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T
he importance of corrosion protec-
tion does not need to be empha-
sized. The most widely used and ef-

fective anticorrosion coatings are those
based on using hexavalent chromium.1�4

However, the use of Cr(VI) is becoming in-
creasingly restrictive due to its characteris-
tic as human carcinogen and substantial
contribution to environmental pollution.
Organically modified silicates are hybrid
organic�inorganic materials formed
through hydrolysis and condensation of or-
ganically modified silanes with traditional
alkoxide precursors and could be used as an
alternative to the traditional anticorrosion
coatings based on Cr(VI).5�9 These coatings
exhibit increased flexibility and adhesion in
comparison with their inorganic counter-
parts. In general, the sol�gel-derived coat-
ings have been found to provide good cor-
rosion resistance for metal substrates
because of their barrier properties, tena-
cious adhesion to metal substrates, chemi-
cal inertness, versatility in coating formula-
tions, and ease of application under
ambient temperature conditions.10�12 The
greatest disadvantage of individual sol�gel
hybrid films is the absence of healing the
corrosion centers after their appearance.
Such healing becomes possible when corro-
sion inhibitor is directly incorporated into
the hybrid sol�gel matrix.13,14 Another ap-
proach preventing corrosion propagation
on metal surfaces uses a corrosion reaction
to initiate inhibitor action (i.e., the corrosion
process itself can be a stimulus triggering
the release of corrosion inhibitors from the
coating). A few coatings with so-called self-
healing effect were explored up to now.15

Ion-exchange resins can release inhibitors
in response to reactions with corrosive
ions.16 Monomer-filled capsules introduced
into polymer coatings are capable of heal-

ing the defects in the coating by releasing
encapsulated monomer followed by polym-
erization and sealing of the defected area.17

The main goal of this study is the devel-
opment of novel “smart” remotely con-
trolled corrosion protection coatings, which
radically improve the long-term perfor-
mance of metallic substrates. We present a
new mechanism based on the healing abil-
ity of anticorrosion agents remotely acti-
vated by laser. Remote laser-induced re-
lease demonstrates a facile method of
controlling the properties of substrate coat-
ings and improved performance. The abil-
ity to remotely release the loaded material
is important in delivery of chemicals and in
biomedical application areas.17�19 Using la-
ser technology, the method relies on mak-
ing the containers sensitive to light by dop-
ing them with metal nanoparticles or
organic dyes.20�22 Upon laser light illumina-
tion, the absorption centers locally disrupt
the shells of the containers, thus increasing
the permeability of the container walls. The
inhibitor stored in the container is then re-
leased covering and healing the corrosion
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ABSTRACT We introduce a novel and versatile approach to the corrosion protection by use of “smart” laser-

controllable coating. The main advantage of the proposed technique is that one could terminate the corrosion

process by very intensive healing after an appearance of corrosion centers using local laser irradiation. It is also

shown that by applying a polyelectrolyte shell with noble metal particles over the mesoporous titania and silica

via layer-by-layer assembly it is possible to fabricate micro- and nanoscaled reservoirs, which, being incorporated

into the zirconia�organosilica matrix, are responsible for the ability of laser-driven release of the loaded materials

(e.g., corrosion inhibitor). Furthermore, the resultant films are highly adhesive and could be easily deposited

onto different metallic substrates. Laser-mediated remote release of incorporated corrosion inhibitor

(benzotriazole) from engineered mesoporous containers with silver nanoparticles in the container shell is observed

in real time on single and multicontainer levels.
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area. In the long run, the use of polyelectrolyte shell

made via layer-by-layer polyelectrolyte deposition and

incorporation of the resultant containers into sol�gel

film allows successful development of corrosion protec-

tive systems with reservoirs for corrosion inhibitor. Sil-

ver nanoparticles can be used as light absorption cen-

ters because of their strongly pronounced surface

plasmon resonance band. The surface plasmon reso-

nance of silver nanoparticles is located at �420 nm, in-

ducing their aggregation, and sufficient absorption

can be made in the broad visible�near-IR wavelength

range. The surface plasmon resonance of silver nano-

particles is located at �420 nm, while for gold nanopar-

ticles, it is at �520 nm. Aggregation of nanoparticles in-

duces absorption in the near-infrared part of the

spectrum due to interacting dipole moments on neigh-

boring nanoparticles. That opens new possibilities for

remote regulation of corrosion healing. Interchange of

various wavelengths that can be used for remote acti-

vation is important. Typically, one would use visible la-

ser light hitting the absorption maximum of metal

nanoparticles. However, adding the possibility of appli-

cation of near-IR light makes this method rather flexible.

