Scanning Electrochemical Microscopy Applied to
Metals and Coatings

Subjects: Electrochemistry | Materials Science, Characterization & Testing

Contributor: Ricardo Souto, Juan Santana, Javier Izquierdo Pérez

Scanning electrochemical microscopy (SECM) is a scanning probe microscope (SPM) technique based on
electrochemical principles that allows chemical imaging of materials with spatial resolution. The movement of a
microelectrode (ME) in close proximity to the interface allows the application of various experimental procedures that can
be classified into amperometric and potentiometric operations depending on either sensing faradaic currents or probe
potential values due to concentration distributions resulting from the corrosion process, as sketched in. In addition,
alternating current signals can be applied to the ME, leading to AC-operation modes.
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1. Experimental Design for scanning electrochemical microscopy (SECM)
Operation

There are several important factors to be considered when designing a SECM experiment. The most important ones are
the nature and geometry of the tip that will determine the spatial and chemical resolutions of the measurement, as well as
the type of substrate and mediator, and the solvent to be employed. It was provided that the main experimental design
factors related to the application of SECM to the analysis of metals and alloys, as well as these when covered by surface
layers or coating systems. All the information has been organized in tables in order to simplify the presentation of the
available resources and their easier comparison elsewhere [, It was provided a brief description of the main aspects
related to the features in the next sub-sections. It must be noted that method validation will not be discussed here as it is
beyond the reach, but a relevant on the topic has been recently presented by Izquierdo et al. [&.

1.1. SECM Instrumentation

SECM is a scanning probe microscope (SPM) technique based on electrochemical principles 3. The movement of a
microelectrode (ME) in close proximity to the interface allows the application of various experimental procedures that can
be classified into amperometric and potentiometric operations depending on either sensing faradaic currents or probe
potential values due to concentration distributions resulting from the corrosion process, as sketched in Figure 1. In
addition, alternating current signals can be applied to the ME, leading to AC-operation modes.
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Figure 1. Sketches depicting the SECM set up and electrode connections for (A) amperometric and AC operations; and
(B) potentiometric operation.

As sketched in Figure 1A, amperometric SECM operation is performed in a small electrochemical cell constituted by the
tip, the counter electrode, the reference electrode, the substrate, and the solution. A bipotentiostat completes the SECM
electrochemical setup together with the electrochemical cell, and it can be used to independently control the potential
(bias) of the tip and the substrate, although the latter can also be left unbiased at its spontaneous corrosion potential in
the environment. Next, a micropositioner is driven by stepper motors or piezoelectric elements to achieve the movement
of the tip in the X, Y, and Z directions for exploring the substrate with submicrometric resolution. The experimental setup is
completed with the interface, display system, and computer that records the current at the tip (and eventually the
substrate when polarized by the bipotentiostat) as a function of tip position or the potential of the corresponding working
electrode.

AC modes are available by attaching a lock-in amplifier or a frequency response analyser (FRA) to the bipotentiostat, as
shown in Figure 1A. 4D AC-SECM mode involves the electrochemical imaging of the AC components of the current signal
flowing at the tip (for example, admittance and phase angle) !, whereas impedance spectra can be generated at the
scanning electrochemical impedance microscope (SEIM) by combining the local current and potential signals 2!,

Alternately, potentiometric operation can be performed by measuring local potential signals in a two-electrode cell
configuration, as sketched in Figure 1B. In this situation, a high input impedance operational amplifier must be introduced
between the electrode connections in the electrochemical cell before they are driven to the bipotentiostat or the
potentiometer unit employed as electrochemical interface . lon-selective microelectrodes (ISMEs) are used as SECM
probes instead of the active tip surfaces employed in amperometric and AC modes. Although potentiometric SECM, also
known as the scanning ion selective electrode technique (SIET) in some publications, has usually been performed using
two separate electrodes in the electrochemical cell, as sketched in Figure 1B, it was demonstrated that such an
arrangement contributes to big uncertainties in the measurement of local potential values in systems undergoing corrosion
reaction, due to the high electrical fields developed in the electrolyte by galvanic pair systems . The use of internal
reference electrodes built inside the ion-selective electrode tip should be mandatory in order to overcome this reported
limitation B, Another limitation arises from the rather slow equilibration time required to establish a stationary Donnan
potential in the ion-selective membrane of the ISME, effectively limiting the resolution of the chemical images that can be
recorded using this operation mode, which is often reduced to a few 2D line scans 19, although new imaging procedures
involving the construction of 3D pseudo-maps have recently become available 111,

