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ABSTRACT: A new generation of nanosensors based on mesoporous
silica nanocapsules with the ability to monitor the onset of metallic
corrosion is successfully developed and tested on 304 stainless steel. The
core of the nanocapsules contains water insoluble organic molecules that
ﬂuoresce during the anodic dissolution of metallic substrates in the
corrosion process. The dispersion of the nanosensors in organic coatings
applied on metal substrate allows a very sensitive ﬂuorescent detection of
the initiation of metal dissolution, close to defects in the substrate. This
promising concept oﬀers therefore new perspectives for the development
of smart coatings for corrosion sensing.
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1. INTRODUCTION
The corrosion of metals is a critical issue that has globally huge
impacts in in terms of safety and economy. Corrosion of metals
has a huge impact in the construction, aerospace, and
automotive industries since the deterioration of metallic
components impacts the life cycle of structures. Many
structures such as ships, aircrafts, and car bodies are
manufactured from a wide range of metals such as carbon
steels or aluminum and are usually protected from corrosion by
primers and organic coatings. During service, coatings can be
deteriorated and anodically active areas are formed, which may
lead to relatively fast delamination of the painted areas.
Therefore, an early detection of corrosion is of signiﬁcant
interest in economic, safety, and ecological scales. Diﬀerent
physical methods are commonly used to detect corrosion but
have the drawback that active external handling is necessary to
obtain information about corrosion. Therefore, smart coatings
were developed so that they provide feedback on the corrosion
state of underlying metals. A ﬁrst approach is to embed a dye
in the coating that is sensitive to changes of environmental pH
values. First examples were coatings composed of one sensing
layer sandwiched between two layers of glass mat/unsaturated
polyester resin layer.1 The pH-sensitive phenolphthalein was
directly mixed in the coating layer and was found to give a
purple color to the laminate when it was immersed in sodium
hydroxide solutions. Similarly, when a phenanthroline dye was
added in an alkyd resin2 or acrylic coating3 on mild steel, a
© 2019 American Chemical Society

color change could be observed because of the complexation of
the dye with Fe2+. In order to protect the dye from detrimental
interactions with the coating matrix, pH indicators can be
encapsulated. Micro- and nanoencapsulation have also the
advantage to increase locally the concentration of the dye so
that a more intense color change is observed. The pH indicator
phenolphthalein, which changes color at high pH values, was
encapsulated in mesoporous nanoparticles by taking advantage
of an optical change at active cathodic zones4 in aluminum and
magnesium alloys. A similar approach was used with polyurea
microcapsules.5 However, the approaches based on color
change suﬀered from the fact that corrosion products are
usually already colored and that they are not eﬀective at the
early stage of corrosion.
To tackle this issue, ﬂuorescence sensors, which are much
more sensitive, have been used widely for detecting either
changes of the pH value or the presence of metal cation due to
corrosion.6,7 This approach was applied by mixing ﬂuorescent
dyes sensitive to changes of pH values and redox conditions
into primer coatings for aluminum.8 Fluorescent dyes were
used also to label aluminum alloy surfaces to detect local pH
changes by ﬂuorescence microscopy.9 One option to detect pH
change is to couple a pH-sensitive dye or a polymer−dye
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conjugate to optical ﬁbers. Internal holes of microstructured
ﬁbers were ﬁlled with a dye attached to a polymer for the
detection of aluminum ions by ﬂuorescence.10 Similarly,
diﬀerent dyes were immobilized on optical ﬁbers for detecting
by ﬂuorescence low and high pH values or aluminum ions11 in
the environment of aluminum surfaces.12 Coumarin imidazole
was modiﬁed to aﬀord a polymerizable dye that was
copolymerized with methacrylic acid and 1,4-bis(acryloyl)piperazine to yield a cross-link gel that was ﬁxed at the end of
an optical ﬁber.13 The dye was ﬂuorescent when protonated
(pKa = 12.5), while it was less ﬂuorescent when it was
deprotonated due to photoinduced electron transfer between
the receptor and the ﬂuorophore. The ﬁber was used to detect
corrosion in concrete and was active for pH values between 10
and 13. The presence of iron ions was detected during steel
corrosion by embedding 8-hydroxyquinoline14 or a ﬂuorescent
dye derived from rhodamine15 in epoxy, which both was a
corrosion inhibitor and served as ﬂuorescent sensor upon
complexation with iron ions. Microcapsules were also used in
thiol−epoxy thermosets in order to provide materials that can
respond both to corrosion and mechanical damage.16 While
the pH indicator thymol blue was embedded directly in the
epoxy matrix, tetraphenylethylene dissolved in hexyl acetate
was physically entrapped in microcapsules. Tetraphenylethylene displayed an aggregation-induced emission when
cracks occurred after evaporation of the solvent hexyl acetate.
