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ABSTRACT: The corrosion of metals and alloys is a fundamental
issue in modern society. Understanding the mechanisms that cause
and prevent corrosion is integral to saving millions of dollars each
year and to ensure the safe use of infrastructure subject to the
hazardous degrading effects of corrosion. Despite this, corrosion
detection techniques have lacked precise, quantitative information,
with industries taking a top-down, macroscale approach to
analyzing corrosion with tests that span months to years and
yield qualitative information. Fluorescence, a well-established
optical method, can fill the niche of early-stage, quantitative
corrosion detection and can be employed for both bulk and
localized testing over time. The latter, fluorescence microscopy,
can be pushed to greater levels of detail with single-molecule
microscopy, achieving nanometer spatial and subsecond temporal resolutions of corrosion that allow for the extraction of dynamic
information and kinetics. This review will present how fluorescence microscopy can provide researchers with a molecular view into
the chemical mechanisms of corrosion at interfaces and allow for faster, quantitative studies of how to detect and prevent corrosion.
KEYWORDS: corrosion, fluorescence, optical microscopy, metal interfaces, smart sensors, coatings, quantitative sensors,
single-molecule microscopy

1. INTRODUCTION
Metal corrosion, a spontaneous interfacial degradation process,
results in an estimated U.S. $2.5 trillion in global spending
every year, which accounts for 3.4% of the global GDP and can
lead to major human safety concerns and environmental
consequences.1,2 The costly and dangerous consequences of
leaving corrosion unchecked have motivated the development
of techniques for corrosion detection. However, corrosion
detection in many industries relies on inefficient methods that
provide minimal quantitative information, take months to years
to yield results, and cannot detect corrosion at very early
stages.3,4 Longer timescale, qualitative tests make it difficult for
industries to appropriately test corrosion prevention techni-
ques and hinder the progress to lessen the costly effects of
corrosion. An ideal detection method would be able to detect
corrosion at much shorter time scales (<hours) in addition to
longer time scales (days and beyond) and provide quantitative
information on corrosion kinetics in an in situ dynamic
environment.
A wide array of techniques has been employed to detect

corrosion (Table 1), each with distinct benefits and
disadvantages. A common corrosion measurement is immer-
sion testing, in which mass measurements of a sample are taken
before and after corrosion occurs.5 Immersion tests can
quantify corrosion rates after a long-term immersion

(commonly more than 1 week for stainless steels) but provide
little information on the fundamental principles that initiate
and propagate corrosion. Other detection methods are limited
to simpler results that show whether corrosion has occurred or
not including acoustic emission,6 thermal imaging,7 and
ultrasonic inspection.8,9 Electrochemical methods like inter-
ferometric techniques,10 local electrochemical impedance
spectroscopy (LEIS),11−13 and scanning electrochemical
microscopy (SECM)14,15 quantify electrochemical properties
of corrosion efficiently. However, electrochemical techniques
require an external stimulation, such as applied potential or
charge, to drive the corrosion processes, preventing the
analysis of naturally occurring corrosion as it would occur
outside the laboratory setting. Additionally, these techniques
fail to break past resolutions smaller than micrometer
resolutions. Several microscopic techniques can obtain sub-
micrometer resolutions, such as atomic-force microscopy
(AFM),16 or scanning electron microscope (SEM),17,18
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which can further use energy dispersive spectroscopy (EDS) to
quantify local elemental makeup, and transmission electron
microscopy (TEM),19 which allows for in situ measurements.
These microscopy methods still have their own drawbacks,
however. AFM, for example, results in 3D surface profiles with
topographical information on the roughness of samples down
to nanometer precision, but is somewhat slow to perform due
to the point nature of the detection, provides little information
on dynamic changes in chemical processes over time, and is
limited to lateral areas of interest of 150 μm × 150 μm. SEM
and TEM imaging techniques can provide nanometer
resolutions as well, but SEM is generally limited to analyzing
static samples rather than actively observing corrosion as it
happens due to the vacuum environment of the sample
chamber. TEM and SEM also risk interfering with corrosion
processes via their incident electron beams used to image
samples. Ultraviolet−visible spectroscopy (UV−vis) absorp-
tion techniques, on the other hand, are good methods to probe
corrosion properties, and do not rely on detection methods
that could interfere with corrosion processes.20,21 However,
UV−vis tests in practice predominantly focus on bulk testing
and therefore cannot provide any information regarding local
corrosion sites and properties, as sites corrode over time.
Fluorescence spectroscopy and microscopy are in situ

techniques that provide a plethora of qualitative and
quantitative information when applied to corrosion detection.
Many fields use fluorescence microscopy as a primary
detection and imaging tool, such as biology,22−24 medicine,25

and environmental sciences.26 Fluorescence offers high
sensitivity, efficiency, and versatility, while combining the
variety of test parameters of spectroscopic techniques with
microscopy provides localized spatial precision. As a brief
review, fluorescence detection techniques are based around
exciting certain molecules, called fluorophores, with wave-
lengths of light that cause an electron of the fluorophores to
jump to a higher electronic energy level.27 The electron then
nonradiatively loses some vibrational energy in the excited
state, followed by the process of the electron dropping back
down to the ground energy level by radiatively emitting a
photon with lower energy than the photon that excited it,
which is called a Stokes shift. The Stokes shift allows the
emitted fluorescence to be analyzed independent of the
excitation light used, allowing for clear isolation of the signal.
Fluorophores can be designed to “turn-on” or “turn-off” when

in the presence of experimental factors of interest. Corrosion is
such a factor, and certain fluorophores can be activated or
quenched when they undergo reduction or oxidation reactions
in an actively corroding environment.28−37 Other fluorophores
used to detect corrosion include those that display sensitivity
to different levels of pH38−60 and those that exhibit changes in
fluorescence when exposed to metal ions.61−67

