetic irra-
diation. Different responses can then be observed, varying
from fine effects such as tunable permeability to more dras-
tic ones like total rupture of the container shell.F!

Several approaches have been developed to date to fab-
ricate micro- and nanocontainers.!! One approach is based
on the self-assembly of lipid molecules or amphiphilic block
copolymers into spherically closed bilayer structures (vesi-
cles).”® These relatively unstable structures can undergo
crosslinking to stabilize the nanocontainer shell. A second
approach is to use dendrimers or hyperbranched polymers
as nanocontainers.”'”) However, the particle preparation is
a rather costly and time-consuming procedure limiting pos-
sible applications and up-scaling. A third method involves
the layer-by-layer assembly of oppositely charged species on
the outermost surface of dense template nanoparticles using
polyelectrolytes, conductive polymers, biopolymers, carbon
nanotubes, viruses, lipid vesicles, and nanoparticles as con-
stituents of the nanocontainer shell.™ A fourth approach
involves the use of ultrasonic waves to fabricate inorganic
and composite hollow nanospheres.” In this case, a cavita-
tion interface is employed as a reaction zone where a sensi-
tive shell is formed from organic precursors or preformed
nanoparticles adsorbed at the gas/liquid interface via poly-
condensation, polymerization, and particle melting (or so-
noinduced welding). Ultrasonic synthesis can result in
hollow spheres containing either gas or liquid in their inner
cavity. Finally, a fifth procedure involves suspension and
emulsion polymerization around latex particles. This
method is well studied and out of the scope of this review.
For more detailed information on the fabrication of hollow
containers by polymerization methods we refer to several
recent reviews.['

2. Fabrication of Nanocontainers

In general, research on nanocontainer formation and
loading requires the ability to form a nanocontainer shell,
which should be stable, permeable (to release/upload mate-
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rials), and should also possess other desired functionalities
(magnetic, catalytic, conductive, targeting, etc.). In order to
develop functionalized micro- and nanocontainers, one has
to combine several properties in the shell structure and
composition. Depending on the nature of the “smart” com-
ponents introduced in the container shell, various stimuli
can induce reversible and irreversible shell modifications.
Different responses can be found, as described above.

In this section, we overview the most promising proce-
dures for the fabrication of nanosized containers loaded
with active materials, which can be used as components of
the active surface: self-assembly of lipids and block copoly-
mers, ultrasonically induced self-assembly, and alternating
layer-by-layer adsorption of oppositely charged species
(LbL assembly).

2.1. Self-Assembled Nanocontainers

Self-organizing block copolymers and lipid nanocontain-
ers can entrap hydrophobic active materials within their
core, while the outer shell confers water solubility. The ratio
between the blocks and the concentration of the polymer in-
fluences the aggregation of block copolymers into vesicles,
spheres, lamellae, rods, and other related structures
(Figure 2).! Tt is possible to induce a transition between
aggregate structures by slight perturbations of any given
system.['! The sizes of nanocontainers can be controlled by
the molecular weight of the polymer and the ratio between
the block sizes."”! Combining the block-copolymer nanocon-
tainers with the entrapment of active materials opens a new
area of fabrication of active surfaces, especially for nonaqu-
eous media.

Several amphiphilic block copolymers have been investi-
gated as components of the nanocontainers, for example,
poly(ethylene oxide), poly(N-isopropyl acrylamide), poly-
pyrrolidones; biodegradable polymers such as poly(capro-
lactone), poly(p,L-lactide), or poly(p,L-lactic acid-co-glycolic
acid). “Intelligent” nanocontainer vehicles can be designed
by utilizing stimuli-responsive polymers that are sensitive to
changes in temperature or pH value."®™! Poly(N-isopropyl

100 nm
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acrylamide) undergoes a phase transition at 32°C and can
be used to fabricate thermosensitive nanocontainers. pH-
sensitive micelles are usually prepared from double-hydro-
philic block copolymers, which can be dissolved in water at
a certain pH value and aggregate spontaneously upon an
appropriate change in the pH value. Crosslinking of the
shell components is often used to stabilize the hollow struc-
tures of block-copolymer containers. Typical crosslinking
methods involve the polymerization of macromonomers
with amphiphilic block structures in their side chain or the
attachment of polymerizable groups along the hydrophobic
block, or to fix0 the shell after aggregation of the block co-
polymers in aqueous solution.””! Unfortunately, crosslinking
decreases the capacity of the inner volume.

Nanocontainers with dimensions of ~50 nm prepared
from the micellar aggregation of diblock copolymers of
poly(ethylene oxide) and polycaprolactone were explored as
a carrier system for water-soluble materials.”!! The nanocon-
tainers exhibited a loading efficiency of 38% in a 1% (w/v)
nanocontainer solution. Release from the nanocontainers
proceeded in a linear fashion for a duration of about 4-
7 days depending on the composition of the block copoly-
mers. Hollow carbonaceous capsules with a reactive surface
layer and a tunable void size and shell thickness were pre-
pared through a hydrothermal method at 180°C using only
the anionic surfactant sodium dodecyl sulfate and glucose as
the starting materials.”?l The process is green, cheap, and
easy. Samples showed tunable void sizes (50 nm-3 um),
thickness (10-300 nm), and appearance (spherical, apple-
like, or bowl-like). Optically addressable microcapsules
were prepared combining a photochemical approach and
self-assembly.”®! Chlorobenzyl-functionalized poly-(organo-
siloxane) nanoparticles were introduced in a water/oil/water
emulsion and their photochemical crosslinking was per-
formed using a 200 W Hg-Xe lamp for several hours. The
inner aqueous void contained cyclodextrin. The thickness,
mechanical stability, and light resistance of the container
walls could be controlled by regulating the number of pho-
toreactive chlorobenzyl-functionalized poly-(organosilox-
ane) nanoparticles in the shell. These nanocontainers can be
destroyed by photocleavage.

o \ »3 {-q;‘.- A .QP «J»-.L"
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Figure 2. A) Transmission electron microscopy (TEM) image of polystyrene mesoporous shells (reprinted from Ref. [15b]. Copyright, American
Chemical Society); B) TEM image of organosilica hollow shells (reprinted from Ref. [15 c]. Copyright, American Chemical Society); C) TEM
image of polyelectrolyte stimuli-responsive nanocontainers (reprinted from Ref. [37]).
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Hollow silica nanospheres of controllable size can be
made with Lys:Phe 1:1 block copolypeptides, whereas at
higher block ratios, dense silica nanospheres are formed.?"
Hollow titania microspheres ranging from 100 nm to a few
micrometers in diameter were synthesized using surfactant-
stabilized nonaqueous nanodroplets.’”) Well-defined hollow
spheres with amorphous titania walls were prepared by the
addition of water to formamide dispersions of hexadecane
droplets containing titanium ethoxide. Hydrolysis/condensa-
tion reactions at the formamide/oil interface gave rise to
intact shells that could have application as low-density pig-
ments, in self-repairing coatings, and photoactive storage/re-
lease agents. Similarly, colloidal suspensions of titania nano-
sheets were assembled into hollow shells using a layer-by-
layer polyelectrolyte-mediated deposition.?®! Unilamellar
and multilamellar silica colloids have been synthesized using
surfactant vesicles or by the spray-drying of reaction solu-
tions containing cationic surfactant templates.””l Hollow
shells with thin walls of amorphous silica or ordered meso-
structured silica were prepared by sol-gel reactions at the
surface of oil droplets containing tetraethoxysilane dis-
persed in aqueous reaction solutions.”

