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Scanning electrochemical microscopy (SECM) has developed into a very versatile tool for the
investigation of solid-liquid, liquid-liquid and liquid-gas interfaces. The arrangement of an
ultramicroelectrode (UME) in close proximity to the interface under study allows the application
of a large variety of different experimental schemes. The most important have been named
feedback mode, generation-collection mode, redox competition mode and direct mode. Quanti-
tative descriptions are available for the UME signal, depending on different sample properties
and experimental variables. Therefore, SECM has been established as an indispensible tool in
many areas of fundamental electrochemical research. Currently, it also spreads as an important
new method to solve more applied problems, in which inhomogeneous current distributions are
typically observed on different length scales. Prominent examples include devices for electro-
chemical energy conversion such as fuel cells and batteries as well as localized corrosion
phenomena. However, the direct local investigation of such systems is often impossible. Instead,
suitable reaction schemes, sample environments, model samples and even new operation modes
have to be introduced in order to obtain results that are relevant to the practical application.
This review outlines and compares the theoretical basis of the different SECM working modes
and reviews the application in the area of electrochemical energy conversion and localized
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corrosion with a special emphasis on the problems encountered when working with practical
samples.

1. Introduction

Electrocatalytic and catalytic reactions at solid-liquid interfaces are currently
areas of intensive basic and applied research. This is a result of their tremendous
importance for a number of urgent technological developments [1–3] and the
complexity of the occurring processes [4] making an elucidation and rational
design of such systems even more demanding than in heterogeneous catalysis at
solid-gas interfaces. As an example, the potential of fuel cells for efficient con-
version of chemical into electrical energy has already been discussed by Schön-
bein [5], Grove [6] and Ostwald [7], yet a technical solution of general suitability
and wide usage has not been established despite the tremendous research effort
that has been spent on the area driven firstly by demand from the military and
space missions and nowadays by the hope to contribute to zero-emission or at
least cleaner traction, higher electrical efficiency in utilization of fossil fuels,
establishment of a hydrogen economy making use of renewable energy sources
and increased independence of portable devices. Despite the tremendous political
support in Europe, Japan and North America, the progress is steady but not very
fast and requires substantial and continuous public research funding [8–16].

One of the important reasons for this situation is rooted in the structural
complexity and spatial heterogeneity of the used materials. In case of polymer
electrolyte membrane fuel cells (PEMFC), catalysts are deposited as noble metal
particles on graphite powders. Attached together, a thin proton-conducting mem-
brane (e. g. Nafion) forms the membrane electrode assembly (MEA). MEAs, gas
diffusion layers (GDL) and flow fields form a single cell, the smallest functional
unit of a fuel cell. Using bipolar plates with integrated flow fields allow to join
several membranes to a stack that constitutes the central chemical reactor of any
fuel cell system. Spatial heterogeneity occurs on several structural levels of such
a fuel cell. First of all, the noble metal particles can be non-uniform in size,
exposing different crystal index planes and can be located at structurally inequiv-
alent places with respect to the supporting carbon particle, the proton-conducting
polymer and access of gas molecules. This will result in strongly varying conver-
sion rates from particle to particle within a fuel cell. The formation of MEAs
requires a very homogeneous coating which may only be approached to a certain
degree. During operation each particle will be placed within different concentra-
tion gradients. Vertically across the membrane a gradient of proton activity
drives the transport of protons from the anode to the cathode. In direct methanol
fuel cells (DMFC) a gradient of methanol is formed perpendicular to the mem-
brane, driving a methanol crossover from the anode to the cathode. Furthermore,
particles are placed within a gradient of the reacting gases along the channels
of the flow field. The varying reactant concentrations imply different reaction
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conditions at the particles. Also, the external electrical contact with graphitic
materials may lead to potential gradients within the electronic conductors used
[17]. On the stack level, temperature gradients influencing all equilibria and
reaction rates contribute even more to the complexity of processes occurring in
the technical system.