Fluorophores can be applied in both spectroscopic and
microscopic setups. Bulk fluorescence is an accessible method
using common laboratory spectroscopic equipment, but the
sensitivity can be difficult to analyze on time scales below
minutes and cannot report any localized information. The
limitations of cuvette-based spectroscopy can be overcome
using standard microscopy experiments to image fluorophores
on corroding surfaces, but these in turn are limited in spatial
resolution due to the diffraction limit of light.68 One approach
that could propel fluorescence-based corrosion detection to
new levels of quantitative detail is single-molecule localization
microscopy (SMLM), which can provide kinetic information
on localized corrosion reactions at nanometer spatial and
millisecond temporal resolutions.32,69−74

This review will address why fluorescence techniques are
powerful tools for detecting corrosion in a variety of different
applications (Figure 1). We will begin by discussing the
mechanisms of the fluorescence sensing of corrosion products
(section 2). We then review a variety of techniques that apply
fluorescence to the study of corrosion, including bulk
measurements and microscopy (section 3). Finally, we will
address how fluorescence microscopy can be pushed further
with the adaptation of SMLM to study corrosion at a more
fundamental level than ever before, allowing for nanometer
spatial and subsecond temporal resolution studies that provide
meaningful, quantitative insights into in situ corrosion
dynamics and kinetics (section 4).

2. MECHANISMS OF FLUORESCENCE-BASED
CORROSION DETECTION

Corrosion is a spontaneous electrochemical degradation
process occurring at a metal/environment interface, where
oxidation of the metal occurs at anodic areas and the reduction
of environmental species occurs at cathodic areas (Figure 2).75

At the anode, metal dissolution and the subsequent hydrolysis
reactions result in metal ion accumulation in solution and
localized acidification, while at the cathode, localized

Figure 1. Highlights of corrosion detection using various fluorescence techniques. (a) Intensity increase over time of fluorophore resazurin
reducing into resorufin in the presence of corroding metal.28 (b) Corrosion of an iron colloid detected by fluorescent resorufin. (c) SMLM image of
fluorescent resorufin around the same iron colloid as (b).
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alkalization is caused by the reduction reaction of water and
oxygen. Fluorescent indicators can probe corrosion in both
anodic and cathodic areas by being (i) directly involved in the
electrochemical reactions, (ii) sensing the pH variations, or
(iii) probing the metal ions in the environment.
2.1. Electrochemical Fluorescent Sensors Indicate

Corrosion via Redox Turn-On. Electrochemical fluorescent
sensors have been reported to sense corrosion in cathodic
areas by taking part in reduction reactions (Figure 2i, blue).
For instance, we have applied resazurin to characterize iron
corrosion in aqueous solutions at the single-molecule
level,29−31 and to study the time-dependence of corrosion in
organic-based solutions including ethanol and acetone.28,32,33

Resazurin is a henoxazin-3-one dye with weak fluorescence
(emission quantum yield, ϕ = 0.11), that can then be
irreversibly reduced to strongly fluorescent resorufin (ϕ =
0.74) (Figure 3a).28,29,34,35 The intramolecular charge transfer
(ICT) from the electron donating group (−NH2) HOMO to
the electron acceptor LUMO contributes to the strong
fluorescent emission of resorufin.34,35 However, the covalent
coordinated oxygen in resazurin restricts the group from acting
as an electron donor, suppressing the ICT interaction between
the electron donor and acceptor, and quenching the emission,
seen in Figure 3a.
Amplex red is another electrochemical fluorescent dye

related to resorufin. The covalently bonded acetyl group

(−CO−CH3) diminishes the ICT interaction, quenching the
fluorescence. Different from the reduction turn-on of resazurin,
weakly fluorescent Amplex red is irreversibly oxidized to
resorufin as shown in Figure 3b.36 This oxidation turn-on of
Amplex red has been applied to spatially resolve the
electrochemical process on the surfaces of electrodes and
nanocatalysts.36,37

2.2. pH Sensors Detect pH Variation Caused by Metal
Corrosion. pH sensors can probe corrosion by responding to
anodic acidification or/and cathodic alkalization theoretically
down to single-molecule limit.38,39 pH sensing dyes can modify
absorption (color) or fluorescent properties (emission turn-
on/quenching and/or spectral shift) with pH (Figure 4).40

Phenolphthalein, neutral red, bromocresol green, phenol red,
bromothymol blue, and cresol red are the pH-triggered color
change sensors commonly used in coatings to report underfilm
metal corrosion.41−45 However, the applications of pH-
triggered color change sensors in underfilm corrosion
detection have been restricted by adding pigments. Therefore,
this work focuses on fluorescent pH sensors.
Fluorescent pH sensors have different protonated (acidic)

and deprotonated (basic) forms with distinct fluorescent
properties depending on the dissociation constant pKa at
different pH values (Figure 4b).40,46,47 For example,
fluorescein, a triarylmethane-based dye, has multiple ionization
equilibria associated with pH dependent emission over the pH
range of 5 to 9 (Figure 4c).48 The photoinduced electron
transfer (PET) from the benzene ring to the xanthene moiety
has been widely accepted to explain the fluorescence turn-on
with increasing pH. However, Zhou et al. have contributed the
fluorescein turn-on in alkaline conditions to the formation of a
minimal energy conical intersection (MECI), which involves
rotation of the benzene ring and a flip-flop motion of the
xanthene moiety. These motions are restricted by intermo-
lecular hydrogen bonding.49 Though the mechanism of
fluorescein sensing pH variation has not been fully understood
yet, fluorescein and its derivatives have been applied to sense
aluminum corrosion at early stages in both solution and in
coating systems.41,50−54 An example of fluorescein derivative,
5,6-carboxyl fluorescein (56CF) sensing pH reduction caused

Figure 2. Schematic of fluorescence-based corrosion detection
mechanisms at a metal/solution interface via (i) electrochemical
sensors, (ii) pH-sensitive sensors, and (iii) metal ion-sensitive sensors.