Herein, we present a coating containing nanosensors that are
able to detect iron ions and low pH values induced by the
corrosion of steel substrates. The nanosensors consist of a
mesoporous silica nanocontainer with a hydrophobic liquid
core containing a dye. The dye was selected because it displays
chelation-enhanced ﬂuorescence in the presence of iron(III)
ions. This design impedes premature leaking of the dye due to
the hydrophobic nature of the core while allowing protons and
iron ions to access the interior of the core so that a strong
ﬂuorescence signal can be detected.

NanoPlus, Particulate Systems). The surface morphology of silica
nanocapsules was observed with a scanning electron microscope
(SEM, JSM-7610F, JEOL). Samples dispersed at an appropriate
concentration were cast onto a silicon wafer at room temperature.
The morphology of silica nanocapsules was observed by transmission
electron microscopy (TEM, JEM-ARM 200F, JEOL) at an
acceleration voltage of 200 kV. Samples dispersed at an appropriate
concentration were cast onto a carbon-coated copper grid. The
average size of silica nanocapsules was determined by counting 100
particles with the SemAfore software 5.21 (JEOL). For UV
spectroscopy investigations, stock solutions of Fe3+ were prepared
using FeCl3 in acetonitrile:water (1:1, v:v) or water. Solutions of
rhodamine derivative and silica nanocapsules with encapsulated dye
for spectroscopic studies were also prepared in acetonitrile:water (1:1,
v:v) or water. UV absorption (Lambda 1050, PerkinElmer) and
ﬂuorescence (FLS980, Edinburgh Instruments) studies were
performed using 25 μmol L−1 and 50 μmol L−1 solutions of
rhodamine derivative and silica nanocapsules with encapsulated
rhodamine derivative (0.030 wt % dye in the whole dispersion) in
appropriate amounts of Fe3+ ions. The solutions were shaken for 6 h
before measuring the absorption and ﬂuorescence. The excitation was
performed at 510 nm for all the emission studies. Encapsulation
eﬃciency was estimated by UV−visible spectroscopy. First, a known
amount of the miniemulsion (0.5 mL) was mixed with the same
volume of 35 g L−1 NaCl solution and centrifuged to separate the
capsules from the solution. The capsules were then dissolved in 5 mL
of dichloromethane during 48 h to extract the dye from the core of
the capsule. The amount of dye extracted was then measured by UV−
visible spectroscopy according to a preliminary calibration at 317 nm,
and compared to the theoretical amount. The ratio corresponds to the
encapsulation eﬃciency. Fluorescence correlation spectroscopy
(FCS) experiments were performed with a commercial setup (Carl
Zeiss, Germany) consisting of the modules ConfoCor 2 and LSM 510
coupled to an inverted microscope (Axiovert 200), equipped with a
Zeiss C-Apochromat 40×/(1.2 W) water immersion objective. For
excitation, the 543 nm line of a HeNe laser was used, and collected
ﬂuorescence was ﬁltered through a LP560 long pass emission ﬁlter.