For a rational design, the structure-reactivity (performance) relationship must
be derived. This ultimately requires the development of methods for local charac-
terization of reaction rates applicable in very different size regimes, and this is
intensively studied [18–21]. Scanning electrochemical microscopy (SECM) has
become a tool for characterization in fuel cell research on the micrometer to
nanometer size regime since about 2000 [22]. By itself the development of
SECM started in 1986 when Engstrom et al. [23] investigated the concentration
profile of a macroscopic electrode using an ultramicroelectrode (UME) as local
probe, an experiment that would today be called substrate-generation.tip-collec-
tion (SG.TC) mode experiment. At the same time, Liu et al. [24] described
unusually large currents in electrochemical scanning tunneling microscopy
(ECSTM) at working distances at which electron tunneling should not occur. By
1989, Bard and coworkers had quantitatively described the effect [25] and the
development started with the investigation of a broad range of model samples
not restricted to heterogeneous electrode surfaces [26–29] but also including
living cells [30–32], biomolecules [33–35], and liquid-liquid interfaces [36–39].
The development further intensified when commercial instrumentation became
available that can nowadays be obtained from several commercial sources. One
authoritative book [40] and several recent reviews [41–50] cover more detailed
aspects and are recommended for a broader entry into the area.

Regarding the high economic and environmental impact, the complexity of
materials, the highly inhomogeneous distribution of reaction rates, the area of
localized corrosion shares many similarities with fuel cells and it is natural that
SECM has early been seen as a welcomed tool for providing local reactivity
information [26, 28, 51–57]. But the relation between the two areas extends even
further. Reduction of molecular oxygen and oxidation.reduction of H2.H+ are
important reactions in PEMFC and corroding systems. The reactions proceed via
adsorbed intermediates and can be considered as electrocatalytic reactions. Dur-
ing the oxygen reduction reaction (ORR), reactive oxygen species (ROS) can be
created (H2 O2, O2

–· , OH–· ). They may have further negative consequences for
the technical application (acceleration of corrosion [58–61], corrosion of polymer
and carbon materials [62, 63], attack of biological cells in biomedical application
[64–66]). Finally, corrosion problems are very important tasks to solve for long-
term performance of electrochemical energy conversion devices.

Localized catalytic reactions at solid-liquid interfaces are also important in a
number of biotechnological applications. Enzymes acting as biological catalysts
are used in biosensors and as labels in chip-based arrays. More recently the use
of enzymes or microbes in fuel cells has lead to the development of biofuel cells
that might find important application in medical diagnostics [18] and energy-



1466 S. E. Pust et al.

Fig. 1. Schematic setup of an SECM. (1) Ultramicroelectrode, (2) sample, (3) (bi-)potentiostat,
(4) reference and counter electrodes, (5) positioning system, (6) control PC.

neutral removal of organic waste [67]. This review will provide an overview
about the SECM imaging modes and gives examples for their use in evaluating
(electro)catalytic reactions used in fuel cells, biofuel cells and corroding systems.
For an overview about other applications of SECM (including local surface mod-
ification) the reader is referred to a recent broad review [44].

2. SECM instrumentation and basic concepts

2.1 Instrumentation

The central element of an SECM is a UME that is moved by a positioning system
relative to the sample. The UME is further connected to a potentiostat. Together
with a reference electrode and a counter electrode, a three-electrode cell is typi-
cally formed (Figure 1). Please note, that the current loop is closed between the
macroscopic counter electrode and the UME and does not require any specific
quality of the sample to be operative. If the sample is conductive or semiconduct-
ive by itself, it can be added as the second working electrode to a bipotentiostat.
The current loop is formed between the counter electrode and the sample. While
this is often required for fuel cell or corrosion application, the majority of experi-
ments in our group on biocatalytical layers has been performed with monopoten-
tiostats. This highlights an essential difference of SECM compared to ECSTM.
While both techniques share similarities in the basic setup, the mode of action
and therefore also the obtained information are quite distinct. In ECSTM, the
current originates from the quantum-mechanical tunneling effect, i.e. a mecha-
nism that operates without the need for an electrochemical conversion at the
probe or sample. In SECM, the current between probe and sample is mediated
by dissolved substances that enter into (electro)chemical reactions at the UME
and the sample surface and are transported between them by diffusion. This
allows (and requires) the UME to move in much larger distances to the sample
than in ECSTM. The obtained informations are complementary: ECSTM images
the local density of states, while SECM provides a direct image of the local
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Fig. 2. (a) Dimensions of a disk-shaped ultramicroelectrode with characteristic parameters: tip-
substrate separation d, radius of the electroactive area rT, radius of the insulating sheath rglass; (b)
experimental cyclic voltammogram at a UME in the bulk of an acetonitrile solution containing
1 mM hydroxymethylferrocene + 0.1 M tetrabutylammonium trifluoromethanesulfonate. rT =
13.53 μm, RG = 11.1. iT, ∞ is indicated as well as the UME potential ET that would be selected
for feedback experiments.