Figure 3. Electrochemical sensor shows redox turn-on due to existence of ICT from electron donor (−NH2) to the rings. (a) Reduction turn-on of
resazurin with example emission spectra of resorufin sensing metal corrosion in acetone.28 (b) Oxidation turn-on of Amplex red with example
emission spectra of showing 10 μM Amplex red in 10 mM phosphate-buffered saline (PBS) to sense electrochemical processes on Au
microelectrode via fluorescence lifetime imaging microscopy (FLIM). Reproduced from ref 36. Copyright 2023 American Chemical Society.
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by localized corrosion, is reported in Figure 9a and will be
further discussed in section 3.55 Like fluorescein, most of the
pH fluorescent sensors turn-on after exposure to alkaline
environments at cathodic areas of the corrosion process, such
as coumarin and its derivatives,56−59 while TPM ((E)-N-(1H-
indazo l -3 -y l ) -1 - (4 - (1 ,2 ,2 - t r ipheny l v iny l )pheny l ) -
menthanimine) shows fluorescence turn-on in acidic environ-
ments at anodic areas.60

2.3. Metal Ion Sensors Detect Corrosion via
Chelation-Enhanced Mechanisms. Metal ion fluorescent
sensors can be used to study the anodic dissolution of
corrosion processes. A classical fluorescent sensor for metal
typically has two components: (1) one or more fluorophores
that are covalently bonded to (2) a metal-coordinating portion
of the molecule by a spacer. The coordinating active portion
can bind with metal ions and cause either fluorescence turn-
on/quenching or a spectroscopic shift, or both, depending on
the fluorescence principles shown in Figure 5.61 For example,
after binding with metal ions, sensors with a PET mechanism
(Figure 5a) undergo fluorescence turn-on, also called chelation
enhanced fluorescence (CHEF), while those with ICT show
chelation enhancement quenching (CHEQ) (Figure 5b).
Other mechanisms displayed in Figure 5c−e, including
fluorescence resonance energy transfer (FRET), excimer

formation, and photoinduced charge transfer (PCT), can
cause both emission intensity and wavelength changes.
Formica et al. have reported different principles in more
detail.61 Metal sensors with PET and ICT fluorescence
mechanisms have been widely used to detect metal ions
created by corrosion. For instance, 8-hydroxyquinoline (8-
HQ) and its derivatives have been reported to sense under-
coating aluminum and carbon steel corrosion at early stage by
PET turn-on.42,62,63 Rhodamine derivatives reported as a
complex forming ligand with transition metal ions to display
fluorescence, and therefore have been introduced in a coating
system to monitor the corrosion of copper- and iron-based
alloys.21,21,64,65 Phenylfluorone (PF) has been used as CHEQ
sensors in coatings to monitor aluminum corrosion.66 Aside
from coatings, metal ion sensors have been applied to
corrosion detection in solution. In our own lab, Saini et al.
sensed iron corrosion in water by FeRhoNox-1 and FluoZin-3
turn-on (CHEF) and Liu et al. developed a methodology to
quantify metal corrosion from Phen Green-SK (PGSK)
quenching (CHEQ) in an ethanol-based solution.67

2.4. Challenges of Using Fluorescent Sensors for
Corrosion Detection. Aside from the sensing mechanism, a
range of other specifications of fluorophores should be
considered before their application in corrosion sensing and
mapping. These properties include sensor sensitivity, opera-
tional and storage stability, response time, accuracy, precision,

Figure 4. Schematic of optical pH sensor mechanisms. (a) Absorption
(color) modification of a sensor with pH. (b) Fluorescent pH sensors
experience fluorescence (i) turn-on and/or (ii) change via binding
with hydrogen ions. (c) Fluorescein has different protonated (acidic)
and deprotonated (basic) forms with distinct fluorescent properties
depending on pH values. Fluorescein derivatives are quenched in
acidic environments. Reproduced from ref 48. Available under CC-BY
license. Copyright 2020 by Le Guern, F.; Mussard, V.; Gaucher, A.;
Rottman, M.; Prim, D. An example of fluorescein derivative 56CF
senses localized corrosion on an iron surface is further exhibited in
Figure 9a.

Figure 5. Mechanisms of metal ion sensors. Sensors with (a) PET
mechanism show fluorescence turn-on (CHEF) after chelating with
metal ions; with (b) ICT mechanism are quenched by metal ions;
with (c) FRET, (d) excimer formation, and (e) PCT mechanisms
experience both emission intensity variation and spectral shift.61 (f)
Example spectra of PGSK senses carbon steel corrosion in ethanol-
based solution, PGSK experiences ICT CHEQ (fluorescence turn-off)
after binding with metal ions. Reproduced from ref 67. Available
under CC-BY licenses. Copyright 2024 Liu, L.; Pfaffenberger, Z.;
Siegel, M.; Saini, A.; Kisley, L. (g) An example of a metal ion sensor
sensing under-coating corrosion: Rhodamine B acylhydrazone (RBA)
in epoxy coating detects under-coating iron corrosion, RBA show
CHEF (fluorescence turn-on) after binding with Fe3+. Adapted with
permission from ref 21. Copyright 2021, Elsevier. Note: the line-filled
metal-coordinator means the sensor binds with metal ion(s).
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operating temperature, required sensor resolution, toxicity of
the materials, and the diffusion in and interaction with
environments (solution, coating, etc.).40 An ideal sensor (1)
should have high sensitivity and short response time to
electron transfer, pH, and metal ion variations caused by
corrosion, (2) can sense the corroded area precisely at high
resolution or at the single-molecule level, (3) has fluorescence
turn-on with high quantum yield and enough lifetime and
resident time at the metal/solution interface for single-
molecule detection, (4) does not affect the corrosion, or at
least not accelerate the corrosion process, and (5) has no side
reactions or interactions with surroundings.
However, the mentioned sensors cannot satisfy all the

requirements and have limitations in corrosion detection. For
example, resorufin can be further reduced to nonfluorescent
dihydroresorufin, and this side reaction can lead to an
underestimation of metal corrosion. Furthermore, pH sensors
may experience premature fluorescence turn-on in an alkaline
resin coating. In addition, the applications of metal ion sensors
in single-molecule corrosion detection are rare due to the low
quantum yields of metal ion sensors and the complex
interactions between the fluorophore with the surrounding
solvent. Metal ion sensors have further been observed to have
undesired reactions from other corrosion products that can
give false sensing of a metal ion, such as the irreversible
hydrolysis of an Fe3+-chelating fluorophore by H+ present at
the acidic anodic sites.76