A summary of the SECM instruments and the analytical figures of merit necessary for adequate description of the
experiments and reproducibility are focused elsewhere [,

1.2. Tips Used for Amperometric Operation

Tips employed in amperometric SECM are active microelectrodes (MEs) of a critical dimension below 25 pm for
conditioning the mass transport of a redox species from the solution toward the electrode, which are used to characterize
coatings and/or thin surface layers applied on metals without requiring any additional modification 2. In SECM, the most
employed tip is built using a platinum wire of different diameters, followed by gold and carbon microwires or fibres,
although antimony- and iridium-based tips have been occasionally employed due to the dual amperometric/potentiometric
potential of their oxides L3114

For the tip fabrication, usually a metal microdisk (e.g., Pt) is sealed into a glass capillary and tapered to a conical shape.
Then, it is polished with graded alumina powder (or similar) of different sizes in order to expose a disk-shaped electrode
with an active surface for the redox reaction and is fully characterized by recording a cyclic voltammogram of a known
electroactive species (e.g., a redox mediator) added to the test solution, as it is exemplified in Figure 2 of the oxidation of
ferrocene-methanol on a Pt ME.
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Figure 2. Cyclic voltammetry curve for ferrocene-methanol (i.e., the most employed redox mediator) on a Pt ME.

1.3. Redox Mediators

A redox mediator is an electroactive molecule, atom, or ion that can be reduced or oxidized. Mediators are classified as
direct and indirect redox mediators depending on whether the species is already present in the solution (e.g., Oy) or has
to be added to the solution to perform the experiment (e.g., ferrocene-methanol, FcMeOH). The latter is needed to
monitor either insulating or poorly-conductive substrates, thus reflecting only topographical and/or chemical reactivity
changes along a surface, respectively, as sketched in Figure 3. Redox mediators may also be added for precise tip
positioning of the tip relative to the substrate by recording the changes in the tip current while approaching the substrate,
as well as to locate sites of different reactivity on the substrate (cf. Figure 3). Normally, when a redox mediator species is
added to the solution, a low concentration (approximately in mM values) is used. However, more strictly, the concentration
of the mediator must be chosen by taking into account its reaction rate at the substrate. Besides, it may be necessary to
adjust the pH.
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Figure 3. Sketches depicting: (A) the redox conversion of an electrochemical mediator at the amperometric tip of SECM
over a mostly insulating surface, whereas the redox mediator regeneration solely occurs in a region exhibiting



electrochemical reactivity; and (B) the current measured at the tip, which contains information on the topography of the
sample (i.e., blue color palette) eventually coupled with a region showing a heterogeneous chemical reactivity distribution
(red and yellow color palette).

The selection of a certain redox mediator for a given experiment is a critical issue for a successful experiment and
depends on several factors, such as:

« The nature of the sample studied;

« The nature of the mediator (chemical stability, redox potential, photostability, toxicity, thermal stability, and solubility in
the solution to be tested); and

+ The mode of operation to use in SECM.

A broad classification of redox mediator systems for the investigation of electrochemical corrosion processes can be made
by considering whether the species is added to the test environment for imaging (ideal redox mediator system) or whether
it is a certain chemical species that participates in the corrosion mechanism, although the latter frequently exhibits poorly
reversible or even irreversible electron transfer reactions (for instance, the electroreduction of molecular oxygen) and
highly variable concentration ranges. Since corrosion reactions on coated metals often expose insulating or poorly
conductive layers to the electrolytic phase in which the SECM tip is moved, the use of corrosion-related mediators is
limited to systems presenting either defects or cut edges, or low efficiencies of inhibition. In contrast, the addition of redox
mediators that exhibit fast, simple, and highly reversible electron transfer reactions at the tip is preferred for non-defective
and barrier-type layers and coatings, where the initiation of the corrosion reactions occurs in the buried interface formed
by the metal and the surface layer. The information collected on the degradation process is obtained by observing
morphological and topographical changes on the outer surface of the coating or film. An intermediate case occurs during
the formation of inhibiting layers on metals by adsorption, because there is a gradual transition from an electrochemically
active surface to a (quasi) insulating surface, making it possible to follow the time course of the charge transfer reaction at
the surfaceX¥. In this case, the main care must relate to the selection of a mediator having a redox potential close to the
corrosion potential of the substrate, in order to minimize the effects of polarization of the substrate by the redox couple.