Eight-well polystyrene-chambered coverglass (Laboratory-Tek, Nalge
Nunc International, Penﬁeld, NY, USA) was used as a sample cell.
FCS measurements were performed with nanosensors dispersed
(factor of 1/60) in four diﬀerent dispersions: two dispersions in
aqueous solutions of ferric ions with concentrations of 0.05 mmol L−1
and 5 mmol L−1 and two dispersions in pure water with pH adjusted
by HCl addition to the same values as the aforementioned ones for
ferric solutions (respectively pH = 5 and pH = 2.9). All dispersions
were kept stirring, and FCS experiments were performed at diﬀerent
time intervals after the dispersions preparation. During an FCS
experiment the time-dependent ﬂuctuations of the ﬂuorescence
intensity δI(t) caused by the diﬀusion of the ﬂuorescent species
(loaded nanocapsules or freely diﬀusing activated ﬂuorescent
molecules) through the confocal observation volume were recorded
and analyzed by an autocorrelation function G(t) = 1 + ⟨δI(t) δI(t
+τ)⟩/⟨I(t)⟩2. For an ensemble of m diﬀerent types of freely diﬀusing
ﬂuorescence species, G(t) has the following analytical form.18

2. EXPERIMENTAL SECTION
2.1. Materials. Tetraethyl orthosilicate (TEOS, Acros Organics,
98%), n-hexadecane (HD, Acros Organics, 99%), cetyltrimethylammonium chloride (CTMA-Cl, TCI, 95%), cetyltrimethylammonium
bromide (CTAB, Acros Organics, 99%), acetonitrile (Carlo Erba),
rhodamine B (Merck), toluene (Carlo Erba), ethanol (Carlo Erba),
acetone (Acros Organics, 98%), dichloromethane (Honeywell,
99.9%), hydrochloric acid (Carlo Erba, 37%), iron(III) chloride
anhydrous (FeCl3, Carlo Erba), ammonium iron(II) sulfate
hexahydrate ((NH4)2Fe(SO4)2·6H2O, Merck), zinc chloride anhydrous (ZnCl2, Carlo Erba), aluminum chloride (AlCl3, Acros
Organics), sodium chloride (NaCl, Carlo Erba), and hydrazine
monohydrate (TCI, 98%) were used as received. All chemicals were
analytic grade and were used without further puriﬁcation. The dyes
for metallic ions sensing were synthesized according to literature
procedures.17
2.2. Design of the Nanosensors. A known amount of dye was
dissolved in 2 g of TEOS, 125 mg of HD, and 1 g of toluene. The
mixture was stirred with 30 mL of a 0.77 wt % aqueous solution of
CTMA-Cl. The emulsion was then sonicated under ice cooling for
180 s at 70% amplitude in a pulse regime (30 s sonication, 10 s pause)
using a Branson 450 W soniﬁer and a 1/2 in. tip. The resulting
emulsion was then further stirred 20 h to obtain the silica
nanocapsules. For the ﬂuorescence measurements, 15 mL of a 13.3
mg mL−1 aqueous solution of CTAB was used to avoid the presence
of chloride ions.
2.3. Characterization of the Nanosensors. The sizes of silica
nanocapsules were measured by dynamic light scattering (DLS,
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Here, N is the average number of diﬀusing ﬂuorescence species in the
observation volume, τDi is the diﬀusion time of the ith species, f i is the
fraction of component i, and S is the so-called structure parameter, S
= z0/r0, where z0 and r0 represent the axial and radial dimensions of
the confocal volume, respectively. Furthermore, the diﬀusion time, τDi,
is related to the respective diﬀusion coeﬃcient, Di, through18 Di = r02/
4τDi. The experimentally obtained G(t) can be ﬁtted with eq 1
yielding the corresponding diﬀusion times and subsequently the
diﬀusion coeﬃcients of the ﬂuorescent species. The hydrodynamic
radii, Rh, can be calculated (assuming spherical particles) using the
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Figure 1. Schematics for the preparation of the nanosensors based on mesoporous silica nanocontainers.