There are other sensors that have been introduced in the
single-molecule bioimaging and catalysis fields, which have the
potential to be applied to corrosion detection. For instance,
methylene blue and BODIPY can be quenched by reversible
electron transfer from the reductant to act as reduction “turn-
off” dye sensors.77 Many works have verified the efficiency of
these sensors in imaging electro- and photocatalysis by single-
molecule fluorescence microscopy.37,69,78−95 In addition, the
fluorescence properties of a pH sensor, SNARF-1-dextran,
have been studied at the single-molecule level, but have not
been applied to single-molecule corrosion detection and
mapping yet.47,96

3. CURRENTLY USED ANALYTICAL FLUORESCENCE
TECHNIQUES

Whether the fluorescent probes are sensing pH variations,
metal ions, or redox electrons (Figure 2), the fluorescent
sensor must first be introduced to interact chemically with
corrosion reaction products, the fluorophore must be excited,
and then the emitted light must be detected in some manner.
Solutions, coatings, and optical fibers have been used to
introduce the fluorescent sensor to the corrosion reaction
products, and fluorescence spectrometers or light microscopes
have been employed as the detectors (Figures 6−9). In most
previous studies, the emitted light has generally been treated as
a binary “on” or “off” response. Yet, quantitatively, the
magnitude and wavelength of the collected emission signal
can be related to the amount or concentration of corrosion
products produced over time. Additionally, if the fluorescent
signal is imaged on a microscope and camera, the fluorescent
signal may report on localized corrosion. Previous studies have
been limited temporally to minute or greater scales and
spatially to micrometer resolutions.
3.1. Fluorescent Sensors in Solution Allow for

Corrosion Rate Measurements. The most straightforward
way to introduce a fluorescent probe is by simply placing the

corroding metal in contact with a solution that contains the
dissolved fluorescent molecule, which allows quantification of
the corrosion rate by measuring the change in fluorescence
intensity over time. Our group and others have used this
method with a fluorescence spectrometer to quantitively
monitor the corrosion rate of metal exposure to solutions
over 24 h.28,29,55,67,97 The fluorescent intensity of a solution of
resazurin increases over exposure time to an iron powder as
electrons transfer from iron to resazurin and converts more
resazurin to resorufin, which exhibits strong fluorescence due
to ICT (Figure 3a). In particular, our group has sensed
differences in the rate of corrosion in different solvents, such as
ethanol versus acetone.28 Our solution-based measurements
highlight the unique ability of fluorescent corrosion sensors to
quantify the corrosion rate in organic environments which is
not possible using common electrochemistry-based methods
due to the limitations of solution conductivity.
Using a solution-based technique has the following

advantages: (1) This method has lower cost. Coatings or
optical fibers discussed below need expensive equipment or
chemicals that add cost over and above the cost of a
fluorescent sensor molecule. (2) This method is very simple.
No additional chemical synthesis or complicated optical setups
are needed. Commercially available fluorometers can be
employed as detectors with nanomolar sensitivities. (3) This
method is the least perturbative, as no other materials (such as
polymer coatings) contact the metal surface and no electro-
chemical stimulation is needed as in LEIS and SECM. The
simplicity of the solution-based methods leads to its biggest
drawback, however. The interaction between the sensor (redox
turn-on, pH, or metal ions) and the corrosion products is
based on diffusion and thus is random.31 Therefore, the
interaction is not inherently localized. One must use a detector
with a sufficiently fast temporal rate to capture the molecule

Figure 6. Fluorescent coatings report on localized corrosion.
Fluorophores are embedded in a polymer coating. When this coating
breaks down, the corrosive solution can access the metal surface.
Solvated metal ions (i) or hydrogen ions (ii) will interact with
fluorophores exposed from the coating break down and become
fluorescent.98 Brown circles are fluorescent molecules that have not
been activated by corrosion products. Solid pink circles are bright
fluorescent molecules.
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turn-on before it diffuses away from the corrosion site if spatial
information is desired.
3.2. Coatings Report on Localized Breakdown and

Can Further Protect Surfaces with Release of Anti-
corrosive Agents. A major research direction in fluorescent
corrosion sensors is encapsulating the molecule in a polymer
matrix that is coated onto the metal and thus can report on
localized sites that corrode. As the coating breaks down, pH
sensitive or metal ion sensitive fluorescent molecules become
exposed to the solution and can interact with H+, OH−, or
metal ions (Figure 2ii−iii) while remaining immobile at the
corrosion site (Figure 6). Localized fluorescent spots reporting
corrosion on the micrometer to millimeter length scales have
been observed with coating applications. Augustyniak et al.
dissolved spiro[1H-isoindole-1,9′-[9H]xanthen]-3(2H)-one,
3′,6′-bis(diethylamino)-2-[(1-methylethylidene)amino] (FD1,
Figure 7a, top), a sensor that exhibits CHEF upon complex-
ation with Fe3+, into a commercially available epoxy polyamide
and then cured it onto steel coupons. They applied a drop of
silicone oil to mimic undercoating corrosion and observed a
localized FD1 fluorescence turn-on. Their technique was
limited to detecting corrosion at times earlier than 16 days.
After 16 days, the corrosion products precipitated and covered
any visible fluorescence (Figure 7a, bottom). The measured

change in fluorescent signal was observed before any changes
could be detected by bright-field imaging as seen in the 2-day
time point. Additionally, pH sensors have been incorporated
into coatings.99,100 Fan et al. developed a zirconium-based
metal−organic framework (MOF) with a carbon dot where the
fluorescence intensity reported on physical damage to the
coating and the color change of the fluorescence reported on
the pH change from the corrosion reactions (Figure 7b).100

The spectral fluorescence shift allowed the authors to
differentiate early-stage coating breakdown and later-stage
metal dissolution based on the fluorescent emission color on
carbon steel (1 h image version 6−48 h images in Figure 7b).
In addition to localized sensing, a promising direction for

coating-based fluorescent sensor research has been smart
coatings. Smart coatings serve a dual role, both healing the
metal from corrosion and providing early sensing of damage to
the coating.101 For example, 8-HQ has been incorporated into
a layer double hydroxide (LDH), acting as both a turn-off
fluorescent sensor for aluminum corrosion and releasing 8-HQ
which can form an additional protective layer on the surface
when and where the coating breaks down. Rhodamine B has
also been incorporated into an LDH without reducing the
corrosion protective performance of the LDH. In this same
study, it was shown that corrosive chloride ions were