2.2. Layer-by-Layer-Assembled Containers

Layer-by-layer (LbL) assembly of oppositely charged
species was first proposed by Iler in 1966 and later devel-
oped by Mallouk et al. and Decher et al. implementing poly-
cations, polyanions, and charged nanoparticles as the con-
stituents of the container shell.” The procedure of nano-
container construction consists of the templating of LbL-as-
sembled films on the surface of micrometer and submicrom-
eter-sized colloidal particles."**'! Polyelectrolytes or other
charged species alternately adsorb on the surface of the
template particle recharging it. After washing out the excess
of the deposited species, the composites are then mixed
with oppositely charged material, so that the surface re-
charges again. By repeating the cycle, a multilayer shell can
be obtained. The universal character of the method does
not have any restriction on the type of the charged species
employed for shell construction. The layer-by-layer deposi-
tion method has been used for more than 50 various
charged macromolecules including synthetic polyelectro-
lytes, conductive polymers and biopolymers (proteins and
nucleic acids), carbon nanotubes, viruses, lipid vesicles, and
nanoparticles (e.g., Fe;O,, CdSe). The precision of one ad-
sorbed layer thickness is about 1 nm. Core decomposition
leads to the formation of hollow structures whose size and
shape is determined by the initial colloidal core and the
shell, which is composed of multilayers that are tunable in
the nanometer range (Figure 3).

The shell of the resulting polyelectrolyte capsules is
semipermeable and sensitive to a variety of physical and
chemical conditions of the surrounding media, which might
dramatically influence the structure of the polyelectrolyte
complexes. High-molecular-weight compounds are excluded
by the polyelectrolyte shell whilst small molecules, such as
dyes and ions, can readily penetrate the capsule wall.}>%!
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Figure 3. Confocal microscopy image of polyallylamine/polystyrene
sulfonate polyelectrolyte capsules loaded with fluorescein-labeled
bovine serum albumin.

Usually, the polyelectrolyte capsule shell is permeable for
macromolecules and nanoparticles at low pH (<3) or high
ionic strength while it is in a “closed” state at neutral pH. A
possible explanation of the permeability properties of the
polyelectrolyte shell can be provided by considering the
polyelectrolyte interactions in the shell wall. Under the con-
ditions of capsule formation (pH 7), the charge densities on
both polyelectrolytes determine their stoichiometric ratio
during adsorption. Since the polymers are irreversibly ad-
sorbed in the shell wall, a pH decrease does not induce po-
lymer desorption. However, charging of one of the polyelec-
trolytes may occur, which would induce positive (negative)
charge into the shell wall. This may alter the shell-wall mor-
phology by enhancing the repulsion, which could lead to de-
fects in the polyelectrolyte shell.

The possibility of switching the capsule shell between an
open and closed state provides an efficient tool for the
uptake and release of the active materials. For instance, the
capsules can be loaded at low pH and after increasing the
pH the material is captured inside. The possibility of con-
trolling the loading and release of macromolecules into and
out of polyelectrolyte capsules may find widespread applica-
tion in self-repairing coatings.* Organic solvents can also
induce permeation through the LbL-assembled shell. Using
a 1:1 ethanol/water mixture, Lvov etal.® encapsulated
urease (5-nm-diameter globules) in poly(allylamine)/poly-
(styrene sulfonate) capsules. Ethanol might partially remove
the hydration water between the polyelectrolytes, leading to
a segregation of the polyion network and the formation of
pores.

Polyelectrolyte capsules composed of poly(allylamine)/
poly(styrene sulfonate) multilayers preserve their integrity
after heating at 120°C for 20 min in aqueous solution but
show a considerable decrease in size (50-70% depending on
the diameter of the initial capsules, Figure 4). The diame-
ter decrease is accompanied by a strong increase of layer
thickness and decrease of permeability, which leads to en-
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Figure 4. Scanning electron microscopy (SEM) images of polyelectrolyte capsules shrunk to different sizes as a function of diameter after tem-
perature treatment (reprinted from Ref. [36]. Copyright, American Chemical Society).

hanced entrapment capabilities. The capsules become im-
permeable even for low-molecular-weight compounds. The
driving force for this polyelectrolyte rearrangement process
is the entropy gain through the more coiled state of the
polyions and the decreased interface between polyelectro-
lytes and water. Probably some water, which fills the pores
of the multilayers, is expelled during the high-temperature
treatment.

Water-soluble polyelectrolyte nanocapsules can be syn-
thesized by vesicular or emulsion polymerization via core/
shell latexes. These capsules, formed by a covalently cross-
linked poly(acrylic acid) shell, show a reversible pH- and
ionic-strength-dependent swelling transition causing a con-
siderable increase (decrease) of their radius.”” The carbox-
ylate groups of nanocapsules dissociate increasingly with in-
creasing pH. As a result of the associated electrostatic re-
pulsion between the increasing number of the identically
charged carboxylate anions, the shells of such particles swell
considerably upon raising the pH value. The radius of cross-
linked poly(acrylic acid) capsules increases from about
45 nm at pH <4 to about 195 nm for pH > 9. This swelling is
completely reversible. Poly(acrylic acid) capsules precipitate
at pH<3.5, which provides a convenient route to isolate
and purify the loaded capsules.

2.3. Sonoinduced Fabrication of the Nanocontainers

Another approach to fabricate nanocontainers is to
employ a cavitation microbubble as a template on whose
surface an organic or inorganic shell is formed from mono-
mers, precursors, and nanoparticles adsorbed at the cavita-
tion interface. Ultrasound has frequencies from 20 kHz to
1 GHz. Ultrasonic energy is concentrated through acoustic
cavitation.® Bubble collapse in liquids results in an enor-
mous concentration of energy from the conversion of the
surface energy and kinetic energy of the liquid motion into
heat or chemical energy. The high local temperatures (5000
7000 K inside the microbubble) and pressures combined
with rapid cooling provide unique conditions for forming
micro- and nanocontainers.””

High-intensity ultrasound (3 min at an acoustic power of
~150 Wcem™?) applied to bovine serum albumin, human
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serum albumin, and bovine hemoglobin protein solutions re-
sults in both air-filled microbubbles and nonaqueous liquid-
filled protein microcapsules.*”! These microcontainers are
stable for months. The mechanism responsible for the for-
mation is a combination of two acoustic phenomena: emul-
sification and cavitation. The shell of protein containers is
primarily formed by disulfide crosslinking of cysteine resi-
dues between protein molecules. The primary oxidizing
agents are superoxide ions (HO,), which are generated from
water and oxygen during acoustic cavitation. The cross-
linked shell of the microcontainers is about six protein mol-
ecules in thickness.

The characteristics of the ultrasonically obtained con-
tainers can be changed to increase their stability and loading
capacity. This can be done by decorating the surface of the
nanocontainers with suitable hydrophilic and hydrophobic
moieties functioning as selective ligands (such as L-cysteine,
L-lysine, poly(L-lysine), chitosan, and B-cyclodextrin).*!l Ad-
ditional stability and functionality was achieved employing
the layer-by-layer deposition approach.*”’ Electrostatic
layer-by-layer assembly of polyelectrolyte multilayers (poly-
allylamine, poly(styrene sulfonate)) was successfully accom-
plished on the surface of a capsule made by ultrasonic agita-
tion of a mixture of Span/Tween block co-polymers. The re-
sulting polyelectrolyte shell stabilizes the overall containers
against collapse for at least a week. The stability of the cap-
sules gradually increases with the number of deposited poly-
electrolyte layers, however, at eight or more polyelectrolyte
layers the additional stabilization effect of the next layer de-
creases, reaching almost zero at 12 layers.