1.4. Tips Used for Potentiometric Operation

Passive tips (ISME) are employed in potentiometric SECM. Since ion activities are detected using ISME tips, without
being consumed during the measurement, no interaction must occur with the sample surface. Although chemical
selectivity is thus envisaged compared to amperometric operation, the selectivity of the probe is not always sufficiently
high and it is necessary to be investigated in regards to other ions present in the system[8. Additionally, longer acquisition
times are required for SECM measurement due to longer response times of the probes. When scanning rates similar to
those typical for amperometric SECM operation are employed, the recorded images may exhibit significant aberration
effects. Nevertheless, significant improvement has been achieved by combining dedicated scanning routines with
mathematical deconvolution procedures L718],

Potentiometric probes used in SECM can be classified into two broad categories, namely metal-based microsensors 19
and reference microelectrodes 29, The first class of potentiometric microsensors take advantage of the passive properties
of certain metal oxides that are primarily sensitive mainly to pH changes in the environment, such as antimony and
iridium. Although the narrow potential range of stability of its metallic state in electrolyte solutions precludes its use as an
electrode material with voltammetric techniques, it encompasses the potential range of O, electroreduction and therefore
can be used in SECM for precise probe positioning 21221 which is a typical limitation of most passive potentiometric
probes. In this way, the z-approach curves are recorded with the metal in the active state (for example, operating as a
conventional amperometric SECM tip with redox mediators that are converted within the potential stability range of the
elemental state of the tip metal), and then oxidized to produce the pH-sensitive metal oxide layer23. In other cases,
positioning is achieved with dual microelectrodes with the feedback mode by adding a redox mediator to the electrolyte
(21411241 5 procedure that is described. Unfortunately, only a very small number of ion species can be detected using this
type of microsensors (namely, H*, Ag*, and CI7), and indeed they have only been used as pH microscopy when
characterizing thin surface layers and coatings on metals.

The second type of passive potentiometric probes corresponds to ion-selective microelectrodes (ISMEs), which consist of
a selective transducer (usually a membrane) that transfers the ion activity of a certain species occurring in the electrolyte
phase to an electrical potential. The sensing membrane is a multicomponent solution (herein named cocktail) containing
the ionophore, the polymeric matrix, the lipophilic ion exchanger, and the lipophilic salt. The ionophore is the component



that selectively forms a complex with the primary ion to be monitored, whereas the polymeric matrix accounts for the
mechanical stability of the system. Since membranes must be immiscible with water, lipophilic components are employed.

| 2. Operation Modes
2.1. Feedback Modes

The feedback mode was one of the first operation modes employed in SECMI[23, and it is one of the most frequently
employed modes due to its versatility. In this mode, the tip current (i7) due to the redox conversion of a redox mediator is
monitored, and its magnitude varies with the tip/substrate distance (d), the chemical nature of the mediator as well as the
composition and conductivity of the electrolytic solution. A different potential value must be applied to the tip for each
redox mediator. In the presence of a non-conductive substrate, the diffusion of the mediator is hindered and eventually
blocked in the proximity of the substrate. That is, the faradaic current measured at the tip, i1, gradually decreases while
performing an approach of the tip to the substrate because the diffusion of the mediator towards the active area of the tip
is hindered by the proximity of the substrate (it < it), and this behaviour is named negative feedback (see Figure 4A).
Since the underlying metal is not in direct contact with the electrolyte medium for non-defective insulating coatings, the
use of a redox mediator and its eventual development of a redox potential in the system produces no significant effect on
the investigated system. Although the information provided by the technique has only spatial resolution (i.e., topography
and morphology), this mode has found application for the investigation of transport phenomena through defect-less barrier
organic coatings applied on metallic substrates leading to mechanistic information on water uptake 28112711281 and lixiviation
processes (24, as well as the detection of the early stages of coating blistering and delamination induced by ionic species
such as chloride [BA[E1E2]33]
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Figure 4. Schemes and shapes of Z-approach curves in the feedback mode of SECM. Types of feedback: (A) negative
and (B) positive.