Figure 7. (a) Top: Chemical structure of FD1 in its free form and complexed with Fe3+. This sensor is an example of a CHEF. Bottom:
Micrographs of FD1 fluorescence were localized to an underfill blister. The dark areas are attributed to corrosion products precipitating out.
Reproduced from ref 98. Copyright 2009 American Chemical Society. (b) Left: Zirconium MOF with an embedded quantum dot. The quantum
fluoresces blue upon initial breakdown and exposure to a corrosive solution. When the breakdown reaches the metal, the pH increases due to
corrosion and the blue fluorescence fades while the yellow fluorescence from the MOF increases. Right: Fluorescence micrographs of shallow and
deep scratches were made on carbon steel coated with the Zr-MOF epoxy. Reproduced from ref 100. Copyright 2023 American Chemical Society.
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exchanged with the Rhodamine B upon penetration through
the LDH coating protecting the metal from coming into
contact with the corrosive agent.21 Smart coatings have the
distinct advantage of releasing corrosion protection in response
to a stimuli as needed directly to the most affected areas of the
metal.102 In addition to chemical triggers, certain coatings with
photosensitive agents can repair damages to the coating itself
upon irradiation with appropriate wavelengths through photo-
thermal effects.103,104 Both the previously mentioned study
from Fan et al.100 and a study from Lee et al.44 show that smart
coatings can also report on the extent of breakdown. For
example, Lee’s study used aggregation-induced emission to
detect the early crack in the coating before the crack reached
the metal and then a pH sensor to report on the acidification
once the metal surface was corroding.
Fluorescent coatings have several advantages over other

methods of introducing fluorescent sensors. (1) The
fluorescence inherently reports on localized corrosion since
only breakdown sites are accessible to corrosion products.
While resolution and feature sizes have not been quantitatively
reported, reported microscopy images show length scales
ranging from 100 μm to 2 mm.44,98,100,105−107 (2) The
coatings inherently protect the metal surface from corroding by
preventing corrosive agents from contacting the metal surface.
Particularly, the development of smart sensors with dual
properties that both sense corrosion and release additional
species that can heal corrosion and detect corrosion at early
stages44 showcase the multifaceted functions of fluorescent
coatings. (3) The embedded fluorescent molecules do not
immediately diffuse away, simplifying measurements at
minutes−hours-long time scales.
Coatings also come with disadvantages for quantifying

localized corrosion sizes and rates. (1) The fluorescent signal
of molecules can be altered by the coating matrix. For example,
rhodamine B was observed to quench prematurely due to the
amide group a coating, not from interaction with corrosion

products.21 This limitation can be partially overcome by
encapsulating the fluorophore in a nanoshell or MOF as in
Fan’s work, although issues with premature quenching or
enhancement have still been observed.105 (2) Quantification of
the concentration of corrosion products down to single-
molecule level is difficult because multiple dyes will be in the
vicinity of the film breakdown. (3) The immobilized dyes do
not diffuse away, making monitoring ineffective for long time
scales. As Augustyniak showed, time scales greater than 2
weeks saw corrosion products cover up the fluorescent signal.98

Together disadvantages 2 and 3 restrict coating applications to
temporally monitoring corrosion between minutes on the short
end and several days on the long end. (4) If the reaction is
irreversible, for example, 8-HQ undergoing CHEF, seen in
Figure 3a, then the coating can only be used for corrosion
detection once. (5) Because coatings can also alter the
corrosion conditions, coatings are less useful for studying
fundamentals of corrosion reaction rates and mechanisms
because of the additional variables introduced.

3.3. Optical Fibers Enable Localized Imaging of
Samples In Situ with Spatial Resolution Limited to the
Micrometer Scale. Fluorescent corrosion sensors incorpo-
rated into functionalized optical fibers deliver probes to a
sample and collect light from the fluorescent sensor molecules
after interacting with metal ions, H+, or OH− to enable in situ
observation (Figure 8a). Optical fibers are plastic or glass fibers
that are surrounded by cladding that has a refractive index (n2)
higher than that of the fiber itself (n1). This difference in
refractive index causes total internal reflection and thus
effectively delivers light from one end of the fiber to the
other over long distances ranging from mm to even tens of
km.110 The flexibility of the fibers allows fluorescent sensors for
corrosion to be placed in hard-to-reach areas to enable in situ
observation. For example, Venancio et al. developed a novel
corrosion fiber sensor based on 8-HQ that could be placed into
the lap joints of an aluminum airframe and coupled the fiber to

Figure 8. Optical fibers can provide quantitative localized corrosion information but limit spatial resolution. (a) Diagram of an optical fiber that has
been modified for fluorescence sensing. (b) Ratiometric fluorescence image from a FITC-modified bundle. Pixelation due to the fibers is visible. (c)
Optical micrograph of the same area as (a). (b) and (c) are reproduced from ref 108. Copyright 1997 American Chemical Society. The dark area
was visually identified by the authors as corrosion. (d) pH was measured by the ratiometric fluorescence intensity from an SNAFL-SE modified
fiber under three different buffer conditions. (e) Fluorescence intensity from a morin modified fiber reporting on the concentration of Al3+ vs time.
(d) and (e) reproduced from ref 109. Copyright 2002 American Chemical Society.
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an AvaSpec-2048 spectrometer. They correlated the fluores-
cent intensity to the concentration of Al3+ and were able to
detect concentrations down to 100 μM.111 The fiber tips in
these studies are modified to introduce the fluorescent probe
molecule to a local site. The fluorescent sensor may be
covalently bound, embedded in, or imprinted onto a polymer
that is coated on the distal fiber end, as seen in Figure
8.56,109,111,112 Several other methods to affix the fluorescent
sensor to the end of the fiber have been introduced such as
covalently bonding or embedding in nylon membranes or
hydrogels.56,112