Stokes−Einstein relation: Rh = kBT/6πηD, where kB is the Boltzmann
constant, T is the temperature, and η is the viscosity of the solution.
Furthermore, the ﬂuorescent brightness of the species can be
estimated by dividing the average ﬂuorescent intensity to the average
number of ﬂuorescent species in the probing volume; i.e., FB =
⟨I(t)⟩/N.
2.4. Preparation of the Composite Coating. A 50 μL aliquot
of the nanosensor dispersion was dropped on the metal sample and
spin-coated at 3000 rpm for 20 s. This operation was repeated three
times. Then, 5 wt % poly(vinyl butyral-co-vinyl alcohol-co-vinyl
acetate) dissolved in ethanol was used as a binder and also spincoated three times at 2000 rpm for 20 s. This protocol led to the
formation of polymer/nanosensors composite coating with a
poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) top coat. Based
on previous experiments with the same coating,19 the thickness was
evaluated to be ∼1.5 μm. Once the coating had been applied, it was
allowed to dry for 1 h at room temperature.
2.5. Corrosion Experiment. A 304 stainless steel sample,
mechanically polished with 1000 grade grinding paper and submitted
to ultrasonication in ethanol, was coated according to the abovementioned protocol and used as a working electrode in a classical
three-electrode electrochemical cell. The sample was aﬃxed and
sealed in order to have a 0.44 cm2 area exposed to the 35 g L−1 NaCl
solution. Platinum foil and Ag/AgCl electrode were used as counter
and reference electrodes. To initiate localized corrosion, the sample
was submitted to a potentiodynamic polarization scan with a sweep
rate of 2 mV s−1 until the corrosion density reached a threshold of
about 2 mA cm−2. The sample was then investigated by means of a
ﬂuorescence microscope observation 1 week after the polarization
experiments. Fluorescence imaging was conducted with an Olympus
IX81 ﬂuorescent microscope and CY3 ﬁlter (λex = 531 nm and λem =
593 nm) with a ﬁxed gain of 18 dB and exposure time of 350 ms.

droplets was found to display porous structures as measured
previously.22 The noncomplexed dye solubility in water is
extremely low, and therefore no signiﬁcant transport of the dye
to the aqueous phase is expected if the dye is not complexed.
After the hydrolysis and the condensation reactions, silica
nanocapsules with an average hydrodynamic diameter depending on the surfactant concentration are formed, for example,
hydrodynamic diameters of 55 nm (PDI = 0.19) and geometric
diameters of 40 ± 10 and 43 ± 10 nm as determined by DLS
and SEM, respectively, with 7.4 wt % surfactant compared to
the dispersed phase. Spherical nanoparticles with a welldeﬁned core−shell structure could be identiﬁed by electron
microscopy (Figure 2). The encapsulation eﬃciency of the dye

Figure 2. SEM micrograph (left) and TEM micrograph (right) of the
silica nanocapsules.

inside the capsule was calculated to be 97% corresponding to a
dye concentration of 17.46 mmol L−1 in toluene inside the
core of the capsules.
The dye displayed strong ﬂuorescence upon illumination
with a UV lamp in the presence of FeCl3 (see Supporting
Information Figure S1). The maximum absorbance was
identiﬁed to be 560 nm (Figure S2), as reported in another
report.15 The dye is only very weakly ﬂuorescent in the
absence of metal ions because ﬂuorescence is quenched by
photoinduced electron transfer eﬀect.26 However, metal ion
coordination with the lone electron pairs of nitrogen and
oxygen of the dye brings the energy state of the lone pair below
the HOMO of the dye so that ﬂuorescence occurs (Figure S3).