heterogeneous reaction rate. While this conceptual difference appears to be clear,
particular experiments trigger intensive debates [68–73]. The general similarity
of the instrumentation provoked some “jargon” in SECM. The UME probe is
often called “tip” and derived quantities like the UME current, UME potential
and radius are indexed by “T”, i.e. iT, ET, rT. This is despite the fact that the
vast majority of SECM experiments uses disk-shaped probes for reasons ex-
plained below. Quantities referring to the sample are indexed by “S” (sample,
substrate, specimen).

2.2 Ultramicroelectrodes

UMEs are typically produced by sealing noble metal wires into glass or quartz,
grinding or polishing a cross-section of this assembly to expose a disk-shaped
UME. It should be noted that not only the active electrode area and its shape are
of importance. The signal is also modified by the overall shape of the probe,
because it influences the diffusion in the vicinity of the probe. The literature also
contains many improvements or small but sometimes essential modifications to
this general scheme as well as descriptions for the production of electrodes from
other materials, notably from carbon fibers [74–76]. An extensive survey of these
procedures is behind the scope of the review. Below we will outline the rationale
for using disk-shaped probes in particular for the feedback (FB) mode. The elec-
trodes are typically characterized by the radius of the active electrode area rT
and a shape factor RG = rglass.rT where rglass is the radius of the insulating sheath
(Figure 2a). Often a cyclic voltammogram (CV) is recorded in order to obtain
the diffusion-controlled current iT, ∞ in the bulk phase (d / ∞) of the solution
(Figure 2b). It is calculated according to Eq. (1).

(1)
Here n is the number of transferred electrons, F is the Faraday constant, D is the
diffusion coefficient, and c* is the bulk concentration of the detected species.
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The factor g(RG) is a geometry-dependent factor depending on the thickness of
the insulating sheath. For an infinitely large insulating sheath, an exact value g =
4 was derived by solving the partial differential equation analytically [77]. For
many practical applications, g ≈ 4 is a sufficiently good approximation, i.e. g =
4.07 for RG = 10, g = 4.44 for RG = 2, g = 4.95 for RG = 1.2 [78]. Exact values
are also available for the whole RG range from Ref. [78].

With the availability of commercial instruments and widespread experience
and commercial availability of UME, the main difficulty for performing SECM
experiments is the suitable design of the experiment. It is this point which is most
difficult for complex applications like fuel cell or corrosion research. Despite the
large number of described experiments we feel that most, if not all, experiments
can be traced back to four different principles. In agreement with common usage
we call them feedback (FB) mode [79], generation-collection (GC) mode [80],
redox competition (RC) mode [81] and direct mode [82]. These modes differ in
the kind of information obtained, the distance dependence (governing the achiev-
able lateral resolution), the sensitivity, the applicability to certain chemical prob-
lems, and the extent to which quantitative information can be obtained from the
experiments. Only in a few, but important instances, there is an alternative be-
tween different working modes for one and the same problem.