Hollow inorganic spheres can be produced during ultra-
sonic treatment by either ultrasonically induced reactions
between initial precursors (salts) at the gas/liquid interface
of the cavitation microbubble or by melting and condensa-
tion of the surface-modified nanoparticles at this interface.
PbS hollow nanospheres with diameters of 80-250 nm have
been synthesized by a surfactant-assisted sonochemical
route from Pb(CH;COO),, thioacetamide, and sodium do-
decylbenzenesulfonate.¥ Structural characterization indi-
cates that shells of the hollow spheres are composed of
12 nm PbS nanoparticles. Surfactant-assisted ultrasonic syn-
thesis was proved to be effective and appealing because sur-
factants can act as soft templates as well as structure-direct-
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ing agents for the assembly and subsequent mineralization
of inorganic precursors at the surfactant—solution interface.
Hollow nanospheres such as CdSe and MoS, were also pre-
pared by this method.™¥

Submicrometer hollow silica spheres with mesoporous
walls were prepared by the application of ultrasound to a
mixture of nonionic polyoxyethylene surfactant and tetrae-
thylorthosilicate, which gave a stable emulsion with the cavi-
tation bubbles created by the ultrasound trapped inside./*”
The silica prepared with a sonication power of 120 W is
made of 200-400 nm hollow spheres with mesoporous walls.
The final structure of the resulting silica particles depends
on the hydrophilic and hydrophobic components. SiO, mi-
crocontainers were obtained by ultrasonic treatment
(20 kHz) of SiO, nanoparticles in the presence of cetyltri-
methylammonium bromide (CTAB) and NaHCO,."” Opti-
mal SiO, and cetyltrimethylammonium bromide concentra-
tions are 1 wt.% and 0.5 mm, respectively. The quantity of
the resulting SiO, containers increases with the increase of
ultrasonic power (up to 500 W). The resulting SiO, contain-
ers have micrometer-scale size (Figure 5) and are mechani-

Figure 5. Confocal microscopy image of silica microspheres taken in
bright-field mode.

cally stable. During ultrasonic treatment of the CTAB/SiO,
aqueous sol in the presence of NaHCO;, initial gaseous nu-
cleation centers rapidly expand forming micrometer-sized
cavitation microbubbles. CTAB molecules on the silica sur-
face render the silica nanoparticles more hydrophobic,
which promotes their anchoring at the gas/liquid interface
forming a preliminary silica shell around the gaseous nucle-
ation core. This shell becomes more dense during the fol-
lowing microbubble expansion capturing additional SiO,
nanoparticles from the adjacent bulk solution. Specific con-
ditions at the cavitation interface result in partial crystalliza-
tion of the amorphous silica nanoparticles producing a
quartz phase and a high degree of interconnection between
the silica nanoparticles in the microsphere shell.
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3. Self-Healing Surfaces

3.1. Self-Repairing Polymeric Materials

There are several types of coatings and self-healing or
self-repairing mechanisms. The first one and the oldest one
was employed for auto-repairing polymers and polymer
coatings. The main idea was to introduce micrometer-scale
containers into the polymer body. These containers were
filled with monomers similar to the nature of the polymer
matrix and an appropriate catalyst or UV-sensitive agent to
initiate the polymerization of the monomer released at the
damaged place of the polymer coating. Mechanical defor-
mation of the microcontainers was employed for starting
the release of the monomer and repairing (sealing) of the
defects. The technique focused on the cracking of hollow
repair fibers dispersed in a matrix and the subsequent timed
release of repair chemicals, which result in the sealing of
matrix cracks, the restoration of strength in damaged areas,
and the ability to retard crack propagation.! A propagat-
ing crack ruptures the microcapsules and exposes catalyst
particles. Crack opening draws the healing agent into the
defect area, where contact with the catalyst phase initiates
polymerization. The polymerized healing agent reestablishes
structural integrity across the crack plane. Several investiga-
tions of microcontainer-incorporated polymers have ap-
peared in the literature using microballoons, hollow parti-
cles, hollow microspheres, and bubbles.[*"]

Materials capable of smart self-repair consist of several
parts: a stimulus to release the repairing chemical such as
the cracking of a microcontainer; a microcontainer; a repair
chemical monomer carried within; and a method of harden-
ing the microcontainer load in the polymer matrix. Typical
macroscopic damage involves destruction of a material due
to impact. On the microscale, damage such as matrix micro-
cracking alters mechanical properties such as strength, stiff-
ness, and dimensional stability depending on the material
type. Thermal, electrical, and acoustical properties are
changed as the matrix cracks. Microdefects act as sites for
environmental degradation, as well as for nucleation of the
macrodefects. The repair of microdamage can be accom-
plished by incorporating an appropriate number of time-re-
lease repair containers into a container-reinforced polymer
matrix composite. The samples in which prior release of a
crosslinking adhesive into a cracked matrix is allowed to set
up over a time have greater strength and ability to repair
than the specimens that had no crosslinking adhesive inter-
nally released.”! The internal delayed release of adhesive
improves impact strength and the ability to deflect while
carrying a load.

Microencapsulated dicyclopentadiene (DCPD) healing
agent and highly porous Ru catalyst were incorporated into
an epoxy matrix to produce a polymer composite capable of
self-healing (Figure 6).1! Both the virgin and healed frac-
ture toughness depend strongly on the size and concentra-
tion of the microcapsules added to the epoxy. Addition of
dicyclopentadiene-filled urea formaldehyde microcapsules
into epoxy samples yields up to a 127 % increase in coating
toughness. The increased toughening associated with fluid-
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Figure 6. Urea formaldehyde microcapsules containing dicyclopenta-
diene (reprinted from Ref. [46]. Copyright, Kluwer Academic Publish-
ers).

filled microcapsules is attributed to the healing of subsur-
face microcracking. Overall the embedded microcapsules
provide two independent effects: the increase in virgin frac-
ture toughness from general
toughening and the ability to
self-heal the virgin fracture
event.  Healed  fracture
toughness increases steadily
with microcapsule concentra-
tion until reaching a plateau
at about 20 vol %. The maxi-
mum healing efficiency for
180 um microcapsules occurs
at low concentrations
(5vol%). For 50 um micro-
capsules, high healing effi-
ciency only occurs at higher
microcapsule concentrations
(20 vol%) since more cap-
sules are required to deliver
the same volume of DCPD
healing agent to the fracture
plane.

Diene monomers (DCPD
and  5-ethylidene-2-norbor-
nene) and their blends were
investigated as candidate
self-healing agents with a Grubbs catalyst.*) It was found
that the reaction becomes faster with increasing 5-ethyli-
dene-2-norbornene content at lower catalyst loading. Rigidi-
ty after curing for 120 min was the highest in a 1:3 DCPD/5-
ethylidene-2-norbornene blend when it was cured on the
epoxy resin coating. Considering requirements for effective
self-healing (i.e., fast reaction during cure, high rigidity after
cure, reduction of catalyst amount, and lower temperature
capabilities), DCPD/5-ethylidene-2-norbornene blends are
very good candidates for self-healing agents. The inherent
shortcomings of the method based on diene monomers are
the potential side reactions with the polymer matrix and air.
These reactions could be avoided by using tin-catalyzed
polycondensation of phase-separated droplets containing
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hydroxy end-functionalized polydimethylsiloxane and poly-
diethoxysiloxane.’” The catalyst, di-n-butyltin dilaurate, is
contained within polyurethane microcapsules embedded in
a vinyl ester matrix and is released when the capsules are
broken by mechanical damage. The healing chemistry of
this system remains stable in wet environments and at an
elevated temperature (>100°C). No reactions take place
between the loaded components prior to exposure to the
catalyst. When the matrix cracks, a mixture of catalyst re-
leased from microcapsules and the healing agent wets the
entire crack plane. Addition of an adhesion promoter to the
matrix optimizes wetting and bonding of the crack faces.
Repair of macroscopic adhesion defects formed through-
out the service life of the composites was carried out involv-
ing the filling of hollow fibers with a polymer resin, which
then fracture under excessive loading of the structure.
The secondary system was added to the hollow fibers, which
are capable of migrating to and repairing the defect, provid-
ing improved adhesion and durability (Figure 7). Secondary
components could be methyl methacrylate, 2-ethylhexyl-
methacrylate, f-butylamino ethyl methacrylate and lauryl

