Uses of Scanning Electrochemical Microscopy in Corrosion Research
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This paper provides a brief review of a relatively new technique, hamely scanning electrochemical microscopy (SECM),
and its applications in measuring, characterising and evaluating corroding systems. Localized corrosion processes and
electrochemical activity distributions in surfaces can thus be investigated in real time with high spatial resolution. The
SECM is a unique near-field scanning technique that is electrochemically integrated as to detect chemical and
electrochemical activities in electrochemical heterogeneous systems such as those operating in corrosion research. The
SECM can be used in a variety of ways, which can be broadly classified into amperometric and potentiometric modes,
depending on the type of the sensing probe, namely an ultramicroelectrode (UME) and an ion-selective microelectrode,
respectively. The operation modes of the instrument are described together with typical experiments selected to illustrate
their application in sensing localised corrosion.
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1. Introduction

The function of most metallic components is ultimately limited by corrosion. Metals and alloys spontaneously react
with the environment in their tendency to attain other oxidized states which are thermodynamically more stable. Apart
from the cost, corrosion consumes huge amounts of materials and the energy required to produce them. Research into
corrosion covers mechanisms of corrosion and passivation, methods to control corrosion, either by employing
protection procedures such as corrosion inhibition and protective coating layers, and the development of novel
processing techniques that would originate materials with improved surface properties.

The degradation reactions occurring at metallic materials exposed to either the atmosphere or to an aqueous
environment have in common their electrochemical origin. This is the reason that a major part of the current knowledge
of corrosion processes has been gained from the use of conventional electrochemical methods in the corrosion
laboratory, though these techniques lack spatial resolution and provide little information on behaviour at sites of
corrosion initiation or at defects. Indeed, corrosion reactions have traditionally been considered to initiate within the
range of nanometers and micrometers, though there were not available techniques for the investigation of these
processes in those scales. Furthermore, electrochemical heterogeneity is also a typical characteristic of most metallic
materials, particularly applicable in the case of alloys and joined metals, but also in the case of single metal materials.
The problem of surface inhomogeneity is even more acute as corrosion protection methods usually involve chemical
modification of surfaces. Thus, there is need for ancillary techniques with enhanced spatial resolution which can acquire
data in real time, and can provide corroborative or other novel evidence of the underlying reaction schemes preferably
in situ.

New methods of probing the microscopic processes on electrode surfaces have recently been developed in the field
of Electrochemistry. Among them, scanning microelectrochemical techniques, which are an extension of local probe
techniques originating from the use of microelectrodes as the probes in near field microscopic techniques to operate
inside an electrochemical cell, are concentrating major interest. In this way, the chemical and/or electrochemical
selectivities provided by the microelectrode probes can be successfully combined with the spatial resolution of the
scanning microscopies, thus allowing surface characterization with a resolution in the micrometer range or below.
Among these techniques, scanning electrochemical microscopy (SECM) was designed in 1989 by Bard and coworkers
[1], and since then, the SECM has become a very powerful technique for probing a great variety of electrochemical
processes in fundamental and applied electrochemistry [2], energy storage [3], materials science [4], corrosion science
[3,5], biosensors research [6] and biophysics [7].

In this contribution, the operation modes of SECM will be described and selected applications in the investigation of
corrosion reactions will be provided in order to illustrate its application in sensing localised corrosion.

2. Principles of SECM operation

The SECM instrument basically consists of a combination of electrochemical components, positioners and computer
control. Figure 1 shows a schematic diagram of the basic SECM instrument employing an amperometric microprobe.
The SECM is a technique in which a current flows through a microelectrode immersed in an electrolytic solution and
situated close to a substrate. The substrate can either be a conductive, semiconductive or insulating material. The



microelectrode and the substrate form part of an electrochemical cell which is also constituted by reference and
auxiliary electrodes, and sometimes by a second working electrode. The electrochemical setup is constituted by this
electrochemical cell together with the bipotentiostat, which is the actual electrochemical interface. It allows the
potential of the microelectrode and/or the substrate versus the reference electrode to be controlled, as well as to measure
the current flowing between any of the working electrodes and the counter electrode. The microelectrode displacement
and its position relative to the substrate are controlled with a three-dimensional microstage that provides independent
and accurate control in the x-y-z axis. And the remaining component is the data acquisition and display system, usually
conformed by a computer, an interface and a display system.
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Fig.1  Diagram showing the main components of the SECM instrument.