It is important to emphasize the fact that remote ac-

tivation of containers makes the proposed approach

versatile. Indeed, one anticipates that activation could

be performed without further inspection: the surface

could be periodically exposed to laser light. If a scratch

or other defects occur and the surface becomes prone

to corrosion, then illumination by laser light would en-

sure that these defects have been cured. In this regard,

such coatings behave as “smart” ones because they ini-

tiate triggering of release at defined surface areas in-

cluding the corrosion pit; otherwise, the corrosion pro-

tection containers just stay nonactivated under the

coating and do not initiate any action.

RESULTS AND DISCUSSION
The hybrid SiOx:ZrOx-based coatings were initially

developed for corrosion protection of metals.10�12,15

Notwithstanding the fact that these films are highly cor-

rosion protective, they have one main disadvantage:

the absence of corrosion healing and, consequently,

termination of a corrosion process. It should be noted

that, together with the formation of protective coating,

these films are subjected to crack appearance because

of physical or chemical influences, for example, small

stone scratches or chloride ion attack, and as a result,

corrosion starts. We have found a way to heal the cor-

rosion centers in a sol�gel film after their appearance.

For this purpose, two types of mesoporous containers

with corrosion inhibitor (benzotriazole) entrapped in-

side the pore volume were synthesized (Figure 1). Both

types of containers, submicrometer silica and nano-

sized titania, were investigated: the advantage of the

first one is the higher quantity of corrosion inhibitor,

which could be incorporated into free pore volume; the

advantage of the other is the smaller container size

which allows their incorporation into very thin films.

Both SiO2 and TiO2 powders show a large BET specific

surface area reaching 864 and 529 m3/g, respectively

(Figure 1 (1C,2C)). The BET isotherm allows derivation

of the pore size distribution. The pores are distributed

in a narrow range, and the average pore size is about

Figure 1. (1-A) SEM image of porous SiO2 particles. (1-B) TEM image of porous SiO2 particle with polyelectrolyte layers and sil-
ver particles incorporated into the polyelectrolyte shell. (2-A) SEM image of porous TiO2 particles. (2-B) TEM image of titania
particle modified by nanosized photodeposited silver particles. (C) Adsorption isotherms of (1) SiO2 and (2) TiO2 porous
particles.
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�7 nm in the case of TiO2 and �17 nm in the case of
silica.

The technique of layer-by-layer (LbL) deposition of
oppositely charged species (e.g., synthetic and natural
polyelectrolytes, biomaterials, metal, and inorganic
nanoparticles) on the titania or silica core enables the
stepwise assembling of ordered multilayers with
nanometer-scale precision.23 This approach yields reser-
voirs with controllable storage/release properties be-
cause the permeability of the polyelectrolyte shell can
be changed by varying pH, ionic strength of the me-
dium, or other physical or chemical influence.24,25 Selec-
tive and variable permeability of polyelectrolyte con-
tainers toward large organic molecules, polymer
molecules, and nanoparticles makes them an efficient
transport tool for protection, delivery, and storage of ac-
tive species and substances with unstable
formulation.26,27 The reinforcement of polyelectrolyte
walls with noble metal nanoparticles imparts them sen-
sitivity in the visible and near-IR spectral regions and,
in its turn, to exert remote control over their release
properties.18,20,28,29 The TEM images show silica contain-
ers with polyelectrolyte shell, silver particles being in-
corporated into the shell (Figure 1(1-B)) and titania
nanosized mesoporous particles after photodeposition
of silver particles from silver nitrate 10�5 M solution un-
der UV irradiation (Figure 1(2-B)). The containers were
added to zirconia sol that was then mixed with orga-
nosiloxane sol, and the obtained mixture was used for
film deposition. The confocal and AFM images of the re-
sultant film (Figure 2) evidence uniform distribution of
the containers over the coating. The concentration of
the silica-based containers, as evidenced by the confo-
cal image Figure 2A, is �107 containers/m2. The AFM
image of TiO2-loaded sol�gel film (Figure 2B) shows
that concentration of the titania-based container is
�1011 containers/m2. That uniform distribution and
high surface concentration of containers allows effec-
tive healing of the damaged corrosion area. Here, we of-
fer to use both visible and IR laser irradiation to heal
the corrosion defects. This enables the release of corro-
sion inhibitor after a short-term exposure to the laser
light by switching the permeability of the containers. In
case of a pulsed laser beam, the release occurs after ex-