2.3 Feedback mode

For measurement in the FB mode, one redox form of a quasi-reversible redox
couple R # O + n e– is added to the solution, typically at millimolar concentra-
tions. For further explanation we assume that the reduced form R was added. Of
course, analogous experiments are possible if the oxidized form O is initially
provided in the bulk solution. The potential ET at the UME is selected such that
R is oxidized at the UME under diffusion-controlled conditions. Suitable poten-
tials are typically selected from CVs of the UME in the bulk solution which
have to be recorded also to check the proper setup of the cell and the quality of
the used UME (Figure 2b). At ET, a steady-state faradaic current iT, ∞ according
to Eq. (1) is recorded (Figure 3a). This value serves as a reference value for
measurements close to the sample surface. Typically a measurement starts with
recording an approach curve, i.e. the UME is moved slowly (1–5 μm s–1) towards
the surface while measuring iT(d), where d is the distance between the UME and
the surface. If the UME approaches an insulating surface, the surface hinders the
diffusion of R towards the UME and iT(d) decreases with d (Figure 3b). The
term “negative feedback” has commonly been used to describe this phenomenon
[26]. If the UME moves towards a conducting surface at which R can be regener-
ated by an electrochemical reaction, a new source of R becomes available for
the reaction at the UME and iT(d) increases with d (Figure 3c). The term “posi-
tive feedback” is predominatly used for this situation [26]. It should not be
confused with electronic feedback circuits common in other scanning probe mi-
croscopies to keep a constant probe signal by variation of the vertical probe
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Fig. 3. General principle of the FB mode. (a) Steady-state diffusion-limited current with the
UME far away from the substrate surface; (b) hindered diffusion with the UME in close proxim-
ity to an insulating substrate (negative feedback); (c) mediator regeneration by a heterogeneous
reaction at the substrate (positive feedback).

position. The mediator regeneration can occur by three different reaction types
at the sample: (1) electrochemical conversion (O + n e– / R), (2) a catalytic
reaction with consumption of O at the sample surface, and (3) local modification
of the sample material (etching or local reduction) by the probe-generated spe-
cies.

2.4 Theory of the feedback mode

Theoretical data for the approach curves are obtained by solving the partial dif-
ferential equation describing the diffusion of the mediator between the sample,
the UME and the solution bulk assuming a certain, often idealized geometry and
boundary conditions that describe either the concentration or the kinetics at the
sample or probe surface. Since the experiments are carried out in the presence
of a supporting electrolyte, migration of the mediator does not need to be consid-
ered. Commonly, the experiments are performed with relatively slow translation
rates. Under these conditions convection, too, provides only a negligible contri-
bution to the overall mass transport [83]. Typically, the simulation results are
presented in form of normalized currents IT = iT . iref vs. normalized distance
L = d . rT. The reference current iref is taken either as the steady-state current in
the bulk solution (iref = iT, ∞) according to Eq. (1) or as the analytical expression
for a disk electrode in an infinitely large insulator (iref = 4 n F D c* rT). The
small difference between iT, ∞ and 4 n F D c* rT becomes important when elec-
trodes with small RG are used and if relatively slow reactions at the sample are
analyzed.

The data are obtained by digital simulations as discrete (L, IT) values. To
make their use in curve fitting more feasible, different groups developed analyti-
cal expressions that approximate and interpolate the discrete simulation results.
A detailed discussion of the different formulas is behind the scope of this review,
but a very detailed discussion of the current state is available form Lefrou and
Cornut [84–86]. The comparison of the different analytical approximations is not
trivial because the degree of sophistication of the underlying simulation varies
both in the accurate description of the SECM geometry, the accuracy of the
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numerical solutions and the accuracy of the analytical approximations of the
discrete simulation results. While the accuracy of the latter step is frequently
quoted and compared [84–86], the other sources of uncertainty are much more
difficult to quantify, but perhaps more important. Furthermore, popularity of
some approximations in literature seems to be supported also by a limited com-
plexity of the analytical approximations. The important limiting case where there
is no reaction at the sample surface can described by Eq. (2) [85].

(2)

Another popular formula is given by Eq. (3) [87]. The numerical constants
are valid for RG = 10.2. Alternative sets of numerical constants are available for
other selected RG.