The microelectrode is a microdisc electrode, in which the electrode material is surrounded by an insulating shield.
The most common procedure for its fabrication is the encapsulation of the electrode material (carbon fibres or metal
wires) in glass capillaries and the subsequent polishing of the tips to expose the microdisc surface. At this point, it is
possible to distinguish two kinds of microelectrodes depending on the ratio between the insulating-shield thickness (b)
to the disc-electrode radius (a) (see Figure2), RG = b/a, namely,
¢ Microelectrodes with infinite insulating shield (RG>10), and
¢ Microelectrodes with finite insulating shield (RG<10), in which the insulating-shield thickness is comparable to the

electrode radius.
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Fig. 2  Schematic view of a disc microelectrode tip and the parameters that define the RG value.

The latter types of microelectrodes are those generally used as tips in SECM measurements. It must be considered that,
for microelectrodes with RG<10, on the time scale of standard voltammetric measurements, the diffusion field
undergoes a transition from linear to radial symmetry, and it is established behind the plane of the disc-electrode and
the insulating shield as is shown in Figure 3.
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Fig. 3  Scheme of the geometry and diffusion field for a disc microelectrode having (a) RG > 10, and (b) RG < 2.

Prior to explaining the operation and the response of the SECM, it is necessary to understand the behaviour of the
microelectrode inside an electrochemical cell. Let’s consider the microelectrode is immersed in a solution containing an
electrolyte and a reducible species, O. When a potential sufficiently negative to the standard potential of the reduction



reaction (1), is applied to the microelectrode, the reduction of the species O occurs at the UME surface, and a cathodic
current flows according to:

O +ne &R 1)

If this reaction is kinetically controlled by the diffusion of O from the bulk of the solution to the electrode surface, the
current decays due to the formation of a diffusion layer of O around the electrode, and attains rapidly a steady-state
value given by

Ir. = 4nFDca )

where F, is the Faraday constant; a, the microelectrode radius; D, the diffusion coefficient of the reducible species; and,
c, its concentration. That is, a steady-state current (see Figure 4) results from the constant flux of O to the electrode
surface due to an expanding hemispherical diffusion layer around the microelectrode.
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Fig.4  Schematics of the SECM setup in the amperometric mode when the UME is placed in the bulk of the electrolytic
solution, without any interference from the substrate. Reducible species O is considered to be electroreduced to species R
at the SECM-UME.

The current measured at the microelectrode depends on the relative size of the disc electrode and shield. Therefore,
the equation predicting the steady-state limiting current for a disc-microelectrode equation (2) is not valid for
microelectrodes with low RG, and corrections to the theoretical expression must be introduced.

The standard procedure employed for the characterization of a given microelectrode involves two experimental steps,
namely to record a cyclic voltammogram in the bulk of electrolyte and to measure an approach curve towards a
substrate, in solutions containing a well-known redox system (cf. Figure 5).
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Fig.5  Cyclic voltammogram measured at the SECM-tip in 0.5 mM ferrocene-methanol + 0.1 M KCI. Scan rate: v =
0.01 V s, It depicts the electrochemical reactions associated with dissolved ferrocene in the electrolyte.

An estimation of the radius of the microelectrode can be made from the steady-state limiting current obtained in the
voltammetry at low scan rates and using the steady-state equation (2), because it relates limiting current on the
microelectrode with the concentration of the redox species and the electrode radius. This expression is only valid for
microelectrodes with RG > 10. In the case of disc-electrode with RG < 10, in which b is known, the radius can be
estimated using the equation (3), which relates the RG parameter (b/a) with characteristic parameters from the
voltammograms [8]:

b b a b-a)’ b-a)’

In the equation (3), A; are coefficients which depend on the difference between Ei; values for the reduction and
oxidation waves in the cyclic voltammogram (AE1) and ¢ is the length which is related to the scan rate in the way

[RTD/n FV]% where v is the scan rate.