As expected, the ﬂuorescence intensity of the dye solution was
dependent on the dye concentration and on the amount of
iron(III) ions present in the solution (Figure S4). Remarkably,
strong ﬂuorescence signals could be detected after encapsulation of the dye in the nanocontainers and the intensity was
found to increase with Fe3+ concentration (Figure 3). To
decouple the eﬀect of chelation-induced ﬂuorescence and the

3. RESULTS AND DISCUSSION
The nanosensors were fabricated as nanocontainers by a sol−
gel process in miniemulsion depicted in Figure 1. Brieﬂy, a
synthesized rhodamine B derivative is dissolved in an organic
phase consisting of an organic solvent and the silica precursor
(alkoxysilane). The mixture is then emulsiﬁed by ultrasonication to form a miniemulsion with nanodroplets dispersed
in water and stabilized by a surfactant. An interfacial reaction
takes place when the alkoxysilane is hydrolyzed and then
condensed to form a silica shell surrounding the solution of
dye. This process was already reported for encapsulating selfhealing agents,20 a perylene dye,21 corrosion inhibitors,22,23
peppermint oil,24 or precursors for the formation of metal
oxide catalysts.25 The gates of the pores, which control
permeability of the ions, are not responsive to corrosion. The
sol−gel process occurring at the interface of miniemulsion
814
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Figure 3. Fluorescence emission spectra of the dispersion of nanocontainers dispersed in water encapsulating a solution of dye ((a) 25 and (b) 50
μmol L−1) excited at 510 nm upon addition of 0−10 equiv of Fe3+ in acetonitrile:H2O (1:1 (v:v)).

Figure 4. (a) Typical FCS autocorrelation curves measured 2 min (□) and 4 h (○) after dispersing the nanocontainers in the solution with 5 mmol
L−1 ferric ions concentration. The solid lines represent ﬁts with eq 1. The inset shows the corresponding ﬂuorescent intensity time traces. (b) Time
evolution of the ﬂuorescence brightness of nanocontainers dispersed in two diﬀerent solutions of ferric ions (black line with triangles, 0.05 mmol
L−1; blue lines with triangles, 5 mmol L−1) and two aqueous solutions adjusted to their corresponding pH values (green line with half-ﬁlled circles,
pH = 5; red line with half-ﬁlled circles, pH = 2.9).

diﬀerent environments: two dispersions in aqueous solutions
of ferric ions with concentrations of 0.05 mmol L−1 and 5
mmol L−1 and two dispersions in pure water with a pH value
adjusted by addition of HCl to the same values as the one of
the corresponding ferric solutions (respectively pH = 5 and pH
= 2.9).
Typical autocorrelation curves measured respectively 2 min
and 4 h after dispersing the nanocontainers in the solution with
the highest concentration of ferric ions (5 mmol L−1) are
shown in Figure 4a. The curve measured after 2 min can be
well-ﬁtted with eq 1 using one component only (m = 1; see
Experimental Section), yielding a value of Rh = 58 ± 5 nm for
the hydrodynamic radius of the ﬂuorescent species present in
the dispersions. This value is consistent with the size of the
nanocontainers. It indicated that, shortly after mixing of the
nanocontainers and the ferric ions, the ﬂuorescent activated
molecules were formed and remained in the nanocontainers.
On the other hand, the autocorrelation curve measured after 4
h had to be ﬁtted with two components (m = 2; see
Experimental Section): the ﬁrst component with a hydrodynamic radius of around 58 nm and the second one with a
hydrodynamic radius of less than 1 nm. This result indicated
that a signiﬁcant fraction of the activated ﬂuorescent molecules
was no longer encapsulated in the nanocontainers after 4 h, but
was released and freely diﬀusing in the aqueous environment.
This is further illustrated by the corresponding time traces of
the measured ﬂuorescence intensity ﬂuctuation shown in the
inset of Figure 4a. On the trace measured 2 min after mixing,

eﬀect of the ions on the pH value, we investigated the
ﬂuorescence of the dye in the presence of various amounts of
strong acids. Although the eﬀect of HCl was markedly less
signiﬁcant than the eﬀect of FeCl3 on ﬂuorescence, a trend
could be observed (Figure S5). Indeed, the ﬂuorescence
intensity increased with the concentration of the acid. A similar
trend was observed for the dispersion of nanosensors (Figure
S6). The nanosensors were sensitive to a very low amount
(sensitivity of ∼10 μM) of iron(III) ions, rendering them ideal
for detection of early stages of corrosion of steel substrates).