posure to a single pulse, although scanning of the spot
can be used to increase the illumination area. In the
case of continuous laser operation, the release was trig-
gered on an area of �1 mm2 during a single exposure
in the seconds interval time. Reaching larger areas is
possible by scanning the affected area with the laser
beam.

The laser effect on containers is the following: the
surface plasmon resonance of noble metal nanoparti-
cles is located in the visible and near-IR part of the spec-
trum. Therefore, light energy is converted into heat en-
ergy upon laser light illumination. Heat absorption can
be high, and it can affect the polymeric shells. In earlier
work, various metal nanoparticles including silver, gold
and gold sulfide, and gold nanorods were tested.28,29

They were shown to affect the permeability of the poly-
meric shell, resulting in release of encapsulated materi-
als. These remote-release experiments were conducted
according to the following scheme. The polyelectro-
lyte multilayer shell or container cores were modified
with metal nanoparticles, which served as absorption
centers for energy supplied by a laser beam. These ab-
sorption centers cause local heating that disrupts the
local polymer shell and allows the loaded corrosion in-
hibitor to leave the interior of the containers. Very im-
portant parameters that control the interaction of laser
light with the absorption centers are the size of the
nanoparticles and their concentration. The concentra-
tion of metal nanoparticles plays an important role for
two reasons: (1) when the distance between the two ad-
jacent nanoparticles is of the order of their size, the
thermal effects produced by adjacent nanoparticles
add up; and (2) the interaction of nanoparticles located
in close proximity to each other results in an increase
of absorption at lower energies or higher wavelengths
(causing the so-called red shift) compared to the surface
plasmon resonance band of stand-alone

Figure 3. Images (bright field mode) (1) SiO2 containers
modified with silver nanoparticles and (2) titania modified
with silver nanoparticles. The images are obtained before (A)
and after (B) local illumination with an IR laser beam (white
cross shows the position of the IR laser beam). The particles
correspond to aggregates of nanocontainers. Inside the con-
tainer pore is incorporated Rhodamine 6G dye.

Figure 2. Confocal and AFM images of containers incorpo-
rated into sol�gel film: (A) confocal fluorescence image of
SiO2 containers (the Rhodamine 6G is incorporated into
pores); (B) AFM surface data for mesoporous TiO2-loaded
SiOx:ZrOx film.
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nanoparticles.30�32 In this regard, spatial arrangement
of the nanoparticles is essential, and control of their dis-
tribution is paramount.33�36 In the present studies, we
used silver nanoparticles for the remote activation of
containers. These nanoparticles were chosen because
of their superb surface plasmon resonance absorption.
The average size of silver nanoparticles was �8 nm. Fur-
ther studies were conducted on the release of the cor-
rosion inhibitor from the containers upon laser illumina-
tion that should result in the termination of the
corrosion process. The surface plasmon resonance of
noble metal nanoparticles and their aggregates is lo-
cated in the visible and near-IR part of spectrum.