On the other hand, the estimation of the ratio between the insulating shield and the microelectrode radius (RG
parameter), can be made from the fit of experimental and theoretical approach curves. In brief, the approach curve is
obtained by slowly approaching the surface with the tip and simultaneously recording the measured current at the
microelectrode vs. Z displacement as described elsewhere [9]. This procedure consists on fitting the experimental
approach curves measured at the microelectrode, by using a redox mediator in the solution, to theoretical approach
curves calculated for various RG values. Theoretical approach curves at microdiscs for either negative or positive
feedback are described by equations (4) and (5), respectively, which were derived using digital simulation procedures

[10].
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In these equations, I(L) is the normalised steady-state tip current, and L is the normalised tip-substrate distance. The
parameters KiN and KiP are numerical constants that depend on the RG parameter and the type of feedback, and their

values have been evaluated by several authors [11,12]. Two approach curves measured at SECM-tips in a ferrocene-
methanol containing solution whereas approaching a polyurethane-coated carbon steel sample exposed to the solution
are depicted in Figure 6.
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Fig.6  Approach curves measured at SECM-tips in 0.1 M KCI + 0.5 mM ferrocene-methanol solution shortly after the
polyurethane-coated carbon steel samples were exposed to the solution. Tip potential: +0.50 V vs. Ag/AgCI/KCI
(saturated) reference electrode.

3. Operation modes of the SECM

There are several modes of operation of the scanning electrochemical microscope that have successfully been employed
to the characterization of corrosion processes. They are namely,

3.1 Negative feedback mode: Monitoring of blister corrosion in polymer-coated metals [13-18].

In general, feedback modes require an oxidizable/reducible species to be added in the solution phase for SECM
operation. This species is known as the redox mediator. Generally redox couples involving a fast, usually one-electron,
heterogeneous reaction at the tip are chosen as electrochemical mediators. The faradaic current related to the redox
transformation of the mediator is thus measured at the tip, usually by setting the tip potential at a value sufficiently far
from its corresponding standard potential to achieve a diffusion-limited regime. In this mode, the SECM tip is rastered
in the X-Y plane of the surface of the sample inside an electrochemical cell. In SECM, the proximity of the tip to the
substrate is the perturbation in the measurement that constitutes the SECM response [1].

If the UME is brought to the vicinity of an insulating substrate, the steady-state current that flows through the tip, ir,
tends to be smaller than iz. (Figure 7). This is a result of the insulating substrate partially blocking the diffusion of O
towards the tip [19]. The current at the tip becomes smaller when the tip is closer to the substrate, and tends to zero
when the distance between tip and substrate, d, approaches zero. This effect is known as negative feedback.
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Fig. 7 The negative-feedback mode of SECM and its effect on the approach curve measured when the tip is moved
towards an insulating substrate: a) the tip is located far from the surface where the hemispherical diffusion regime of the
mediator is maintained; and b) the tip is located in close proximity to the substrate; the faradaic current measured at the tip
is significantly smaller than iz due to the hindered diffusion of the mediator. The portion of the curves drawn in red on
the approach curves indicate the range of currents related to the corresponding scheme at the right side of the figure.

As it can be observed from the inspection of Figure 7, the feedback effect is sensitive to the distance between the tip
and the substrate, d, which is often expressed in units of the tip radius, a, as L=d/a. Surface imaging of insulating
substrates can be thus directly accomplished when the tip is rastered over the sample in the constant height mode. In
this way, the tip is lowered to a fixed distance from the substrate and then the surface is scanned. Changes in the
faradaic current measured at the tip are then exclusively related to variations in the distance between the tip and the
substrate underneath, which originate from the scanned surface either progressing in the solution towards the tip
(resulting in smaller faradaic currents being measured at the tip), or the surface showing a depression (higher faradaic
currents are measured in this case). The currents measured at the tip can be rapidly converted to a height or distance
scale. The resolution of the SECM in topographic measurements on a surface strongly depends on the tip radius, a.