Indeed, typical concentrations close to the corroding surface
are usually in the micromolar range.27
It is of interest to determine the localization of the
ﬂuorescent species after activation of the nanosensors.
Therefore, we veriﬁed whether the activated ﬂuorescent
molecules were still encapsulated in the nanocapsules or freely
diﬀusing in the aqueous environment. We followed the
temporal evolution of the ﬂuorescent behavior of nanosensors
dispersions upon addition of acidic solutions in the presence or
absence of ferric ions (Figure 4) by ﬂuorescence correlation
spectroscopy (FCS).28 In a FCS experiment, the ﬂuorescence
intensity ﬂuctuations caused by the diﬀusion of ﬂuorescent
species through a very small observation volume (the focus of a
confocal microscope) are monitored. Correlation analysis of
these ﬂuctuations yields information on the hydrodynamic
radius, their concentration, and their ﬂuorescent brightness29
(see Experimental Section for details). The FCS measurements
were performed with the nanosensors dispersed in four
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Figure 5. (a) Detection of sites showing corrosion on a 304 stainless steel substrate coated with the nanosensors/polymer composite. The sample
was observed with a ﬂuorescent microscope (CY3 ﬁlter) after being exposed to a 35 g L−1 NaCl solution and subjected to a potentiodynamic
polarization scan toward nobler potentials presented in panel (b), with a classical three-electrode system in order to initiate localized corrosion.
Optically, no corrosion attack was yet visible.

large peaks caused by the diﬀusion of individual bright
nanocontainers through the FCS observation volume were
evident. On the trace measured after 4 h, the peaks were much
weaker, indicating that the nanocontainers lost their
ﬂuorescence brightness as a result of the release of the
activated ﬂuorescent molecules. In order to quantify this eﬀect,
we evaluated the ﬂuorescent brightness of the nanocontainers
(see Experimental Section) for all four studied dispersions and
plotted it versus the time after mixing (Figure 4b). As can be
seen for both strongly acidic dispersions (pH = 2.9 with or
without ferric ions), a strong ﬂuorescence brightness of the
nanocontainers was observed immediately, followed by a rapid
decrease in the ﬁrst hours before reaching a plateau. As
discussed above, this decrease was attributed to the diﬀusion of
some of the activated ﬂuorescent molecules from the capsules
in the surrounding medium. A similar tendency for both
solutions in the ﬁrst hours showed that acidity was the main
contribution to ﬂuorescence in the ﬁrst hours. Concerning the
solution with a lower concentration of ferric ions (0.05 mmol
L−1) and the corresponding pH solution (pH = 5), the
ﬂuorescent brightness was much lower than the previous ones
in the ﬁrst hours. The ﬂuorescence brightness of particles
remained constant during the measurement for the solution
without ferric ions at pH = 5, unlike the dispersions in the 0.05
mol L−1 ferric solution, whose brightness increased with time.
This could be attributed to the higher solubility of ferric ions in
toluene compared to water solubility in toluene. Ferric ions can
migrate through the pores of the silica capsule to the liquid
core, forming a ﬂuorescent complex with the dye inside the
capsules. The FCS experiment results allow a better understanding of the mechanism of the nanosensor. At high
concentration of ferric solution, which is naturally associated
with low pH values, the nanosensor showed an instantaneous
large brightness in the very ﬁrst hours and then a partial release
of some of the activated ﬂuorescent molecules from the
capsules into the surrounding areas, which remained
ﬂuorescent for longer times. The nanosensors are therefore
suitable for the detection of early stages of corrosion, leading to
convenient and accurate localization of the aﬀected areas. The
FCS results, together with ﬂuorescence measurements of the
complexed dye at diﬀerent times (Figure S7), showed that the
ﬂuorescence signal gave semiquantitative information about
the concentration of iron(III). The ﬂuorescence intensity is
indeed a complex interplay of the concentrations of dye and

metal ions, time of equilibration for building the complex, and
diﬀusion of the metal ion toward the dye. Clearly, the time
scales under real conditions, i.e., when the nanocapsules are
incorporated in coatings, will be signiﬁcantly longer. However,
the FCS studies are aimed at better understanding of the
mechanism of the nanosensor, i.e., understanding the nature of
the ﬂuorescence changes observed with classical methods.