As was mentioned earlier, upon exposure to laser
light, the nanocontainers ruptured, releasing their con-
tents. It is apparent from the images that were recorded
in transmission mode before and after illumination (Fig-
ure 3) that the containers can be opened in a light-
addressable mode, and the release of the encapsu-
lated luminescent dye (Rhodamine 6G) can be thus
obtained (Video 1S in Supporting Information). The ob-
served effect can be attributed to the photothermal
conformation change of the polyelectrolyte shell result-
ing in its switching to the opening state.37 Thus, the rup-
ture of the containers demonstrates that a laser�
nanoparticle interaction through a thermal processes
is responsible for container activation.37 Other pro-
cesses, for instance, transport of protons or electron re-
distribution around the nanoparticles,38 do not deter-
mine the activation of the containers because the
polyelectrolyte multilayers were shown to be perme-
able for protons and the local redistribution of electrons
cannot cause the rupture of the containers.39 Notably,
the rise in temperature during laser illumination of con-
tainers with embedded nanoparticles is several de-
grees, and it is concentrated in the vicinity of the con-
tainers.29 In our earlier work, we measured the
temperature increase upon laser illumination of poly-

meric microcapsules containing gold and gold�sulfide
nanoparticles.28 It was found that such parameters as
the size of nanoparticles, their concentration, and inci-
dent intensity affect the temperature rise in the vicinity
of the nanoparticles. Concentration of nanoparticles is
a parameter that can be easily controlled by the depo-
sition conditions. In the case when the substrate is illu-
minated by a laser operating at the wavelength in close
proximity of the surface plasmon resonance, a single
absorbing nanoparticle will provide sufficient tempera-
ture rise for release of encapsulated inhibitors, with the
temperature rise on that nanoparticle being control-
lable by the intensity of the laser beam. When illumina-
tion is performed in the near-IR part of the spectrum,
the concentration of nanoparticles and their aggrega-
tion state, in particular,18 play an important role. Indeed,
closely located nanoparticles interact inducing near-IR
absorption. Therefore, a higher concentration of aggre-
gated nanoparticles is needed for near-IR responsive
nanocontainers. With a surface density of less than 50%,
the temperature rise in the micrometer size volume
was found to reach several degrees, so distributing
nanoparticles in desired patterns is important.28 The lo-
cal temperature rise on nanoparticles can be rather
high, over 100 degrees, and it can be controlled by the
incident intensity and adjusted to just several degrees
of temperature rise to induce release of encapsulated
materials. Most importantly, the presence of absorption
centers in the shell of a nanocontainer assures that the
temperature rise occurs only locally in the vicinity of the
nanoparticle; the temperature decreases rapidly on the
nanometer scale, assuring that the surrounding envi-
ronment is unaffected.29 Also, the size of nanoparticles
needs to be chosen comparable to the thickness of the
polyelectrolyte multilayers. The average size of silver
nanoparticles was �8 nm, which is comparable to sev-
eral layers of polyelectrolytes around the corrosion
inhibitor.

Figure 4. Release of benzotriazole from (A) SiO2/Ag, (B) TiO2/Ag containers with polyelectrolyte shell at (1) pH � 7, (2) pH � 10.1, and
(3) under IR laser irradiation.
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The release characteristics of nanocontainers with

successfully encapsulated benzotriazole were studied

in aqueous neutral solutions under laser irradiation and,

for comparison, under neutral or alkaline pH adjusted

by addition of NaOH. As seen in Figure 4, nanocontain-

ers exhibit spontaneous release of benzotriazole under

laser irradiation. If one compares with pH-stimulated re-

lease of corrosion inhibitor, the laser-stimulated re-

lease occurs up to three times quicker. It should be

noted that 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

could be used as an effective trigger to open the shell

of the containers releasing the inhibitor into the corro-

sion pit and, as a consequence, to stop propagation of

corrosion. In general, the application of the appropriate

way of inhibitor release depends on the demands re-

quired from feedback active anticorrosion coatings. For

coatings where the immediate release of the inhibitor

is necessary, the use of nanocontainers, which could be

immediately opened by laser irradiation, is a very im-

portant advantage.