Operation of the SECM in the negative feedback has allowed for specific anion effects towards early blistering stages
at polymer coated metals to be detected for the first time. Chloride ions have been thus shown to produce significant
roughening of the polymer surface related to heterogeneous electrolyte distributions at the metal-polymer interface in a
wide variety of systems [13-16], as well as to monitor the growth of individual blisters by using the approach curves to
correlate current values to tip-substrate distances [17,18]. It must be noticed that a common procedure in those studies
consists in using an inverted Z-axis for SECM mapping, in order that protrusions and hills existing on the surface can be
viewed as higher areas in the map though they are really detected from the measurement of smaller faradaic currents at
the tip. Figure 8 depicts both a scheme of the process and the SECM images obtained after a PVC-coated galvanized
steel was immersed in 0.5 M NaCl aqueous solution containing ferrocene-methanol as electrochemical redox mediator
(see Figure 8).
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Fig. 8  Surface imaging of insulating substrates with the SECM operating in the negative-feedback mode. a) Scheme
describing hills and depressions in the surface of the polymeric film deposited on the metal and their effect on the current
measured at the tip; b) Image generated by SECM of a PVVC-coated sample immersed in 0.5 M NaCl + 5 mM ferrocene-
methanol. The image was taken after 6 hours immersion, and represents 800 um x 700 um in X and Y directions. The Z
scale is the tip current in nA. Tip potential, +0.50 V versus the Ag/AgCI/KCI (saturated) reference electrode.




3.2 Positive feedback mode: Characterization of passivating film formation by corrosion inhibitors on
copper [20-23].

Conversely to what happens in the previous mode, if the tip is close to a conductive substrate at which the oxidation
reaction (6) can occur, a flux of O from the substrate to the tip occurs, in addition to some flux from the bulk solution
towards the tip.
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Fig.9  The positive-feedback mode of SECM and its effect on the approach curve measured when the tip is moved
towards a conducting substrate: a) the tip is located far from the surface where the hemispherical diffusion regime of the
mediator is maintained; and b) the tip is located in close proximity to the substrate; the faradaic current measured at the tip
is significantly greater than iz due to the regeneration of the mediator. The portion of the curves drawn in red on the
approach curves indicate the range of currents related to the corresponding scheme at the right side of the figure.

This effect leads to an enhancement of the current at the tip, ir, which is higher than ir., (Figure 9). Then the flux of
O from the substrate to the tip causes an increase of ir as d decreases. In this case, when the tip-substrate distance
approaches zero, the ir current tends to infinite, and the oxidation of R on the substrate is diffusion-controlled. This
effect is named positive feedback. The tip can be seen as both the generator of the signal sensing the substrate (the flux
of the reduced species, R), and the detector (of the flux of O from the substrate).

The SECM can be used as an electrochemical tool to study electrode processes and coupled homogeneous reactions.
In this mode the XY-plane scanning is often not used. Commonly, the SECM electrochemical measurements combine
the features of the microelectrodes and the advantages of thin-layer electrochemistry [24]. This mode is useful in the
determination of heterogeneous electron-transfer reaction rates. The magnitude of the feedback effect is determined by
the rate of mediator regeneration at the substrate, thus allowing for information on the kinetics of the process at the
substrate to be acquired from the measured approach curves. This is the rational of SECM for the investigation of thin
inhibitor films formed on reactive metals, in order to investigate the Kinetics of film formation [20,23], as well as to
ascertain the effect of chemical and electrical parameters on this process [21,22]. Figure 10 shows changes in the shape
of approach curves towards a copper surface exposed to an aqueous solution containing benzotriazole, which is a
widely recognized inhibitor for copper corrosion. The measurements were used in a solution containing ferrocene-
methanol as electrochemical mediator and Na,SO, as base electrolyte. The magnitude of the positive feedback effect is
observed to decrease with the elapse of time, a clear indication that the rate of mediator regeneration at the substrate
decreases accordingly. Thus, the conductive character of the copper surface towards electron transfer at the
metal/electrolyte interface is progressively shadowed with the progress of the chemical interaction between the
inhibiting organic molecule and the metal [23].

From the foregoing it can be seen that SECM allows to make quantitative electrochemical measurements in very
small domains (consider the tiny gap volume between tip and sample) with small amounts of material. Nevertheless
some special care must be taken as to secure that the electrical state of the substrate is adequately controlled. Though
operation in open circuit conditions, namely the spontaneous corrosion potential of the system, is desired, the addition
to the test electrolyte of an electrochemical redox mediator for visualization purposes at the SECM effectively acts as
externally polarizing the substrate, though a potential value would not be applied to the substrate with the potentiostat
[2]. This is because the Nernst equation for the redox mediator applies, and the potential of the substrate will be



controlled by the ratio (CO /Cq ) Therefore, the choice of redox mediator must be made with care on the basis of the