To further investigate the potential for early corrosion
detection on a steel substrate, the behavior of a model
composite coating upon corrosion was investigated. The
coating was formed by the nanosensors incorporated in a
poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) matrix.
This polymer was already used in previous studies as coating
on zinc substrates to embed nanocontainers encapsulating
corrosion inhibitors30 and self-healing agents.31 Moreover, it is
considered as a model coating that was investigated for the
inhibition of corrosion-driven underﬁlm delamination.32
Furthermore, it has good weatherability and barrier properties.33 Diﬀusion of the ions in the solid coating is expected to
be very slow. Therefore, the coating will be active only if there
is a contact or at least promiscuity between aqueous medium
containing ions, either produced by condensation or from rain,
and the nanosensors. This can be produced by mechanical
damage of the coating or during the pitting corrosion process.
The composite coating was applied on a 304 stainless steel
substrate that was previously mechanically polished. The
coated sample was exposed to a potentiodynamic polarization
scan to initiate corrosion at pinhole sites in the coating (Figure
5b). Observation of the exposed area to corrosive solution with
a ﬂuorescent microscope allowed for clearly detecting areas
where localized corrosion was initiated. In Figure 5a, one part
of the coating covering the defect showed strong ﬂuorescence
intensity, due to the ﬁrst steps of anodic dissolution of steel.
Areas severely aﬀected by anodic dissolution of metal substrate
actually contain a higher amount of dissolved metallic cations
and higher acidity. The nanosensors located close to these
areas, i.e., inside the coating directly covering or close by,
emitted a ﬂuorescent signal of higher intensity. When excited
with the appropriate light wavelength, regions already aﬀected
by the early stage of corrosion can be hence detected by
ﬂuorescence. Fluorescence in pits could still be observed
several months after initiation of the pitting. Indeed, we believe
that activated ﬂuorescent molecules were partially released
816
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from the capsules into the surrounding areas, as shown by
ﬂuorescence spectroscopy measurements.
Metal alloys may produce metal cations that may interfere
with the dye. Furthermore, iron(II) can be also produced
during the corrosion process. Therefore, we investigated the
selectivity of the sensor to the type of metal ions. For
comparison, we measured the ﬂuorescence intensity of dye in
the presence of Zn(II), Al(III), and Fe(II) ions. Fe(II) is also
complexed by the dye. However, the ﬂuorescence intensity was
much lower for Fe(II) (Figure S8a) compared to the
ﬂuorescence intensity with Fe(III) at the same concentrations
(Figure S8b). Although Fe(II) ions would participate in the
emitted signal, its contribution would be much lower
compared to the contribution of Fe(III) ions. Interestingly,
the ﬂuorescence emission with Zn(II) ions is very weak
(Figure S9a). On the contrary, the signal generated by the
complexation with Al(III) ions is strong (Figure S9b).
However, it does not reach the intensity provided by the
complexation with Fe(III) ions (Figure S9c). An overall
comparison for the diﬀerent ions is depicted in Figure S10.
These experiments infer one advantage and one limitation for
the system. Indeed, it means that the system could be used for
the early detection of corrosion of aluminum. However, it
would be impossible to get completely quantitative feedback
based on ﬂuorescence signal because of the non-negligible
contributions of Fe(II) and Al(III) to the emitted signal.
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