STRONG ADHESION
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Figure 7. Adhesive joint after migration of impregnated active agents (reprinted from Ref. [51]. Copyright,

methacrylate for fixing adhesion of the polypropylene
matrix. CdSe/ZnS nanoparticles dispersed in a polymer
poly(methylmethacrylate) matrix were found to migrate to
a crack generated at the interface between the polymer and
a glassy layer.”? Segregation of the nanoparticles to the
crack depends on both the enthalpic and entropic interac-
tions between the polymer and nanoparticles. In particular,
poly(ethylene oxide)-covered 5.2 nm spherical nanoparticles
in a poly(methyl methacrylate) matrix diffused to cracks in
the adjoining silicon oxide layer, whereas tri-n-octylphos-
phine oxide-covered nanoparticles did not. These results
point to a simple means of fabricating systems that can self-
heal the substrate/coating interface improving the durability
of multilayered systems.
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Polyelectrolyte-based aqueous poly(L-lysine)-graft-poly-
(ethylene glycol) (PLL-g-PEG) was employed as a self-heal-
ing agent in an oxide-based tribosystem. Rapid self-heal-
ing of PLL-g-PEG is attributed to electrostatic interactions
between the polycationic poly(L-lysine) backbone of the
polymer and the negatively charged oxide surface. The poly-
cationic PLL backbone is rapidly attracted to the negatively
charged SiO, surface in aqueous solution at neutral pH. In
contrast, a similar healing effect was not readily achievable
in the case of methoxy-poly(ethylene glycol) trimethylsilyl-
ether (Sil-PEG), a copolymer that is covalently bound to
the surface prior to the tribological stress. The mechanism
of boundary lubrication is based upon the modification of
shear strength of the tribological interface, rather than upon
the formation of a hydrodynamic film.

Calcium aluminate fillers (<40 um) containing monocal-
cium aluminate and calcium bialuminate reactants as the
major phases were tested in the biomimetic healing and re-
pairing of micrometer-sized cracks generated in a poly(phe-
nylenesulfide) coating. They were evaluated by exposing the
cleaved coatings to a simulated geothermal environment.*l
The decalcification/hydration reactions of the monocalcium
aluminate and calcium bialuminate enclosed in the cracks
led to rapid growth of boehmite crystals, while the crystal-
line calcite phase formed by the carbonation of these reac-
tants was leached out of cracks because of the formation of
water-soluble calcium bicarbonate. During exposure for
24 h, the blocklike boehmite crystals (&4 um in size) dense-
ly filled and sealed the open cracks. Extending the exposure
time to 20 days resulted in no change in pore resistance,
suggesting that the sealing of the cracks by boehmite crys-
tals played an essential role in reconstituting and restoring
the function of the failed coatings as a corrosion-preventing
barrier. Therefore, poly(phenylenesulfide) coatings filled
with fillers are able to self-heal cracks. The demonstrated
biomimetic approach provides an effective way to recover
mechanical strength and highlight concealed damage after
an impact event. A significant fraction of lost flexural
strength can be restored by
the self-repairing effect of a
repair agent stored within
the fibers. A natural self-re-
inforced composite material,
bamboo, was studied as a
self-repairing biomedical ma-
terial.® Its anatomical struc-
ture was investigated and
compared with those of some
common bone-bonding or
bone-repairing biomaterials. B
Bamboo has the closest mod-
ulus of elasticity to the
human thighbone. After
grafting a polymer whose
monomer includes poly(ethy-
lene glycol) and di(amino-
propyl)poly(ethylene glycol)
on bamboo, the bamboo has
the ability to form a calcium

Substrate
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phosphate coating after being immersed in a calcification
solution (simulated body fluid and accelerated calcification
solution).

Micellar coatings of surfactants at solid-liquid interfaces
can provide colloidal stability, corrosion inhibition, and
boundary lubrication. Highly ordered, self-assembled micel-
lar structures formed by surfactants at the solid-liquid inter-
face were revealed.’® Depending on the surfactant/surface
combination, different morphologies such as full- or half-
spherical and cylindrical micelles were found. On surfaces,
the previously measured diffusion constants of 107" to
10" m?s™" would allow the closing of a 20-nm-diameter
hole within a few microseconds. The reorganization process
described here is mainly because of redistribution of surfac-
tant molecules on the surface rather than the exchange of
the surfactants between the bulk liquid and the surface.
Nanometer-scale defects in an array of surfactant surface
micelles are cured within 6 ms.

With very recent developments in nanotechnology, elab-
orate and multifunctional surface coatings with precise ar-
chitectural and chemical control on the nanoscale are be-
coming easily accessible. Layer-by-layer deposition tech-
niques, nanoparticle surface-modification chemistry, and
nanoreactor chemistry were employed to construct thin-film
coatings with two distinct layered functional regions: a re-
servoir for the loading and release of bactericidal chemicals
and a nanoparticle surface cap with immobilized bacteri-
cides.”! A reservoir region made of 20 bilayers of poly(allyl-
amine hydrochloride) (assembly pH 8.5) and poly(acrylic
acid) (assembly pH 3.5) and a cap region made of 10 bilay-
ers of poly(allylamine hydrochloride) (assembly pH 7.5) and
silica nanoparticles (20 nm in diameter, assembly pH 9.5)
were constructed successfully through polyelectrolyte LbL
deposition followed by Ag-nanoparticle formation inside
polyelectrolyte multilayers (Figure 8). Dual-functional coat-
ings showed very high initial bacteria-killing efficiency due
to the release of Ag ions and retained significant antibacte-
rial activity after the depletion of embedded Ag because of
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Figure 8. Cross-sectional TEM images showing two-level antibacterial coatings. Ag nanoparticles result-
ing from two Ag loading and reduction cycles were embedded inside the coatings by using a wet-phase-
reduction method using a dimethylamine—borane complex solution (reprinted from Ref. [57]. Copyright,
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the immobilized quaternary ammonium salts. This coating
scheme is not limited only to silver and quaternary ammoni-
um salts but should allow the incorporation of a variety of
other antibacterial agents such as antibiotics and titanium
dioxide.

A similar layer-by-layer approach was involved in the
fabrication of other types of functional coatings with fast
feedback response. The superhydrophobic behavior of the
lotus leaf structure can be mimicked by creating a honey-
comb-like polyelectrolyte multilayer surface overcoated
with silica nanoparticles. Superhydrophobicity was achieved
by coating this highly textured multilayer surface with a
semifluorinated silane.”! The film was then heated to
650°C to remove the polyelectrolytes and to create the sur-
face texture needed for superhydrophobic behavior. A self-
cleaning and corrosion-resistant surface results since the
rolling water droplets remove dirt and debris. Multifunction-
al nanoporous thin films exhibiting both antifogging and an-
tireflection properties were fabricated from LbL-assembled
silica nanoparticles and a polycation.” The antifogging
properties are a direct result of the development of superhy-
drophilic wetting characteristics. The nearly instantaneous
sheetlike wetting promoted by the superhydrophilic multi-
layer prevents light-scattering water droplets from forming
on a surface. The low refractive index of the multilayer film
(as low as 1.22) resulting from the presence of nanopores
was found to impart excellent antireflection properties. The
assembly conditions (solution pH and nanoparticle concen-
tration) as well as the choice of nanoparticle size were
found to strongly influence film properties. Hydrophilic pat-
terns on superhydrophobic surfaces were created from
water/2-propanol solutions of a polyelectrolyte to produce
surfaces with extreme hydrophobic contrast./*”

3.2. Self-Healing Coatings for Metal Protection

Nanotechnology applications in the automotive and
aerospace industries have become particularly significant
over the last decade.®"! Visions of “nano in cars” range from
contributions towards CO,-free engines, safe driving, re-
duced noise, self-healing bodies and windscreens, “chame-
leon” colors, and a self-forming car body. For automotive
components, nanoparticles, -dots, -pores, -fibers, -tubes, and
-layers either dispersed within a matrix material (nanocom-
posites), or arranged on surfaces (nanostructured surfaces)
offer exclusive potential. Volume effects such as diffusion,
absorption, and mechanical strength, as well as surface ef-
fects such as adsorption, hardness, and self-repairing reac-
tions have been achieved. Self-organization of structures
will play an essential role in growth, deposition, and etch-
ing.