corresponding Eg ,r Values to avoid the undesired polarization of the substrate [23]. Additional care must be taken to

discard a simultaneous interaction between the active species in the electrolytic phase (i.e. the corrosion inhibitor
organic compound) and the microelectrode tip, otherwise the electrochemical condition of the tip will be continuously
varying during the experiment, and the variations in the faradaic current measured at the tip will not exclusive result
from changes in the activity of the investigated substrate [23].
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Fig. 10  Normalized approach curves towards a copper surface measured in a 0.067 M Na2SOs + 0.33 mM BTAH +
0.67 mM ferrocene-methanol solution with a 25 um Pt electrode. Tip potential: +0.50 V vs. Ag/AgCI, KCI (3M). The
curves were measured for the immersion times indicated in the figure.

3.3 Sample generation — tip collection mode: Detection of metastable pitting in stainless steel [25].

In generation-collection modes, a faradaic current is measured at the tip arising either from a species generated at the
surface of the material under imaging (sample generation — tip collection mode), or from a species generated at the tip
(tip generation — sample collection mode). A faradaic current is measured at the tip. The ratio between the fluxes at the
tip and at the substrate define the collection efficiency, and it is strongly affected both by the relative size of tip and
substrate, and by the tip-substrate distance. Furthermore, in these SECM modes, the substrate can be either polarized or
left unbiased.

In the sample generation — tip collection mode (SG/TC), the current at the microelectrode arises from a species
generated at the surface of the imaged material as depicted in Figure 11a, and the tip moves inside a thick diffusion
layer generated by the substrate.
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Fig. 11  Surface imaging of a spontaneously-corroding substrate with the SECM operating in the sample generation —
tip collection mode. a) Scheme describing local sources of metal ions in the surface and their effect on the current
measured at the tip as they are further electrooxidized; b) SECM image of 304 stainless steel surface immersed in 0.5 M
HCI solution at the open-circuit corrosion potential. The image shown represent an area of 1000 um x 1000 pm in X and Y
directions. Tip potential: +0.50 V vs. Ag/AgCI/KCI (saturated) reference electrode. Tip-substrate distance: 10 pm. The
background current was taken as zero.

In the amperometric mode, the reaction at the tip may affect the diffusion layer at the substrate. Therefore, special
care must be taken in order to adequately select the scan parameters to minimize convective effects, because the tip
agitates the diffusion layer at the substrate [26]. Though collection efficiency is low, making quantitative analysis
difficult [27,28], this operation mode finds extensive application in the study of localized corrosion processes [25-30]
due to the combined effect of selective detection of reacting species liberated in the reactions and the operation of the
corroding cell in spontaneous conditions without the need to introduce electrochemical mediators for imaging.



Collection efficiency can be enhanced by employing chemically modified tips, namely with deposits of mercury or
bismuth, because they allow to accumulate the redox species liberated during the scan and subsequently analyze it by
stripping voltammetry [31]. This application is illustrated in Figure 12, corresponding to the SECM study of a Fe-Zn
galvanic couple spontaneously corroding in a chloride-containing solution by using a mercury sphere-cap
microelectrode tip [32,33].

Current, nA
Current, nA

L
0 1000 2000 3000 4000
Tip movement along X axis, um b)

. .
45 12 09 06 03 00
Potential, V c)

Fig. 12 Visualization of corrosion reactions occurring for an iron-zinc couple immersed in 0.1 M NaCl. a) Optical
image of the sample. b) Line scans of a sphere-cap microelectrode travelling over the Fe-Zn pair; tip potential: —1.2 V vs.
Ag/AgCI/KCI (saturated) reference electrode. c) Stripping voltammograms of the Zn-deposited in the Hg-electrode during
the measurements of line scans given in Figure 12b. The plots corresponded to different tip-sample distances as indicated.
Potential values are given vs. Ag/AgCI/KCI (saturated) reference electrode. Sphere-cap parameters: H =1, RG = 5.

This method has allowed the metastable pitting of a passivated metal substrate to be imaged for the first time [25].
The state is interesting because it is a precursor state to stable pitting and appears to be controlled by the same
mechanism as that of stable pitting [34]. A SECM image describing metastable pits on 304 stainless steel obtained in
situ in chloride solution at the open-circuit corrosion potential is shown in Figure 11b. This image represents the
oxidation of Fe?* emanating from the metastable pits as the probe tip passed over them. It can be easily deduced that the
lifetime of the detected pits was a maximum of a few seconds since they are not observed on the following scanline.