Conversely, if the surface of the sample is conductive, the mediator can be regenerated on it, and an increase of it can be
observed (it > i) for smaller tip-substrate distances originating a positive feedback behaviour (cf. Figure 4B). For
electrically insulating or conductive surfaces is possible thanks to the appearance of negative or positive feedback effects,



obtaining images of the surface that reflect the occurrence of defects in insulating coatings, including both inorganic and
organic matrices, to be investigated LAR4E5IE6] pepending on the size of the tip, the measurement of iy can thus provide
information about sample topography and its electrical and chemical properties, allowing for the occurrence of defects
ranging from pinholes to holidays and scratches, to be detected, as well as to monitor their evolution B4IBSISE] |y prief,
insulating regions produce changes in the current measured at the tip due to topographic changes that modify the
transport regime of the redox mediator from the electrolyte bulk towards the tip, frequently interfering with the signal while
scanning the substrate in close proximity. Conversely, regions in the substrate that are conductive and capable of
regenerating the redox mediator produce an increase in current measured at the tip. It should be noted that, since the
current response in feedback mode is highly dependent on tip-to-substrate distance, it is preferable to use as small a
distance as possible (without crashing the tip) to increase sensitivity.

For the feedback operation mode, kinetic information can also be extracted from the experimental approach curves after
taking in account the geometric factors of the tipl2d, which is of direct application for the determination of the rate
constants associated with the formation of corrosion inhibitor layers on metals and their ageing by thickening or greater
compactness/28IB9AAIAL - Additionally, the method has also been employed to gain information on the adsorption of the
inhibitor molecules on the metal (121,

2.2. Generation-Collection Modes

The term generation/collection mode encompasses two different modes of amperometric operations in SECM: tip
generation/substrate collection (TG/SC) (see Figure 5A,B), and substrate generation/tip collection (SG/TC) (in Figure
5C), the main difference being the site at which the redox reaction employed for imaging occurs; either at the substrate or
at the tip 42, Although the tip and the substrate both act as working electrodes, the corrosion processes at the substrate
are sufficient to develop a spontaneous potential that sustains the reaction without the need to polarize the substrate 431,
In this case, only the application of a potential to the SECM tip is necessary to measure the current flowing at the tip. An
alternative situation occurs when the bipotentiostat is employed to set the substrate potential as well as the tip, since the
instrument can be used to measure current in both the SECM tip and the substrate.
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Figure 5. Schemes of generation-collection (G/C) modes of SECM. Types of G/C: (A) conventional tip generation and
substrate collection, (B) bi-reaction tip generation and substrate collection, and (C) sample generation and tip collection.

In the TG/SC mode, the electroactive species that can be detected at the substrate is generated at the tip. In this case,
the tip and the substrate must have different potentials, either using the bipotentiostat or by the substrate developing a
different open circuit potential (OCP). A multireaction TG/SC mode was introduced by Leonard and Bard 44! in 2013 by
using the redox conversion of two different species at the tip, as shown in Figure 5B. Depending on the potential required
to reduce O to R or O' to R' at the substrate, if it is different for both reactions and a total collection efficiency of O from R
can be set at the tip, then the current associated with each of the two reduction reactions can be separated. For corrosion
systems, other possibilities for bi-reaction interfaces can include two oxidation reactions or a reduction combined with an
oxidation.

In SG/TC, the current at the microelectrode arises from a species generated at the surface of the substrate (Figure 5C).
This is the traditional G/C mode, and it has an important application for determining the reaction rates in function of the
tip-to-substrate distance. If R reacts during its transport from the tip to the substrate, the relation between the current
intensity at the substrate and at the tip becomes smaller and will greatly vary with the distance, d, and it can be used to
obtain the rate constant of the homogeneous reaction.

2.3. Redox Competition Mode

The redox competition mode was introduced by Schuhmann and co-workers in 2006 3 in a work related to catalysis. In
this mode, the SECM tip and the substrate are polarized using the bipotentiostat. When the tip and the substrate are close
to each other, they compete for the same redox species (see Figure 6), although the current is measured only at the tip.
In a typical corrosion system formed by a metal covered by a non-conductive coating, the oxygen reduction current



measured at the SECM tip remains constant while the tip is scanned over the non-defective coating “&. However, if a
scratch is made through the coating system and the metal is exposed to the solution, the current measured at the SECM
tip will decrease as the tip explores this active area because the redox species (e.g., oxygen) is consumed at both
working electrodes B4, and the decrease observed can be correlated to the chemical activity of the substrate that
corrodes after its direct exposure to the aggressive environment.
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Figure 6. Scheme of the redox competition mode of SECM.
2.4. Combined Operation Modes