The SVET technique permits the mapping of the cur-

rent density in an electrolyte close to the substrate sur-

face. The electrode vibrates and indicates the current

flow in the electrolyte due to the corrosion processes

occurring on the substrate surface. The measured cur-

rent density vectors permit mapping of both the mag-

nitude and direction of current flow immediately above

the substrate surface. The SVET is thus capable of pro-

viding detailed spatially resolved information not

readily obtainable by other techniques. The current

density maps displayed in the normal or z-component

of the measured current density in the plane of the vi-

brating electrode are plotted in 3D format over the scan

area, with positive and negative current densities repre-

senting anodic and cathodic regions, respectively. The

measurements with light-controllable anticorrosion

coatings deposited onto aluminum alloy AA2024 were

taken at the open-circuit potential. At least six speci-

mens of each sample type were prepared and scanned

to assess reproducibility of the observed

phenomena.40,41 SVET allows investigation of the termi-

nation of the corrosion process under IR laser irradia-

tion. Figure 5 shows the current density maps for

Figure 5. Scanning vibrating electrode measurements (SVET) of the ionic currents above the surface of individual sol�gel at
(A) beginning moment; (B) 18 h of immersion; (C) 140 h of immersion. Scale units: �A · cm�2, spatial resolution: 150 �m.
Solution: 0.1 M NaCl.
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sol�gel-coated aluminum alloy during the process of

corrosion upon immersion in 0.1 M NaCl. A significant

current flow was observed after 18 h of scanning time

(Figure 5B) on the surface of the undoped sol�gel film.

The anodic activity increases in time, which is seen

from the higher corrosion activity in Figure 5C in com-

parison with Figure 5B. A regulation of the corrosion

process could possibly occur by means of containers

with corrosion inhibitor incorporated into the sol�gel

film. Figure 6A shows the map recorded after 18 h of im-

mersion of the sol�gel loaded with IR laser sensitive

containers. In these experiments, the idea was to study

the effect of the container opening under laser irradia-

tion (and, consequently, the corrosion inhibitor release)

on the corrosion process termination. It is seen from

Figure 6B that immediately after irradiation the corro-

sion disappears. Thus, to achieve fast healing of the cor-

rosion, it is preferable to use IR laser stimulated treat-

ment of the corrosion centers. The scheme (Figure 6.2)

shows how the healing of corrosion defect works: when

the cracks appear and corrosion begins, one can

achieve the release of corrosion inhibitor and defect

healing using laser irradiation; moreover, in the ab-

sence of mechanical defects, these films ensure highly

efficient corrosion protection.

In summary, in this study, submicrometer and nano-

sized laser-sensitive containers have been developed.

The laser and pH-stimulated corrosion inhibitor release

from the inner volume of polyelectrolyte containers was

studied. It was shown that release under laser irradia-

tion is faster, which allows achieving fast stimulated

healing of corrosion defects after container incorpo-

ration into the silica�zirconia-based sol�gel ma-

trix, which is confirmed by the scanning vibration

electrode technique studies. These measurements

permit visualization of the healing under laser irra-

diation. The release characteristics due to

laser�nanoparticle interaction were analyzed. Tem-

perature rise of just several degrees is sufficient for

inducing release of encapsulated materials. Tuning

the illumination wavelength, intensity of the inci-

dent laser beam, and concentration of nanoparti-

cles makes the laser release method a rather versa-

tile tool for corrosion protection.

Figure 6. (1) Scanning vibrating electrode measurements (SVET) of the ionic currents above the surface of polyelectrolyte SiO2 con-
tainers incorporated into SiOx:ZrOx sol�gel film (A) after 18 h immersion in 0.1 M NaCl; (B) after local laser irradiation of the corrosion
area. Scale units: �A · cm�2, spatial resolution: 150 �m. (2) Scheme of the inhibitor release after local laser irradiation explaining the
healing of the defect.
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EXPERIMENTAL SECTION
Materials. Aluminum alloy AA2024 was supplied by EADS

Deutschland GmbH, polyethyleneimine (PEI, Mw �
600 000�1 000 000), poly(sodium 4-styrenesulfonate) (PSS, Mw

� 70 000), HCl, NaCl, zirconium n-propoxide (TPOZ),
3-glycidoxypropyltrimethoxysilane (GPTMS), propanol, ethylace-
toacetate, EtOH, tetraethoxysilane (TEOS), cetyltrimethylammo-
nium bromide (CTAB), HNO3, TiC, and AgNO3 were purchased
from Sigma-Aldrich and used without further purification. The
water was purified in a three-stage Millipore Milli-Q Plus 185 pu-
rification system and had a resistivity higher than 18 M�/cm.