3.4  Tip generation — sample collection mode: Generation of corrosion pits on iron [35-37].

This operation mode is base on the generation of a chemical species at the tip that will be sensed at the substrate (see
Figure 13a), either to be detected through its faradaic conversion to a different oxidation state, or to locally modify the
chemistry of the substrate. Conversely to what happens in the SG/TC mode, due to the relative sizes of the substrate and
the tip, the collection efficiency in mode TG/SC is close to 100% for a stable species, whereas collection efficiencies
differing from 100% can be employed to investigate homogeneous chemical kinetics.

sample

a) .. b)
Fig. 13 The tip generation — sample collection mode of SECM: a) scheme of the operation procedure; and b) SEM

observation of a single pit generated on iron by SECM technique in 0.5 M H2SO4 solution. Reprinted from [37].
Copyright 2008, Elsevier Science Ltd.

The high collection efficiency of the method has been employed to the localized generation of corrosion pits. As
pitting is a random phenomenon, it is very difficult to predict the position and the time for its occurrence. Therefore,
SECM can alternately be employed to induce the generation of a single pit at passivated surfaces. This is possible due to
the fast generation of a locally aggressive environment at a preselected site of the substrate. The kinetics of pit growth
can be then investigated from the measurement of the faradaic current flowing at the substrate [35]. Additionally,
SECM could also be employed in combination with the electrochemical quartz microbalance, allowing for higher
sensitivities to be attained [36,37]. A SEM image of a single pit formed on pure iron as result of the release of free
chloride ions at the SECM tip is shown in Figure 13b.



3.5 Redox competition mode: Visualization of delamination reactions from defects exposing the underlying
metal in painted systems [38,39].

When the soluble redox species monitored at the tip can also undergo redox transformation on the substrate, a new
operation mode for SECM is encountered, which is called redox competition. That species can either be naturally
occurring in the environment [38], or be in situ generated by employing an electrochemical programme based on the
application of a series of potentiostatic pulses [40,41]. Whereas the later procedure allows for a controlled concentration
of the species to be generated locally, the former presents the advantage that natural conditions, such as those operating
in corrosion processes, can be used without further chemical modification of the system.

Usually, dissolved oxygen in the electrolyte is the redox species employed in the redox competition mode. Since this
is an electroactive molecule, the need for the addition of a redox mediator is alleviated for SECM operation.
Furthermore, in the case of freely corroding systems, soluble oxygen directly participates in the corrosion processes
through electroreduction at the cathodic sites. Therefore, the tip and the sample under investigation compete for the
same redox species in solution [42], and the scanning electrochemical microscope is to be operated in the redox
competition mode as depicted in Figure 14a.
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Fig. 14  Schemes of the various SECM operation modes that can operate on the redox transformation of soluble oxygen
in the electrolytic phase, namely: a) redox competition, b) TG/SC, ¢) SG/TC, and d) negative feedback modes.

The use of oxygen as redox mediator for SECM allows to image both the topography and the interfacial processes in
defective organic coatings applied on metallic substrates [38,39]. The maps provided only topographical information
when the uncoated metal is stable in the environment, whereas the maps were a combination of the topography and the
electrochemical reactivity of the sample in the case the metal freely corrodes from the defects [39]. This is the case
when a carbon steel substrate coated with an epoxy-polyamine film, in which a circular defect has been produced with a
drill, was immersed in a sulphate-containing solution as illustrated in Figure 15.
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Fig. 15 SECM images of an epoxy-polyamine coated carbon steel sample after immersion in 0.1 M NazSOs air-
saturated aqueous solution for: a) 5, and b) 450 min. Tip-substrate distance: 15 pm. Tip potential: -0.60 V vs.
Ag/AgCl/KCl (saturated) reference electrode. The figures represent an area of 1000 pm x 1000 um in X and Y directions.
It must be noticed that the current axis are allocated in the opposite directions in the two figures.