The signal recorded by the sensing probes of SECM consists of a complex combination of spatially-resolved information
originating from the distance between the tip and the surface of the sample (i.e., sensitive to the morphology of the
substrate) and of the actual chemical response due to the reactivity of the substrate, which in practice mainly limits its use
to the characterization of flat surfaces and to the first stages of the formation of the surface film due to its progressive
rougheness with degradation. Although the morphological and chemical information may be ultimately convoluted in
conventional SECM analysis, the first contribution can be considered constant for a flat surface, so that changes in probe
response can be attributed to the chemical reactivity of the system. Unfortunately, highly reactive systems occurring in
light-weight alloy materials, which rapidly develop layers of oxide products and gas evolution under common operating
conditions, and those associated with the self-healing mechanisms of smart coatings containing nanoreservoirs for
functionalized operation, do not exhibit flat surfaces. This feature is not a real limitation for the investigation of thin films on
metals because their width dimensions are often much smaller than the size of the scanning probe, but it can make it
difficult to characterize larger surface defects such as crevices or heterogeneous regions extending over a large surface
compared to the tip dimensions such as those formed in welds. Notwithstanding, efficient measurement strategies have
been developed to construct SECM surface images by combining separate images of smaller regions 8],



To overcome this limitation imposed by the convolution of topographic information and chemical activity in the signal
measured at the tip, a multi-scale electrochemical methodological procedure can be performed to deconvolute chemical
information relevant to corrosion reactions and protection mechanisms in such complex systems can be performed 49,
Souto and coworkers developed a quite simple and systematic methodological procedure involving the combined use of
various operation modes in amperometric SECM to learn defects in organic coatings of width and depth dimensions
greater than those of the tip BY, as illustrated in Figure 7.
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Figure 7. Diagrams of the processes that occur at the tip for the electrochemical conversion of species A to B when the

tip passes over a larger defect depending on whether it is an insulating or a conductive surface exposed to the aqueous
medium. The green arrow indicates the scan direction. Depending on the source of species A, the following situations
have been described: (A) species A is present in the aqueous medium and is not consumed within the defect, which
behaves as an insulator; (B) species A is present in the aqueous medium and transforms at both the tip and the bottom of
the defect; and (C) species A is generated at the bottom of the defect, although it was not originally present in the
aqueous environment.

This procedure required the choice of detection modes more sensitive to either the topographical changes or the chemical
activity by controlling the local chemistry of the system and the characteristics of the tip, followed by a subsequent stage
of recording the combined signal of the complete corroding system. This methodology can be further extended by
combining potentiometric modes with amperometric operation using multi-probe configurations, as recently demonstrated
of corrosion processes on cut edges of organically coated galvanized steel 1. In this case, the combined
amperometric/potentiometric SECM operation was performed by fabricating a multi-probe assembly using the same

procedures previously developed for fabricating potentiometric probes with an internal reference electrode 2.

An alternate way to overcome the referred limitation is to associate SECM with other surface resolved techniques B, An
option is the combination of SECM with AFM using cantilever probes modified for this purpose, which made it possible to
simultaneously image the topography and the electrochemical activity in situ. In this way, the monitoring of nucleating
corrosion pits in iron-based materials 22 and the dissolution-redeposition of metal ions in acidic environment &3 have
been succesfully imaged in situ.

Besides the combination of SECM with topographically sensitive techniques, software routines can be designed so that
the scan is actually performed at a constant tip-substrate distance (i.e., following the actual surface of the sample) instead
of operating at a constant height, as is normally done in convential SECM operation 24, Alternately, the measurement of
shear forces between the tip and the surface can be used for constant distance operation in SECM instead of AFM (341,
The success of such an association was reported by Etienne et al. for monitoring the performance of self-healing coatings
deposited on an aluminium alloy B2 The local features with a depth profile in excess of 50 pm were successfully
resolved. In addition, local chemical analysis was simultaneously performed using in situ Raman spectroscopy.



Finally, corrosion reactions that progress far beyond their initial stages and eventually reach dimensions of a hundred

micrometers or a few millimeters are already accessible using other experimental techniques and would not require the

micrometric resolution of SECM.
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