Preparation of Porous SiO2 and TiO2 Particles. SiO2 mesoporous par-
ticles were produced using an aerosol-assisted self-assembly
process. The reaction mixtures were prepared in reactors at 25
°C under stirring. The silica sources were added to the solutions
under stirring to give gel mixtures with the molar composition
TEOS/CTAB/NH3/H2O � 1:0.52:16:39. After droplet addition of
TEOS, the mixture was heated until gel formation. Gels were then
autoclaved at the desired temperature (70 °C) for 5 h under
static conditions. The materials were recovered by filtration,
washed with water, and oven-dried at 540 °C for 6 h (Figure 1(1-
A)). The mesoporous titania was synthesized by oxidation of tita-
nium carbide by 5 M nitric acid. The resultant particles were ca.
100 nm in size and have �6�7 nm pores (Figure 1(1-B)). Accord-
ing to XRD analysis, the titania network was made of anatase
crystallites with medium size of ca. 3 nm.

Nanocontainer Loading. Benzotriazole (Bt) was loaded inside
the pore of the containers. For this purpose, dispersed particles
were mixed with 10 mg/mL solution of benzotriazole. A vial con-
taining the mixture was transferred to a vacuum jar and then re-
peatedly evacuated using a vacuum pump. Slight bubbling of
the suspension indicates the air being removed from the con-
tainer interior. After the bubbling was stopped, the vial was
sealed for 30 min to reach equilibrium in benzotriazole distribu-
tion between the inner volume and the surrounding solution.
The titania or silica suspension was centrifuged to remove ex-
cess of the dissolved benzotriazole and dried. The process was
repeated four times to ensure the saturation of the inner titania
cavity with precipitated benzotriazole. To produce the polyelec-
trolyte shell, we followed the LbL deposition procedure involving
PEI and PSS polyelectrolyte molecules. The deposition of the
positive PEI was performed on the first stage mixing 20 mL of
SiO2 or titania (15 or 12 wt %, respectively) colloidal solution with
3 mL of 2 mg/mL PEI solution for 15 min. Deposition of the nega-
tive PSS layer was carried out from 2 mg/mL PSS water solu-
tion. The same procedure was repeated twice. Washing of the re-
sulting composite nanoparticles was performed by
centrifugation after each adsorption step. The resulting nano-
containers have Bt-SiO2/PEI/PSS/PEI/PSS and Bt-TiO2/PEI/PSS/
PEI/PSS structures. The benzotriazole content in the nanocon-
tainers is equal to 75 mg/g of the initial SiO2 particles and 69
mg/g of the initial TiO2 particles.

Modification of the Containers by Fine Silver Particles. To make our
containers sensitive to the laser irradiation, preformed silver
nanoparticles were added to the container shell. In the case of
mesoporous SiO2-based containers, silver nanoparticles were in-
corporated directly into the polyelectrolyte shell (Figure 1(1-B)).
For this purpose, silver particles were added into the polyelectro-
lyte solutions for layer-by-layer deposition. Thus, these noble
metal particles were fixed between polyelectrolyte layers. In the
case of titania-based containers, silver nanoparticles were photo-
deposited onto the titania core before the container loading
with corrosion inhibitor and polyelectrolyte shell formation (Fig-
ure 1(2-B)). The nucleation of the metal phase at the semicon-
ductor surface under illumination is a well-investigated process;
in particular, it was studied as the process of latent image forma-
tion in the photocatalytic lithography.22 By changing the deposi-
tion conditions (exposure dose, light intensity), the metal load-
ing can be effectively controlled and the dispersity of the
resultant metal nanophase can be readily varied in wide ranges.
Silver nanoparticles were deposited onto the TiO2 core by illumi-
nation of the TiO2 surface with UV light (10 s) in aqueous solu-
tions containing silver ions from 10�5 M AgNO3.

Synthesis and Deposition of Sol�Gel Films. The hybrid
zirconia�organosilica films loaded with titania or silica contain-

ers were prepared using the controllable sol�gel route by mix-
ing in 1:2 volume ratio the following sols: (i) zirconia sol obtained
by hydrolyzing 70 wt % zirconium n-propoxide in propanol
mixed with ethylacetoacetate (1:1 volume ratio) and (ii) orga-
nosiloxane sol synthesized by hydrolyzing 3-glycidoxy-
propyltrimethoxysilane in isopropanol (in both cases acidified
water pH � 1 was used to initiate the hydrolysis). The mesopo-
rous titania or silica was added into the resulting mixture in an
amount of 3 mg/mL. The container loaded SiOx-ZrOx films were
deposited onto metal (aluminum alloy AA 2024) substrates by a
dip-coating procedure; the rate of substrate withdrawal was 18
cm/min. After the coating, the samples were cured at 130 °C for
1 h (Figure 2).