Redox transformation of soluble oxygen at the SECM can originate various operation modes, namely:

v Redox competition. The tip detects the reduction current for O,. The measured current decreases locally due to
the local depletion in oxygen concentration due to oxygen consumption at the tip (Figure 14a).

v Negative feedback. The tip detects the reduction current for O,. Diffusion of the redox species is hindered by the
insulating substrate (Figure 14b).

v Tip-generation and sample-collection (TG/SC mode). The tip is employed to oxidize water resulting in the
production of O,. The signal measured arises from O reduction at the substrate (Figure 14c).




v Sample-generation and tip-collection (SG/TC mode). The substrate is polarized to reduce O,. The tip oxidizes
H.0O- generated as by-product on the substrate. The analytical signal is the oxidation current for peroxide detected
at the tip (Figure 14d).

3.6 Potentiometric mode: Measurement of local pH variations and concentrations of dissolving metal ions
during galvanic corrosion.

In potentiometric mode a potential difference between the ion-selective tip and a reference electrode is measured under
zero current conditions. Thus, the tip is a passive sensor which neither generates nor collects any ionic species. The ion-
selective tip does not influence significantly local corrosion events; it detects variations of specific ion activity in the
vicinity of the corrosion sites. The ion-selective tip has to be calibrated before and after measuring ion activity. In
general, the potential of the ion-selective tip, E;, depends on activity of a specific ion in solution, aj, as provided by the

well known Nernst equation: E; = const + %In a; [10,43,44].
1

The diversity of corrosion processes, to a great extent, results from the complexity of acid-base reactions
accompanying redox conversions. Naturally, analysis of acid-base interactions during the course of corrosion processes
is the most common type of localized potentiometric measurements [43,45]. Figure 16 presents an example of pH
mapping taken with a pH-selective glass-capillary microelectrode over coupled Al and Cu wires. The tip diameter was 2
pm and the liquid membrane based on 4-nonadecylpyridine (95295 Fluka) as ionophore. Anodic dissolution of
aluminium accompanied by hydrolysis of hydrated AI** cations leads to local acidification over the Al wire while
cathodic reduction of oxygen taking place on Cu results in local alkalinisation.

Fig. 16 An example of pH measurements over the coupled Cu and Al wires: Optical micrograph of Cu and Al wires
embedded into epoxy holder (a) and corresponding pH distribution recorded in 0.05M NaCl solution (b).

Modelling of corrosion processes and corrosion prediction requires an extensive database of input data, including
time-dependant distribution of pH and dissolving metal cations (Mg?*, AI**, Zn?*, Fe®* etc.). The ions of supporting
electrolyte, e.g. CI" and Na*, participate in charge compensation processes [46], hence the knowledge on their
distribution is also very important. Activity of a specific ion can be measured by using tips selective to that specific ion.
Figure 18 shows the map distribution of Mg?* cations over a dissolving Mg wire. The data was recorded using a glass-
capillary tip with the liquid membrane selective to Mg?* (N,N"-octamethylene-bis(N’-heptyl-N"-methyl-
methylmalonamide), Fluka 63083 [47].

Fig. 17 Optical micrograph of a 0.125 mm diameter, pure Mg wire in epoxy holder (a) and corresponding distribution of
Mg?* ions (pMg= -logio [Mg?*]) recorded in 0.05M NaCl solution (b).
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The main advantage of ion-sensitive glass-capillary tips with liquid membrane is that the same procedure is used to
prepare the tips selective to different ions. Only the composition of the liquid membrane has to be changed in order to
produce a tip selective to another ion. A drawback of tips of this type is that they lack tip-to-substrate distance
sensitivity. To follow the topography of a substrate a double-barrel glass-capillary microelectrode can be used [44]. One
channel of the © shape micropipette, filled with an electrolyte solution, is used as a distance sensor while the second
channel, with the tip filled with the liquid membrane, is ion-sensitive. Another approach to perform constant-distance
SECM measurements with glass-capillary tip is to use non-optical shear force detection by attaching two piezoelectric
plates to the tip [48,49].

4. Concluding remarks

SECM is a powerful technique for studying corrosion processes because it allows for in situ characterization of both
topography and localized corrosion activity in micrometer and submicrometer ranges. The wide variety of operation
modes, with or without redox mediators, allows to gather analytical information and quantify local corrosion processes
in real time for a variety of localized corrosion reactions, with multiple applications including microscopic defects at the
metal/passive film/electrolyte interface, coatings, adsorption of inhibitor films, metal electrodissolution, and others.
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