Several studies by David Walt’s group have used a modified
fiber to image local pH changes and metal ions quantita-
tively.109,113 Using a fluorescein isothiocyanate (FITC)
fluorescent sensor embedded in poly(acrylamide-co-N-acrylox-
ysuccinimide) coated on a silanized fiber, the fluorescence
intensity ratios at 490/440 nm excitation and 530 nm emission
were correlated to the pH (Figure 8a). Higher ratios, or higher
pH, are white, while the lower ratios, a lower pH, are black in
the resulting image. The pH changes corresponded to visible
corrosion areas found by bright field imaging (Figure 8b,c, red
arrow). However, the fiber bundle consisted of 4 μm diameter
fibers,113 resulting in the hexagonal pixelation observed in the
fluorescence image (Figure 8b). In another study, the same
group modified one fiber with SNAFL-SE (pH-sensitive) and
another fiber with morin, an Al3+ chelator, to quantify the pH
and ion concentration change with minute time resolution
(Figure 8d,e).109 This study was one of the few to

quantitatively assess how the change in fluorescence intensity
correlated with the corrosion rates.
Optical fibers have the following advantages. (1) Attaching

the fluorescent sensor to a fiber indirectly introduces the
fluorescent molecule so the molecule itself is not perturbed by
the environment or increases corrosion rates. (2) One can
develop remote sensing with the distance enabled by the fiber
which can access areas like airframes or steel bars in
concrete.56,111 (3) The information is inherently localized
when using fiber bundles and thus can report on localized
corrosion such as pitting corrosion or crevice corrosion.
Optical fibers also have the following disadvantages for local

corrosion detection. (1) Optical fiber bundles limit the lateral
resolution of an image in the specimen plane to about twice
the average core-to-core distance between fibers divided by the
optical magnification of the imaging lenses (Figure 8b).114 (2)
Optical fiber bundles limit the field of view for imaging
applications. Optical fibers can range from hundreds of
micrometers to a few millimeters in diameter.115 Optical
fiber bundles are often employed with a scanning microscope
to image larger areas or with single-mode fibers that essentially
act as a confocal microscope enabling resolution at the
diffraction limit.115 In all the corrosion studies reviewed here
and displayed in Figure 8, the fiber was not scanned to
reconstruct a large image but instead simply placed at different
locations at the sample/solution interface. (3) Optical fibers
with corrosion sensors either have one-time use or must

Figure 9. (a) Fluorescence micrographs of 56CF CHEQ at different time points on 4000-grit ground iron surfaces in an electrochemical cell. (b)
Identified corrosion pits 1−5 circled in red along with a reference point (R). (c) Change in H+ concentration over time at the five spots found in
(b) as quantified by correlating the fluorescent intensity to pH with a titration calibration. (d) Number of pits identified over time for three surface
roughness obtained by 4000, 800, and 400 grit sandpaper. (a)−(d) adapted with permission from ref 55 Copyright 2014 Elsevier. (e) Comparison
of corrosion rate (in mm/yr) found via PGSK fluorescence quenching and Tafel plot method for both AISI 1045 steel and aluminum. (e)
reproduced from ref 67. Available under a CC-BY license. Copyright 2024 Liu, L.; Pfaffenberger, Z.; Siegel, M.; Saini, A.; Kisley, L.
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undergo a cleaning procedure if the fluorescent sensor reaction
is irreversible.
3.4. Current Methods Do Not Achieve the Spatio-

temporal Resolution Needed to Study Early Pitting
Corrosion Stages. In the majority of the work discussed thus
far, the spatial and temporal scales measured by fluorescence
analytical techniques have been only loosely quantified and are
large, in comparison to the scales of localized corrosion. In the
case of sensors in coatings, microscopic imaging has only been
reported at length scales from 200 μm to 2 mm with no
specific, defined resolution.98,100,105−107 In cases of optical
fibers and solution-based detection, length scales reported have
been from 10 to 40 μm, again often without a specific
resolution reported. The work of Walt et al. did report a 4 μm
resolution that was limited by the fiber bundle pixelation, as
seen in Figure 8a. In all the different imaging modalities, the
reported time scales for images have ranged from 2 min to
weeks with minutes to hours between the reported imaging
samples. Early corrosion stages like metastable pitting are
submicrometer.116 Maurice et al. found that metastable pits on
nickel after 90 min of exposure to salt solution have a lateral
size of 43 nm and a depth of 3 nm.117 The depth of most
corrosion pits are at the nanometer length scale.70 Frankel
observed the radius of a 2D aluminum pit to change by 125
μm in 10 s at the pitting potential.118 Therefore, future studies
of corrosion using fluorescence should work to obtain
nanoscale spatial resolution with subsecond time resolution
to resolve early-stage corrosion and pitting in real-time. Such
information would help gain a mechanistic understanding of
passive film breakdown and early corrosion pit nucleation and
propagation.
For fluorescence sensing and imaging to gain acceptance by

the corrosion community, it is important to contextualize the
quantities measured by fluorescence within current research in
the corrosion community. First, fluorescence techniques
provide new data that would be inaccessible by traditional
methods. Janet Wong’s group has used the pH sensor 56CF
delivered via solution in a quantitative microscopy study to
assess the effects of surface roughness on corrosion rate with
second-scale temporal resolution (Figure 9a). The 56CF
decreases in fluorescence intensity at low pH (higher H+

concentration). This pH decrease is due to localized
acidification at the anodic area within a pit (Figure 2ii).
Therefore, black spots forming on the surface were attributed
to corrosion pits observed in Figure 9a. The concentration of
hydrogen ions in these individual corrosion pits was quantified,
and local heterogeneity in concentration change rates was
observed (Figure 9c). The authors were able to conclude that
decreasing surface roughness led to faster pit formation at the
early seconds-long time scale, as they saw a greater number of
pits form in 90 s for a more polished surface, seen in Figure 9d.
The Wong group’s study highlights that fluorescence measure-
ments can be performed in situ in a standard electrochemical
cell to obtain information on localized corrosion that can be
obtained at second and subsecond time scales to lead to new
insights into known corrosion factors, such as surface
roughness. Yet, their study was diffraction-limited as they
used only a 20× objective with a low numerical aperture. The
low spatial resolution prevented them from visualizing pit
morphology and correlating that to the differences in hydrogen
ion concentration observed to the nanoscale. Although they
quantify the rate of hydrogen ion formation, they do not