Characterization. The morphology of titania and silica was in-
vestigated by scanning electron microscopy (SEM) (LEO-1420,
Carl Zeiss, Germany) and transmission electron microscopy (TEM)
(LEO 906 E, Carl Zeiss, Germany). The specific surface area of
the silica and titania container cores was obtained by N2 adsorp-
tion fitted with BET isotherms (Micrometrics, ASAP 2010). Atomic
force microscopy (AFM, Nanoscope III Multimode AFM, Digital In-
struments Inc., USA, operating in tapping mode) were used for
characterization of the obtained particles and of the surface of
SiOx-ZrOx film loaded with containers. AFM tips (PPP-NCH-W)
having a resonance frequency of 302�354 kHz and a stiffness
of 25�42 N/m were purchased from Nanosensors (Germany).
Absorption spectra in the ultraviolet and visible (UV/vis) range
were recorded to determine benzotriazole concentration during
loading and release by means of an Agilent 8453 spectropho-
tometer (Agilent Technologies, USA). Confocal fluorescence
measurements were conducted on a Leica TCS SP inverted con-
focal microscope system (Leica, Germany) equipped with a 100�
and 40� oil immersion objective having a numerical aperture
of 1.4 and 1.25, respectively. The corrosion healing efficiency of
the coatings after IR laser irradiation was investigated by the
scanning vibrating electrode technique (SVET, from Applicable
Electronics, USA). The diameter of the Pt-blackened electrode tip
is 20 �m, the peak-to-peak amplitude is 60 �m, and the vibra-
tion frequency is 655 Hz. An area of 4.5 � 4.5 mm2 was scanned
with a step width of 150 �m. The probe was 300 �m above the
sample surface. The scans had a duration of ca. 15 min each and
were repeated every 0.5 h. The SVET method yields current den-
sity maps over the selected surface of the sample, thus allow-
ing the monitoring of local cathodic and anodic activity in the
corrosion zones.

Opening of the Polyelectrolyte Containers. Opening of the polyelec-
trolyte/silver containers was performed in two modes. First, us-
ing a homemade laser setup in which a collimated pulsed laser
(time duration 700 ps, and power 3 �J, 820 nm) was focused
onto the sample through a microscope objective, 100� magni-
fication, and the images were recorded by a charge-coupled de-
vice camera connected to a computer. In the second mode, an
unfocused CW frequency-doubled Nd:YAG laser (operating at
532 nm) with an average incident power up to 150 mW exposed
the sample in direct illumination for �30 s. The laser intensity
was measured by a Newport-183 °C power meter.
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Supporting Information Available: Video corresponding to
the online irradiation of SiO2/silver container coating using a
homemade laser setup in which a collimated pulsed laser (time
duration 700 ps, and power 3 �J, 820 nm) was focused onto the
sample. The images presented in Figure 3(1-A,B) are first and
last moments of video. This material is available free of charge
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39. Klitzing, R.; Möhwald, H. Proton Concentration Profile in
Ultrathin Polyelectrolyte Films. Langmuir 1995, 11, 3554–
3559.

40. He, J.; Gelling, V. J.; Tallman, D. E.; Bierwagen, G. P. A
Scanning Vibrating Electrode Study of Chromated-Epoxy
Primer on Steel and Aluminum. J. Electrochem. Soc. 2000,
147, 3661–3667.

41. He, J.; Gelling, V. J.; Tallman, D. E.; Bierwagen, G. P.;
Wallacec, G. G. Conducting Polymers and Corrosion III. A
Scanning Vibrating Electrode Study of Poly(3-octyl pyrrole)
on Steel and Aluminum. J. Electrochem. Soc. 2000, 147,
3667–3673.

A
RT

IC
LE

VOL. 3 ▪ NO. 7 ▪ SKORB ET AL. www.acsnano.org1760