Nanotechnology is already in mass production. Antire-
flection coatings based on multiple nanolayers on glass
(trade name Schott Conturan) are used by Audi and Daim-
lerChrysler. Sun-protecting glazing with infrared reflecting
nanolayers embedded into glass (trade name Sekurit Ther-
mocontrol) is already used in buses (e.g., Evobus). Thermo-
plastic nanocomposites with nanoflakes (trade name Basell
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TPO-Nano) are applied for light exterior vehicle parts by
General Motors. “Chameleon” coatings were prepared
using nanocomposite structures consisting of crystalline car-
bides, diamond-like carbon, and transition-metal
dichalcogenides.” Various mechanisms were found to ach-
ieve coatings that exhibited surface self-adaptation and su-
pertough characteristics, including the transition of mechani-
cal response from hard and rigid to quasi-plastic by grain-
boundary sliding at loads above the elastic limit, friction-in-
duced sp’/sp® phase transition of the diamond-like carbon
phase, and recrystallization and reorientation of the dichal-
cogenide phase.

The corrosion resistance of stainless steel is attributed to
the formation of a passive film, which protects the material
from continuous corrosion attack. However, when subjected
to an attack combining corrosion and erosion, the passive
film can be damaged by solid-particle impingement resulting
in exposure of a bare metal surface to the corrosive medium
and thus increasing the corrosion/erosion rate. Approaches
for resisting the synergistic attack of erosion and corrosion
include alloying elements and surface modification to
achieve self-healing characteristics.[” It was demonstrated
that yttrium can improve the resistance of stainless steel to
sliding wear in corrosive environment. Yttrium renders the
anodic protective coating more inert to electrochemical
attack and activates the self-healing ability of the anodic
coating. In natural environments, unsealed or poorly sealed
anodized films are subjected to two opposing effects be-
cause of their absorbing properties: self-sealing, which re-
sults in gradual protection of the metal substrate; and dete-
rioration. Depending on the particular environment, one
phenomenon prevails over the other. Electrochemical impe-
dance spectroscopy studies revealed a self-sealing process
for an unsealed anodic film in neutral NaCl and Na,SO, sol-
utions.[*! The resistance of the porous layer and the capaci-
tance of the barrier layer increase and the capacitance of
the porous layer decreases with immersion time at the initial
stage. However, the improving effect of the self-sealing pro-
cess on film resistance is decreased with the increase of
chloride concentration of the solution. The self-repair of an
ordered pattern of nanometer dimensions based on the self-
compensation properties of anodic porous alumina has been
described.” In a pretextured pattern formed on Al using
an nanoindentation process with an array of convexes, the
deficiency sites of the pattern are compensated automatical-
ly during the anodization. It was confirmed that deficiencies
in the starting Al,O; pattern could be repaired automatical-
ly using the self-compensating anodic process. The concept
of self-repair of defects in porous alumina coatings resem-
bles the repairing of defects in the bases of DNA strands
through a retrial process. The compensated pores are indi-
cated as arrows in Figure 9. It should be noted that the com-
pensated pores were precisely positioned at the center of
the six nearest surrounding pores, and that the perfect
hexagonal arrangement of the pores was recovered. When
the number of deficiencies in the concaves is increased, the
accuracy in determining the position of the compensation
was decreased, particularly in the case of chained deficien-
cies.
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Figure 9. SEM micrographs of anodic porous alumina: As-anodized
porous alumina (a), alumina after pore-widening treatment for

20 min (b) and 60 min (c). The anodization of Al was conducted
under a constant voltage of 80 V in a 0.5 wt % oxalic acid solution at
17°C (reprinted from Ref. [65]. Copyright, American Institute of Phys-
ics).

A new organic composite coating for enhancing the cor-
rosion resistance of 55% Al-Zn alloy-coated steel sheets
has been developed.[® The new coating is composed of an
insoluble chromic compound, phosphate, organic resin, and
specially developed corrosion-preventive additives (Cr acid
salt, Ca or Mg phosphoric acid salt, and basic oxide), which
effect a self-healing action in cracks generated on the sur-
face of the steel sheet while forming. All the coatings
showed high insolubility. The coating including a Ca phos-
phoric acid salt had the highest corrosion resistance of all
the tested additives. The oxidation of Cu, Zr, and alloys
forming chromia, alumina, and zirconia was studied in a
closed reaction chamber in O, gas at a pressure of
~20 mbar in order to investigate the self-healing effect of
these oxides.!””! The experimental results indicated that hy-
drogen in the metal substrates induces increased metal-ion
transport in internal oxide surfaces during oxidation, which
leads to increased oxide growth at the oxide—gas interface.
A balanced transport of metal and oxygen ions in metal
oxides, which leads to oxide growth at both the metal-oxide
and oxide-gas interfaces, is found to be favorable for the
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formation of protective oxides with good adherence to the
metal substrate. Depending on the original proportion of
metal-to-oxygen ion transport in the oxide, an addition of
hydrogen will increase or decrease the oxidation kinetics. Si-
multaneous metal-cation and oxygen-anion transport is a
prerequisite for the formation of protective metal oxides
with low densities of pores, cavities, and cracks.

Electrochemical impedance spectroscopy was used to
study the film formation, destruction, and corrosion protec-
tion mechanism of a carbon dioxide (CO,) corrosion inhibi-
tor, imidazoline,® which is most commonly used for pro-
tecting oil wells, gas wells, and pipelines from CO, corro-
sion. Imidazoline is a very effective CO, corrosion inhibitor,
which forms a chemically bonded film on the metal surface
inside the pipeline. The inhibitor film seems to have a multi-
layered structure, which is a combination of an inner layer
and many outer layers of inhibitor molecules with possible
inhibitor molecular crosslinking. The multilayer characteris-
tic of the inhibitor film showed strong self-repairing ability
and good persistency under the testing conditions, although
surface shear stress gradually removed the inhibitor film
and caused inhibitor film failure. As the inhibitor film is
broken down locally, the corrosion rate increases greatly in
these small areas and outer layers of the imidazoline mi-
grate to the local damaged area blocking the corrosion pro-
cess.

Another interesting approach to achieve self-healing in
anticorrosion coatings is to employ conductive polymers
(polypyrrole, polyaniline, polythiophene) as a coating com-
ponent. Polypyrrole doped with [PMo,,04]*~ polyanions re-
vealed significant self-healing in corrosion protection./® Re-
sponsive release of the inhibitor ([PMo,,04]*") occurs only
when the potential at the interface decreases at an active
defect. However, the release mechanism can be negatively
affected by the presence of small cations. Hence, such a
self-healing coating has to be carefully designed in order to
ensure effective performance. A possible mechanism for the
case of polyaniline was also described by Kendig et al.""!
Such a coating releases anions only in the case of corrosive
attack and prevents them from being leached out or being
released by ion-exchange processes. Even large defects can
be passivated because the switch for anion release decreases
the potential at the metal/polymer interface during the de-
lamination. A significant inhibition of the delamination is
provided on demand by polyanion release. The release of
[PMo,,04]* ions is truly electrochemical and not influ-
enced by pH at the metal/polymer interface. A conductive
polymer release system, which is unaffected by leaching and
pH changes and safely stores the corrosion inhibitor ions (as
counterions for the polymer chain) can be used as an intelli-
gent corrosion-protecting coating.