compare their measurements to known information in the field
on the pH expected in a corrosion pit.
Next, fluorescent sensors in corrosion can be contextualized

by comparing rates measured by fluorescence to those
measured by electrochemical techniques. We have recently
addressed this gap by performing fluorometry of PGSK to
develop a quantitative relationship between fluorescence
intensity and the concentration of aluminum and iron ions
produced by corrosion (Figure 5f).67 By performing a titration
experiment, the change in PGSK fluorescence intensity was
converted to a concentration of Al3+ or Fe2+ ions. These
concentrations could then be converted to a corrosion rate in
mm/yr using known physical properties of the metal and
solution. The fluorescence quenching observed rates were
compared to rates measured under the same solution
conditions using the established electrochemical method of
Tafel plots in Figure 9e. A very strong agreement between
methods were observed as the rates followed the same trends
over time and had the same order of magnitude. This rate
agreement is remarkable given the vastly different methods:
PGSK senses the metal ions while the Tafel plot from
electrochemical polarization test measures charge transfer.
Additionally, the technique worked for both aluminum and
iron, showing the high versatility of the method. The
consistently lower rates observed in steel using the PGSK
method can be attributed to different pathways in corrosion,
such as Fe2+ being further reduced to Fe3+. This points to the
limitation in bulk fluorometry techniques as it is difficult to
distinguish different corrosion pathways from this kind of bulk
measurement. Additionally, this study was done using bulk
fluorimetry and thus lacked spatial information on the
fluorescence turn-on. Other groups have recently applied
microscale fluorescence microscopy of fluorescently labeled
corrosion inhibitors with electrochemical polarization measure-
ments to spatially resolve the preferential adsorption of sodium
dodecyl sulfate to the α-Mg phase of LZ91 Mg−Li alloys.119

Exploring and quantifying similar corrosion rates and
inhibition mechanisms with nanoscale resolution are a topic
of future work from our group.

4. QUANTITATIVE SPATIOTEMPORAL
FLUORESCENCE MICROSCOPY AT THE
SINGLE-MOLECULE SCALE

All corrosion detection microscopy discussed thus far is limited
in resolution. The diffraction limit prevents achieving spatial
resolutions smaller than approximately half the wavelength of
light used to image a sample using conventional methods.68

Light focuses into a point spread function (PSF) or Airy
pattern, with a central peak surrounded by rings of a diffraction
pattern.120−122 The central peak width of such a pattern is
typically 200−300 nm for visible microscopy, preventing
resolutions below this scale and resolving individual molecules.
However, interest in imaging beyond this size pushed for the
development of new hardware and software methods to allow
for workarounds to break the diffraction limit of light and
image novel structures below 200 nm.123−127 Features like
proteins, nuclear pores, viruses, single fluorescent molecules
(useful in detecting corrosion as discussed in sections 2 and 3),
and various other structures found on the molecular scale have
been analyzed with these super-resolution microscopy methods
that overcome the diffraction limit of light.128,129

SMLM can achieve imaging below the diffraction limit of
light.128−134 Individual signals from fluorophores will yield a
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PSF spread on the camera detection surface. By fitting the data
to an appropriate approximation of the PSF function, such as a
2D Gaussian, one can localize the peak of the signal generated.
The localization allows for accurate reconstruction of where
the fluorophore is on a scale smaller than that of the original
diffraction-limited PSF resolution. Additionally, the possible
overlap of different fluorophore molecules is circumvented
through photoblinking, photoswitching, or adsorption, where
fluorophores switch from “on” and “off” states where they
intermittently fluoresce and go dark, or they move into and out
of frame of the area of interest.135 These stochastic processes
allow for a smaller number of fluorophores to be on at any
given time, making the total number of active fluorophores
relatively low. This low density of active fluorophores makes it
possible to spatially isolate individual fluorophore PSF signals
and limits signal overlap between neighboring fluorophores
that would complicate PSF fitting. After collecting the on/off
events of an area over a long-time interval, typically on the
scale of thousands of frames, these signals can then be
combined to give a complete account of all single-molecule
activity from a particular point, which can then be displayed in
a new, higher resolution image on the typical order of 10s of
nanometers.
4.1. SMLM Can Quantify Kinetic Information on

Redox Reactions Absent in Ensemble Experiments.
SMLM can access information about chemical kinetics at
millisecond time scales. Particularly in the chemical catalysis
community, SMLM has been effectively used to learn about
the chemical kinetics of redox reactions.69−72 For example, Xu
et al. determined that there are three distinct types of
nanoparticles in the catalytic reduction of resazurin to
resorufin. Specifically, they calculated differences in the on-
(τon) and off- (τof f) times of the fluorescent burst under a
Langmuir−Hinshelwood framework for different single nano-
particles, yielding concentration and reaction rates of specific
nanoparticles (Figure 10a−c). Through this method, they
found a novel substrate-dependent desorption mechanism that
could guide future catalyst design.
SMLM can also combine millisecond kinetic information

with nanoscale position information to yield novel photo-
catalyst insights.32,73,74 Shen et al. used the colocalization of a
fluorescein probe�sensitive to OH radicals�and furyl
alcohol�sensitive to Lewis acids�to show the tungsten
nanowire catalysts could be treated with ascorbic acid to have
more active sites (Figure 10d,e).
4.2. SMLM Can Image Fluorophores Activated by