(3)

Further formulas suitable for very small RG with six numerical constants
have been proposed [88]. Eq. (4) is suitable for RG = 10. In this case, iT, ∞ is
calculated according to Eq. (1) with g(RG) = 4.06 [88].

(4)

Another, older expression is less useful because it uses a normalization to
4nFDc*rT and no diffusion from behind the microelectrode plane was considered
in the simulation [89]. However, the expression is still frequently used.

(5)

The accurate description of the approach curves to a totally unreactive and
insulating surface is very important, because such an experiment is frequently
used to adjust the working distance for a subsequent experiment. When selecting
an irreversible reaction at the UME, e.g. oxygen reduction, there cannot be any
back-reaction at the sample and the approach curve will follow the predictions
of Eqs. (2)–(4) irrespective of the chemical nature of the sample.

For infinitely fast reactions at the sample and at the UME, the response is
controlled by the diffusion between UME and sample. Only a very small sample
region underneath the UME participates in the reactions. Therefore, the diffusion



Investigation of Localized Catalytic and Electrocatalytic Processes and … 1471

from the bulk solution and hence the dependence on RG is less important than
in the case of hindered diffusion. Three popular formulas are given below. A
unified, yet somewhat bulky approximation is given by Cornut and Lefrou [86].

(6a)

(6b)

(6c)

Also commonly used is the formula of Amphlett and Denuault [87] given in
Eq. (7) for RG = 10.2. Constants for other selected RG are also available.

(7)

A similar formula for RG = 10, with normalization to 4.06nFDc*rT was
provided by Shao and Mirkin [88].

(8)

An older, still commonly used expression used the normalization to
4nFDc*rT [89].

(9)

Figure 4 shows the approach curves for the limiting cases for different RG
values. The results are obtained for quasi infinitely large samples of uniform
reactivity. This is indeed a good approximation of experimental results if the
radius of the investigated sample region is large enough (rS ≥ rT + 1.5 d) [52,
72]. If sample regions are smaller than that criterion, iT lies between the limiting
cases for a specific RG shown in Figure 4. For the important case of finite
kinetics at the sample, one approximation (Eq. (10)) has often been used [36].
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Fig. 4. Calculated current-distance curves for hindered diffusion (curves 1–4) and for diffusion-
controlled regeneration of the mediator at the substrate (curves 5–8) for RG = 1.5 (curves 1
and 5), RG = 3 (curves 2 and 6), RG = 9 (curves 3 and 7), and RG = 1002 (curves 4 and 8).
The curves for RG values of 1.5, 3, and 9 were calculated according to Eqs. (2) and (6) [85,
86], the curves 4 and 8 originate from Eqs. (3) and (7) with the according constants for RG =
1002 [87].

(10a)

(10b)

In Eq. (10b), κ is an effective normalized first order rate constant.

(11)

From a fit of experimental data to Eq. (10), keff can be determined, if the
diffusion coefficient D and rT are known from independent experiments. This
approximation was derived for RG = 10 and 0.1 ≤ L ≤ 1.5. For larger L, another
approximation is available [56]. Both expressions converge only for a small
range of κ. Furthermore, the simulation did not consider the diffusion from be-
hind the plane of the UME. For slow sample kinetics this leads to appreciable
systematic deviations. Because Eq. (10) has been the only expression for a long
time, it has also been applied to UME with RG ≠ 10. Very recently, Cornut and
Lefrou [86] proposed a new expression (Eq. (12)).

(12)
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Fig. 5. Calculated current-distance curves of a UME (RG = 5) for hindered diffusion (Eq. (2),
curve 1), diffusion-controlled recycling of the mediator (Eq. (6), curve 2), and kinetically limited
mediator recycling (Eq. (12)) with κ = keff rT . D = 0.1 (curve 3), 0.5 (curve 4), 1.0 (curve 5),
3.5 (curve 6).