3.3. Ce-Based Self-Healing Pretreatments
The development of new effective anticorrosion pre-
treatments for metallic substrates is an issue of prime impor-

tance for corrosion science due to the fact that chromates
must be banned for environmental reasons. Removal of hex-
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avalent chromium from the industry opens a significant gap
in the corrosion-protection technologies. One of the possible
replacements of the chromates is hydrated cerium(im) oxide,
Ce,0;. A self-healing protective film was prepared on a zinc
electrode by treatment in 10°m Ce(NOs); at 30°C for
30 min to form a thin layer of hydrated Ce,0;." The pro-
tection efficiency of the cerium film was 97.7 % after an im-
mersion time of 24 h and 95.6 % at 240 h. Neither a pitlike
anodic dissolution feature (PLF) nor a pit was observed
within the scratches after 72 h of incubation in 0.5M NaCl
solution. X-ray photoelectron spectroscopy and electron-
probe microanalysis revealed that Ce’" ions migrate into
the scratches to form a new layer of hydrated Ce,O; within
the scratches resulting in the self-healing activity of the film.
Hence, pitting corrosion at the scratched surface was fairly
prevented during immersion in the solution for many hours.

It is considered that a layer consisting of hydrated or hy-
droxylated Ce,O; formed on the surface of zinc oxide or hy-
droxide [ZnO]OH by direct adsorption of partially hydrated
or hydroxylated Ce*" ions, for example:

[ZnO]JOH + Ce™OH — [ZnO]JOCe™OH + H*

The hydrated or hydroxylated Ce*" ions react repeated-
ly at the defect site:

[ZnO]OCe™OH + Ce™OH —
[ZnOJOCe™OCe™OH + H*

2[ZnOJOCe™OH — [ZnO]OCe™(OH)OCe™O[ZnO] + H*

[ZnO]OCe™(OH)OCe™O[ZnO] + Ce™MOH —
(Zn0JOCe" (OCe"OH)OCe"0[ZnO] + H*

constructing a dense Ce(111) oxide layer on the substrate sur-
face, terminating the corrosion.

A self-assembled monolayer of the hexadecanoate ion
C,sH;,CO,™ was prepared on a zinc electrode coated with a
layer of hydrated cerium(im) oxide.” A more positive open-
circuit potential of the coated electrode was maintained
during immersion in the solution for 4 h compared to that
of an uncoated one, and polarization curves showed marked
suppression of the anodic process. The protection efficiency
of the hybrid coating is more than 99 %. A stable adsorption
bond was formed between Ce** and C;sH;,CO,~ ions result-
ing in an ordered and close-packed arrangement of the
C,sH;,CO,™ monolayers on the formed Ce,O; surface. The
migration of C;sH; CO,™ ions adsorbed on the surface of a
Ce,0; layer containing Zn** ions caused repassivation at a
defect of the layer resulting in maintenance of the passive
film against breakdown and a high degree of protection
against corrosion of zinc in 0.5m NaCL

A highly self-healing, protective film against corrosion
of zinc in aerated 0.5m NaCl was prepared by coating the
electrode surface with a Ce,05/Na;PO, composite from
107*m Ce(NO,); + NasPO,-12H,0 at 30°C for 30 min fol-
lowed by drying at 30°C for 23 h.”*! Neither a PLF nor a pit
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was formed on the scratched surface even after 120 h in
0.5m NaCl and only a PLF appeared at the scratches after
360 h. The film was composed of an outer layer of Na;PO,,
an intermediate layer of Zn;(PO,),, and an inner layer of
Ce,0;. Addition of the Ca(NO;), or Mg(NO;), to the
Ce,0;+Na;PO, film resulted in increased protection ability
but less pronounced self-healing effects. Cerium sulfate was
used as the main composite in solution to prepare a yellow
chemical conversion film on magnesium alloy.™ The re-
sults showed that when there is no other component in the
solution besides cerium sulfate, a yellow film can be ob-
tained on the magnesium alloy, but it is not stable. The sta-
bility of the cerium protection film increases with added hy-
drogen peroxide and AI’* ions as were tested in a 3.5%
NaCl solution.

3.4. Hybrid Sol-Gel Coatings

Sol-gel films have great potential as coatings (pretreat-
ments) for metal protection. Inorganic sol-gel derived films
offer good adhesion between metals and organic paint.
However, they have high crack-forming potential. Introduc-
tion of an organic component to an inorganic sol-gel system
leads to the formation of thicker, more flexible and func-
tionalized films with enhanced compatibility to additional
organic top coatings.™ In this hybrid coating process,
organosilicate nanoparticles with peripheral epoxy function-
al groups are preformed in an aqueous sol-gel process by
hydrolysis and condensation of appropriate organosilanes
and are then assembled and crosslinked upon application to
the substrate surface.” Chemical structure and organic
functionality of the silanes and crosslinking agents can be
varied and optimized to achieve the maximum effect on sta-
bility of the metal/coating interface. The corrosion-protec-
tion performance of the hybrid coatings is only maintained
if the coating is undamaged. To improve the corrosion-pro-
tection properties of the coating when it is mechanically
damaged, the incorporation of potent corrosion inhibitors
into the coating is needed. Once trapped within the coating
material, the corrosion inhibitor becomes active in the cor-
rosive environment, when the entrapped inhibitor can
slowly diffuse out of the host material. Despite the simplici-
ty of this doping method, it is difficult to control leaching of
the entrapped inhibitors out of the coating film. Solubility
of the inhibitor in the coating solution can also be a con-
cern.

Phosphates, vanadates, borates, cerium, and molybde-
num compounds were found to have an inhibiting action on
the corrosion processes of different metallic substrates.
Voevodin et al. investigated the corrosion-protection prop-
erties of epoxy/zirconia sol-gel coatings with incorporated
non-chromate inhibitors of Ce(NOj);, NaVO; and
Na,Mo00,.™ Sol-gel films with NaVO; and Na,MoO, did
not provide adequate corrosion protection due to decrease
of the sol-gel network stability. However, the sol-gel coat-
ings with cerium dopants perform at least as well as the un-
doped epoxy/zirconia films. The critical concentration of the
cerium inhibitor is in the 0.2-0.6 wt % range. Higher con-
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centrations could lead to the formation of defects in the net-
work of the sol-gel film. An additional inhibition effect was
revealed when phenylphosphonic acid was introduced into a
hybrid sol-gel matrix containing phenyl groups. The entrap-
ment of phenylphosphonate into the sol-gel matrix occurs
due to phosphate—phosphate (P-P interactions).

To improve the corrosion-protection properties of sol-
gel-derived hybrid coatings on an aluminum AA2024 alloy,
two organic corrosion inhibitors (mercaptobenzothiazole
and mercaptobenzimidazole) have been encapsulated within
the coating matrix in either the presence or absence of cy-
clodextrin.® Superior corrosion-protection properties have
been found for formulations that contain [-cyclodextrin and
can be explained by the act of slow release of the inhibitor
from the cyclodextrin/inhibitor inclusion complexes and by
the self-healing of corrosion defects (Figure 10). The inclu-
sion complexes are more easily trapped within the cross-
linked coating material, making it more difficult for the in-
hibitor to leach out. The encapsulation of organic corrosion
inhibitors into the coating host material as inclusion com-
plexes with cyclodextrin can be considered as effective de-
livery systems of organic inhibitors in active corrosion-pro-
tection applications. The slow release of organic corrosion
inhibitor from the molecular cavity of cyclodextrin ensures
the long-term delivery of corrosion inhibitor and thus the
healing of a damaged coating.