Corrosion, Displaying Properties Necessary for Analysis
of Reaction Kinetics. Similar to the work in the catalysis
community, SMLM analysis can be applied to corrosion redox
reactions to provide temporal information. In our earlier
report, Saini et al.29 showed that the fluorophore resazurin
reduction (Figure 3) can act as a corrosion detector at single-
molecule scales on a wide-field total internal reflection
fluorescence (TIRF) microscope. Figure 11a depicts individual
fluorophore turn-ons in the presence of the corrosion of Fe
colloids over the course of a few hours, with the number of
single-molecule events increasing linearly over time. The
subsequent single-molecule photoblinking and/or reactions of
resorufin at individually localized spatial sites have been
observed on a millisecond time scale (Figure 11b). These
observations show that single fluorophores activated by
corrosion can be recorded in ideal SMLM conditions, allowing
for localized corrosion sites to be analyzed on a single-

molecule scale. Importantly, our single-molecule results show
that the prior microscale fluorescence imaging of corrosion was
only limited by the optical hardware capabilities. Using high-
quality microscopy components such as laser excitation, a high
numerical aperture objective, and a 95% quantum efficiency
camera increases photon yield to allow us to detect corrosively
turned-on resorufin at the single-molecule scale.
SMLM is uniquely suited to spatially resolve early pitting

corrosion which occurs on the nanoscale.70 Our group has
demonstrated that resazurin can localize corrosion spatially on
colloidal iron particles. Briefly, the same iron colloidal particles
reported in Figure 11 were drop cast onto a coverslip and
imaged on an Olympus IX83 microscope equipped with a
100×, NA 1.49 oil immersion objective under 561 nm
excitation as detailed previously.29 A solution of 300 mM
NaCl and 20 nM resazurin was then pipetted on top of the
colloid particles. A full description of the methods is provided
in the Supporting Information. Bright fluorescent spots could
be immediately observed on the perimeter of the iron particles
(Figure 12a) and could be localized with a custom-written
localization code.137 These resulting images are displayed in
Figure 12. Due to the geometry of the particle, sample
substrate, and microscope, localizations were limited to the
ring around the edge of the particle where dye solution could
access and excitation light could reach within the ∼100 nm
axial distance of the total internal reflection geometry. Further

Figure 10. (a) Single-molecule photoblinking behaviors from a single
resazurin molecule. (b) and (c) resazurin concentration dependence
of fluorophore ⟨τof f⟩−1 and ⟨τon⟩−1 respectively. (a)−(c) adapted with
permission from ref 72. (a)−(c) Reproduced with permission from ref
72. Copyright 2008 Nature Publishing Group. Bottom images show
furyl alcohol (FA) and 3′-(p-aminophenyl) fluorescein (APF) SMLM
around tungsten wire before (d) and after (e) ascorbic acid treatment.
Color scale reflects the colocalization score between the two probes.
Scale bars are 1 μm. (d) and (e) reproduced from ref 136. Copyright
2022 American Chemical Society.
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work from our group is pursuing imaging of metal surfaces to
provide more comprehensive spatial information, but Figure
12 is a preliminary demonstration of super-resolution
fluorescence imaging of corrosion at a metal/solution interface.
Future SMLM analysis can be expanded upon by following

inspiration from previously discussed catalysis research. The τon
and τof f for resorufin can be measured to yield in situ average
and local corrosion rates. The spatially localized rates can be
correlated to bulk measurement from electrochemical
techniques or weight loss methods to determine underlying
heterogeneities within the averaged findings. Further studies
can investigate the spatial distribution of anodic and cathodic
corrosion reactions around corrosion pits under different
conditions such as illumination, salt concentration, and passive
film thickness using the range of fluorophores discussed in
section 2 to help uncover how metal surfaces initiate pits and
how they become vulnerable to corrosion in the long term.

5. CONCLUSION: OPPORTUNITIES TO
SPATIOTEMPORALLY UNDERSTAND CORROSION
USING FLUORESCENCE

This review has discussed different fluorescence-based
corrosion detection methods and various ways that fluo-
rescence techniques can be used to investigate the
fundamentals of corrosion reactions. Bulk fluorescence tests
are a fast way to get quantitative information about a corrosion
system, and fluorescence microscopy can be used to analyze
corrosion at a detailed spatial level. The application of single-
molecule microscopy provides an ideal platform for pushing
fluorescence corrosion research further still, by combining
nanometer scale spatial resolution with detailed quantitative
information on corrosion dynamics on a subsecond time scale.
Corrosion research moving forward could focus on the

quantitative SMLM approach to better understand the
fundamentals of the corrosion mechanism such as the
spatiotemporal correlation between anodic and cathodic sites
locally at surfaces. Recent work using diffraction-limited
reflectometry at aluminum surfaces,138 and SMLM at catalytic
nanoparticles,89 have supported that “chemical communica-
tion”�where cooperative chemical reactions on one site can
lead to reactions at a neighbor�can occur at metal/solution
interfaces. SMLM offers the potential to pursue similar
mechanistic insight at diverse metal−environmental interfaces
relevant to corrosion. The combination of spatial and kinetic
information could further help distinguish between proposed
mechanisms of pitting corrosion initiation by passive film
breakdown.134 To achieve SMLM at a broad range of
corrosion-relevant metal surfaces, challenges in sample and
microscope geometry, dye diffusion, and the stochastic nature
of pit formation must be overcome, but our group is actively
developing methods to do so. Overall, instead of a macroscale
approach of trial-and-error involving experiments that can take
months at a time and yield little quantitative information, our
molecular approach would allow researchers to build a more
fundamental understanding of corrosion mechanisms in

Figure 11. Single-molecule detection of resorufin in salt water over coverslips drop-casted with iron powder as viewed from a TIRF wide field
microscope. (a) Snapshots of molecule “turn-on” over time at several time points over a 55 μm2 area. (b) Single-step photoblinking behavior over
time of fluorophore circled in red in (a) provides evidence of single-molecule detection. Adapted from ref 29. Copyright 2020 American Chemical
Society.

Figure 12. Localization data on single colloidal iron particle
localization. (a) Single frame of unprocessed data taken of singular
iron colloid. (b) Average diffraction limited intensity across full
imaging time. (c) Super-resolution colloidal particle image after the
single-molecule localization process, with color scheme displaying the
number of localized molecules. Scale bars are 2 μm.
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relevant systems and use that understanding to design novel
protection methods for corroding metals and alloys.
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