IT
ins and IT

cond are then calculated according to Eqs. (2) and (6), respectively.
This expression is valid for RG ≤ 20 and L ≥ 0.1 and any κ. It converges for
large κ and small κ towards the limiting cases. The authors provide extensive
comparison between different analytical expressions. First tests in our group
showed that the expressions are indeed better suited for fitting experimental
curves [90–92]. Besides the expression, fitting of experimental curves requires
the determination of the zero-distance position, for which different approaches
are available [50].

Figure 5 shows the effect of different reaction rates at the sample on the
shape of the current-distance curves. This plot is of great importance for a num-
ber of SECM applications. If the working distance d is kept constant, a two-
dimensional image provides direct mapping of the local reaction rate at the sam-
ple. Alternatively, the UME may be positioned above a selected region of the
sample to record an approach curve. A local reaction rate constant can then be
extracted from this curve by fitting the experimental data to the discussed models
(vide supra). Such data is commonly not accessible through other techniques.
The response of conical [89] and hemispherical UME [93, 94] has also been
calculated for hindered diffusion and diffusion-controlled mediator recycling.
Simple estimations according to [89] show that the contrast in FB images de-
creases as the ratio between cone length h0 and base radius rT increases (Fig-
ure 6). Although scattered examples of FB imaging with shallow cones [95]
and hemispheres [94] have been reported, the experiments are tricky because
controlling the cone length or the hemisphere shape, respectively, is typically
not trivial.
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Fig. 6. Estimated approach curves following Ref. [89] for conical UME approaching an insulat-
ing surface (κ = 0) and for κ = ∞. h0.rT is (a) 0 (disk); (b) 0.1; (c) 0.5; (d) 1; (e) 2; (f) 10.

Fig. 7. General principle of the generation-collection mode. (a) SG.TC mode with an ampero-
metric UME; (b) SG.TC mode with a potentiometric microelectrode (e.g. ion-selective elec-
trodes); (c) TG.SC mode.

2.5 Generation-collection mode

The GC mode can be performed in two different versions. In both versions, the
working solution initially contains only an inert supporting electrolyte but no
redox-active compound. The most common version is the sample-generation.

tip-collection (SG.TC) mode in which a redox-active compound is formed at
the sample and detected at the UME (Figure 7a). This mode can also be per-
formed with potentiometric microelectrodes (Figure 7b) [96–101]. Potentiomet-
ric probes have the advantage that they are true passive sensors that – in contrast
to amperometric UME – do not alter the local concentration [102–104]. How-
ever, practical experimentation is demanding because hindered diffusion cannot
be used for positioning the electrodes. Bifunctional probes have been used that
are formed by a potentiometric microelectrode as concentration sensor and an-
other electrode with which the approach can be performed [101, 105].

The SG.TC mode offers a much higher sensitivity than the FB mode because
the reagent flux coming from the sample is measured without a background
signal whereas hindered diffusion (Eqs. (2)–(4)) constitutes a background signal
against which a small flux from the sample must be detected. In addition there
are situations where FB experiments are principally not possible [106]. Very
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early, the use of the UME as a microscopic generator and the sample as a collec-
tor have been demonstrated (tip-generation.sample-collection (TG.SC) mode
[80] (Figure 7c). In initial experiments, reagents were provided via a positionable
capillary [107] or by an enzyme-catalyzed reaction performed inside a gel-loaded
capillary [108]. When using a UME as generator and quasi-reversible reactions
occur at the probe and the sample, this experiment is a feedback experiment
(vide supra). However, if the reaction at the sample is irreversible, e.g. oxygen
reduction, the experiment is conceptually different. Typically the sample current
iS is measured and plotted as a function of the probe position.

2.6 Theory of the generation-collection mode

The seemingly simple SG.TC mode with amperometric UME poses some diffi-
culties for the quantitative interpretation of the results:
– If the active regions on the sample are large, a macroscopic diffusion layer

(linear diffusion) is formed and the local concentration depends on the dis-
tance to the source and the time after the onset of the reaction.

– The moving UME disturbs the diffusion layer of the sample through convec-
tion, by hindered diffusion of reagents for the sample reaction, and by inter-
section of the sample and probe diffusion layers.