The incorporation of inorganic nanoparticles can be a
way of inserting corrosion inhibitors adsorbed on the sur-
face of the inorganic nanoparticles for attaining controlled
self-healing properties. Zheludkevich et al. demonstrated
the possibility of using zirconia nanoparticles as a reservoir
for the storage and prolonged release of a Ce-based corro-
sion inhibitor." The nanoparticles not only reinforce the
hybrid matrix but also absorb Ce*' ions, releasing them
during contact with moisture inside the corrosion pit. The
use of ZrO, nanoparticles as Ce reservoirs provides long-
term corrosion protection of the metallic substrate com-
pared to the case where the Ce inhibitor is added to the
sol-gel matrix. Several other attempts were made to obtain
“intelligent” active corrosion-protection systems based on
an ion-exchange pigment being added to the coating system.
Dispersions of silica and bentonite-based Ce** cation-ex-
changers in the polymer coatings enabled direct release of
the inhibitor into the electrolyte in blisters and significantly
retarded coating delamination. The active corrosion-protec-
tion effect was also revealed in the case of ion-exchanged
hydrocalcite pigments doped with Ce*" ions or organic in-
hibitors.

Another approach for inhibitor entrapment was present-
ed by Lamaka etal”! A TiO, porous layer obtained by
template synthesis was used as a nanostructured reservoir
for the organic corrosion inhibitor benzotriazole. This pro-
vides active corrosion protection and self-healing ability of
the coating system. The nanostructured porous TiO, con-
tainer layer was obtained by controllable hydrolysis of tetra-
isopropyl orthotitanate in the presence of the nonionic
block copolymer Pluronic F127, forming a cellular network
of ~30 nm titania nanoparticles (Figure 11). The structured
and benzotriazole-loaded titania layer was coated with a
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Figure 10. Current-density distribution maps at different immersion
times for AlCu artificial defects on AA 2024 alloy coated with nano-
particulate containers. Dopant: mercaptobenzotriazole and B-cyclo-
dextrin at 2.6 x 107> m (reprinted from Ref. [74b]. Copyright, Elsevier
Science BV.).

sol-gel-based thin hybrid film (SiO,/ZrO,) to provide an ad-
ditional barrier effect. The pretreatment formed by the
nanostructured titania reservoir layer covered with the
hybrid film demonstrates well-defined self-healing ability
leading to effective long-term active corrosion protection.
Only after about 100 h of immersion of the nanocontainer-
protected aluminum in 0.05M NaCl was a slight decrease of
the AlLO; underlayer film resistance measured. The first
breakdown of the oxide film starts only after 330h
(Figure 12). However the resistance increases again, almost
immediately achieving the values before breakdown. Such a
breakdown of the oxide layer followed by restoration of the
film resistance occurs several times. The nanostructured
porous character of the titania layer provides a very high ef-
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fective surface area for the adsorption of the inhibitor. The
developed surface formed by the titania layer also offers
good adhesion between the oxide and the sol-gel film due
to the high contact area between the two phases.

3.5. Self-Healing Coatings Based on Nanocontainers

Only a few reports on the formation of active surfaces
(mostly anticorrosion) based on the release of active materi-
al from incorporated nanocontainers are known. Direct de-
position of polyaniline-coated polystyrene latex particles
(1.85 um) on an iron plate increased the anticorrosion pro-
tection of the iron.” Polystyrene latex acts as a carrier for
the active polyaniline component. The conducting emeral-
dine salt form of polyaniline shifted the corrosion potential
of the underlying iron into the passive region. Another ex-
ample of container-based active coatings directly fabricated
on a metal surface are heat-expandable spheres for car pro-
tection based on ethylvinylacetate derivatives.” The coat-
ing made from the spheres directly deposited on steel com-
bines two functionalities: improved anticorrosion resistance
and increased acoustical insulation.

Coating composition providing self-healing was devel-
oped using cellular nanocontainers (diatomaceous earth,
zeolite, or carbon-based) dispersed in a polymeric matrix
material.® Nanocontainers were filled with either an organ-
ic (amines, ascorbic acid) or inorganic (borates, zirconates)
inhibitor. The possible concentration window of the cellular
nanocontainers in the polymer matrix was found to be be-
Figure 11. SEM micrographs for AA2024 alloy: a) etched bare sub- tween 20 and 97 wt. %. If the nanocontainers are less than
strate, b) etched alloy coated with a nanostructured TiO, film 20 wt.% of the overall composition, anticorrosive effects
(reprinted from Ref. [77]. Copyright, Elsevier Science B.V.). are not adequately achieved. On the other hand, if the
nanocontainers make up more than 97 wt. % of the overall
composition, the polymer material will not be able to form

Figure 12. Scanning vibrating electrode maps of the ionic currents measured at 200 pm above the surface of AA2024 aluminum alloy coated
with an undoped hybrid film (a, c,d) and with a TiO, nanostructured coating (e, g, h) exposed to 0.05m NaCl for 24 h (a, €). Then the defects
presented in the microphotographs (b) and (f) were made. Scanning vibrating electrode scans were taken 5 min after defect formation (c,g)
and 3 h after defect formation (d, h). Scale units: lAcm™. Scanned area: 2x2 mm (reprinted from Ref. [77]. Copyright, Elsevier Science B.V.).
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a continuous matrix and the corrosion would be disadvanta-
geously accelerated.

Chemical binding of the organic inhibitor to aluminum
oxyhydroxide nanoparticles was employed to protect alumi-
num, copper, nickel, brass and bronze.®! Hydroxide ions
generated from the corrosion of these metals trigger the re-
lease of bound corrosion inhibitors at pH >9. Here, the re-
lease of the inhibitor is maintained only by the corrosion
process preventing undesirable leakage. The specific surface
area of the aluminum oxyhydroxyde nanocarrier should be
at least 100 m*g~'. Another demonstration of a nanoparticu-
late inhibitor is an ion-exchange carrier. Compositions in-
clude ion-exchange resins, ion-exchanged zeolites, ion-ex-
changed solid particles, and water-soluble glasses.®™ The
corrosion inhibitors are released from the particle surfaces
by a subsequent ion exchange with ions (e.g., chlorides, sul-
fates, sodium ions) transported into the coating via water
penetrating through it.

Strong self-healing and long-term active corrosion pro-
tection of aluminum was shown by means of the example of
benzotriazole-loaded SiO, nanocontainers impregnated into
a Zr0,/SiO, hybrid film.® To produce SiO, nanocontainers
for loading into such a film, the layer-by-layer deposition
procedure was employed involving both large polyelectro-
lyte and small benzotriazole molecules. The suspension of
benzotriazole-loaded nanocontainers was mixed following
the sol-gel protocol and was deposited onto aluminum alloy
by a dip-coating procedure. The uniformly distributed nano-
particles of a diameter about 100 nm were impregnated into
the sol-gel film formed on aluminum substrate (Figure 13)

Figure 13. Si0,/Zr0, coatings with benzotriazole-loaded nanocontain-
ers (reprinted from Ref. [83a]).

with an average concentration of the nanocontainers of ~70
per 1 um% AFM does not show any signs of nanocontainer
agglomeration.

The release properties and reloading ability of polyelec-
trolyte-modified halloysite nanotubes, polyelectrolyte-modi-
fied SiO, nanoparticles, and polyelectrolyte capsules were
investigated in order to figure out the most appropriate type
of nanocontainers.**! The three containers are distinguished
by keeping the low-molecular-weight corrosion inhibitor
benzotriazole in a hollow lumen inside or within the poly-
electrolyte multilayers; SiO, nanoparticles coated with poly-
electrolyte/inhibitor multilayers; polyelectrolyte capsules
with encapsulated inhibitor; polyelectrolyte-coated halloy-
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site kaolin nanotubes, where the depot for inhibitor and re-
lease can occur exclusively through the tube opening.

Polyelectrolyte shells, which modified the outer surface
of the nanocontainers, were fabricated by the LbL assembly
of poly(diallyldimethylammonium chloride)/poly(styrene
sulfonate), poly(allylamine hydrochloride)/poly(styrene sul-
fonate), and poly(allylamine hydrochloride)/poly(methacryl-
ic acid) polyelectrolyte bilayers. The highest reloading effi-
ciency (up to 80 %) was observed for halloysite-based nano-
containers, however, after five reloading cycles the efficien-
cy decreased to 20 %. For coatings where the immediate re-
lease of the inhibitor was necessary, a SiO,-based or
halloysite-based nanocontainer with a shell made of weak
polyelectrolytes is preferable. When continuous, gradual re-
lease is required, halloysite-based nanocontainers with a
shell made of one weak polyelectrolyte and one strong or
two strong polyelectrolytes are more favorable.

The nanocontainers exhibit spontaneous release of ben-
zotriazole, the extent depending on the nanocontainer type
and the polyelectrolyte shell components (Figure 14a). De-
spite significant densification of the polyelectrolyte shell
after benzotriazole entrapment by the thermal encapsula-
tion method,®® the capsule is still porous and all of the ben-
zotriazole leaked out after maintaining the capsules for two
days in water at pH 6.5. Silica nanoparticles with LbL-as-
sembled polyelectrolyte shells revealed better encapsulation
properties. Nanocontainers of this type cannot prevent
spontaneous leakage; however, after 60 days of aging the
nanoparticulated containers still contain benzotriazole in a
quantity up to 80 % of the initial benzotriazole loading. Hal-
loysite nanotubes showed the best upkeep characteristics—
almost complete suppression of benzotriazole release, with
more than 90% of the initial benzotriazole retained inside
the inner cavity. This can be explained by the geometrical
restriction of the nanotubular container, which is able to re-
lease encapsulated material only through polyelectrolyte-
blocked edges with diameters of 20-50 nm.

Every corrosion process is accompanied by pH changes
in the local corrosion area. The pH value can be reduced or
increased depending on the nature of the corrosion process
and the metallic substrate and can be used as an effective
trigger to open the shell of the nanocontainers, to release
the inhibitor into the corrosion pit and, as a consequence, to
stop propagation of the corrosion. The pH dependency of
the benzotriazole release from halloysite nanocontainers is
depicted in Figure 14b. The increase of the release rate both
at low and high pH is observed for all polyelectrolyte shells.
Poly(diallyldimethylammonium chloride)/poly(styrene sulfo-
nate)-coated halloysite nanocontainers have the slowest re-
lease of benzotriazole, and the shell is stable for at least
40 min over the whole pH range. For polyelectrolyte layers
containing weak polyelectrolytes, the release rate increases
and the shell stability decreases for acidic or alkaline pH re-
gions. This effect is most prominent for halloysites coated
with a poly(allylamine hydrochloride)/poly(methacrylic
acid)shell. The stability range is narrower for the shell made
of weak polyelectrolytes. The poly(allylamine hydrochlo-
ride)/poly(styrene sulfonate) shell is stable at 0 <pH <12,
while the poly(allylamine hydrochloride)/poly(methacrylic
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Figure 14. a) Release of benzotriazole during aging of nanocontainers in water at pH 6.5: 1) Halloysite G
nanotubes modified with poly(diallyldimethylammonium chloride)/poly(styrene sulfonate) layers, 2) hal-
loysite G nanotubes modified with poly(allylamine hydrochloride)/poly(styrene sulfonate) layers, 3) hal-
loysite G nanotubes modified with poly(allylamine hydrochloride)/poly(methacrylic acid) layers, 4) SiO,

nanoparticles modified with poly(diallyldimethylammonium chloride)/poly(styrene sulfonate) layers,

5) Si0, nanoparticles modified with poly(allylamine hydrochloride)/poly(styrene sulfonate) layers,
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the release of benzotriazole.
Then, the released inhibitor
suppresses the corrosion ac-
tivity and the pH value re-
covers closing the polyelec-
trolyte shell of the nanocon-
tainers and terminating fur-
ther release of the inhibitor.

6) Si0O, nanoparticles modified with poly(allylamine hydrochloride)/poly(methacrylic acid) layers, 7) poly-
electrolyte capsules made of a poly(diallyldimethylammonium chloride)/poly(styrene sulfonate) shell.

b) Release of the benzotriazole release at different pH values (after 30 min of incubation): 1) Halloy-

site G nanotubes modified with poly(allylamine hydrochloride)/poly(styrene sulfonate layers, 2) halloy-
site G nanotubes modified with poly(allylamine hydrochloride)/poly(styrene sulfonate) layers, 3) halloy-
site G nanotubes modified with poly(allylamine hydrochloride)/poly(methacrylic acid)layers.

acid) shell completely dissolves from the halloysite surface
at pH values lower than 2 and higher than 10.

Figure 15 shows optical photographs of two aluminum
samples; the first was coated by a sol-gel film and the
second by a sol-gel film loaded with nanocontainers. Many
pit-like defects formed on the surface were found after
aging even in a dilute 0.005m NaCl solution for a pure sol-
gel film. The film with nanocontainers does not exhibit any
visible signs of corrosion attack even after 14 days in a 100-
times more concentrated NaCl solution (0.5M). This pro-
nounced difference shows the advantages of the “nanocon-
tainer” approach over the direct introduction of inhibitor to
the sol-gel coating.[*3

The self-healing efficiency of the ZrO,/SiO, films im-
pregnated with inhibitor-loaded nanocontainers was demon-
strated by the scanning vibrating electrode technique. Artifi-
cial defects were formed and well-defined cathodic activity
appears in place of the induced defect on aluminum coated
with an undoped hybrid film. Impressively different behav-
ior was revealed after defect formation on the substrate
coated with the ZrO,/SiO, film doped with benzotriazole-
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Figure 15. Optical photographs of an aluminum substrate coated with
a) a Zr0,/Si0, sol-gel film after 14 days in 0.005m NaCl and b) a
Zr0,/Si0, sol-gel film impregnated with benzotriazole-loaded SiO,
nanocontainers after 14 days in 0.5m NaCl (reprinted from

Ref. [83 d]. Copyright, Royal Society of Chemistry).
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4. Conclusions and Outlook

Nanocontainers possessing the ability to release encap-
sulated active materials in a controlled way can be em-
ployed to develop a new family of self-repairing coatings. In
this Review, several approaches to fabricate self-repairing
coatings (sol-gel coatings, Ce-based coatings, self-repairing
plastic surfaces, and so on) on plastic and metal substrates
were demonstrated. The release of the active materials
(e.g., corrosion inhibitors) occurs only when triggered by
environmental (corrosion) processes or defects in the coat-
ing integrity, which prevents leakage of the active compo-
nent out of the coating and increases coating durability. The
trend for better control of the encapsulation/release param-
eters is accompanied by progress in the fabrication of the
functional nanoreservoirs. Moreover, the active coating can
have several active functionalities (e.g., antibacterial, anti-
corrosion, and antistatic) when several types of nanocon-
tainers loaded with a corresponding active agent are incor-
porated simultaneously into a coating matrix. This will
surely be a matter of future intense research, which, as a
result, may lead to highly sophisticated surfaces.

This review also covered some principles and recent de-
velopments in the fabrication of nanocontainers with con-
trolled release/uptake properties. The demonstrated univer-
sal approach for the fabrication of active coatings is also a
great challenge, in order to develop multifunctional organic
and composite nanocontainers able to encapsulate active
material, retain it in the inner volume for a long period, and
immediately release it on demand. Due to their low dimen-
sionality and semipermeable shell, the nanocontainers can
be also employed in various areas such as drug-delivery sys-
tems, nanoreactors, feedback-active surfaces, and fuel cells.
The trend for better control of the encapsulation/release pa-
rameters is accompanied by progress in the fabrication of
functional nanoreservoirs. In many cases, the detailed mech-
anisms of the nanocontainer permeability are not yet well
understood. This requires additional efforts to investigate
kinetic and structural properties of the nanocontainer shell
and diffusion of the released active material inside the coat-
ing matrix. However, there is no doubt that nanocontainers
will create countless new opportunities in research and also
in technologies for the fabrication of active composite mate-
rials.
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