– In special cases, the current may be enhanced by feedback effects occurring
between the sample and the UME. This effect can reach significant values if
d < 3 rT.

In order to minimize these problems, it is sensible to work with as small as
possible UME having a small RG. The work with slightly conical UME is possi-
ble (if there is a way of positioning the UME), whereas the contrast quickly
degrades in the FB mode if sharp cones are used. Lateral resolution is always
poorer than in a comparable FB experiment. Often the resolution is controlled
by the extension of the sample diffusion layers rather than by the size of the
UME. It is particularly difficult to detect small active regions in the vicinity of
large active regions on the sample, simply because the diffusion layers overlap
[109].

After early approximative descriptions [110], more accurate experimental
and theoretical treatments have been demonstrated in the description of the diffu-
sion layer of a 40 μm diameter sample probed by a UME having a diameter of
only 80 nm [111]. However, most often a simple model developed for the diffu-
sive transport of a solute across an isolated microscopic cylindrical pore with
radius rs has been used. This theory is reviewed elsewhere [112] and only practi-
cally important expressions are given here. The diffusive flux J emerging from
a cylindrical pore is given by

(13)
where c(z = 0, r = 0) is the local concentration at the pore opening, and z and r
are the vertical and radial distance, respectively, from the pore center in cylindri-
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cal coordinates. c(z = 0, r = 0) is obtained as a fitting parameter from Eq. (14)
from the measured concentration distribution in the volume above the pore.

(14)

For a vertical approach above the pore center, Eq. (14) simplifies to Eq. (15).

(15)

Conical or hemispherical electrodes may be used in the GC mode if there is
a mechanism to approach such probes. If the approach towards the sample is
done in an FB experiment, the difficulties discussed in connection with Figure 6
will fully apply here. This is one reason why conical electrodes are not used
more often for SECM.

If the active regions on the sample are macroscopic, quantitative results can
be obtained by recording current transients at the UME. They are described
by calculating the concentration distribution above the sample assuming linear
diffusion. For the most simple cases the concentration above the sample after a
potential step is approximated by [113]

(16)

The current detected at the tip is then

(17)
These equations provide good predictions of the transient time of the species

diffusing from the sample to the tip if d > 3rT and feedback effects do not play
a role [23]. For more complex situations, solutions of the partial differential
equations have been obtained [114, 115].

For the TG.SC mode a theory is available for transient and steady-state
experiments [116]. Because the substrate electrode may be very large compared
to the UME, the background currents can be very high. In order to diminish this
problem, Rodríguez-López et al. [259] suggested the use of a spot array. This
array is produced by a substrate electrode coated with a mask of poly(tetrafluor-
oethylene). Catalyst libraries are first produced into the hole of the array and
afterwards investigated with reduced influence of the background current.

2.7 Redox-competition mode

Recently, Eckhard et al. [81] introduced the redox competition (RC) mode (Fig-
ure 8). In this mode, the UME is positioned in close proximity to the sample,
and both the sample and the UME are biased at the same potential. In this
situation, sample and UME compete for the same reagent. Such situations had
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Fig. 8. General principle of the RC mode. (a) Pulse program at the UME: ES(t) (dotted line),
ET(t) (solid line), and iT(t) (dashed line). (b) O2 is generated and re-collected at the UME above
an electrocatalytically inactive substrate. (c) O2 is generated at the UME and partly consumed
at an electrocatalytically active substrate. As a result, the current at the UME decreases.

been considered only occassionally, e.g. in the context of SECM experiments
with heptodes as SECM probes [117]. Their application for quasi-reversible reac-
tions is not easy to advise. However, in the search for imaging methods that can
deal with irreversible reactions, e.g. the oxygen reduction reaction (ORR), the
RC mode is an interesting alternative to the TG.SC mode. At each grid point of
the image, the UME is pulsed to a positive potential to locally generate O2,
which is re-collected as soon as the pulse ends and the UME potential switches
to a potential where oxygen reduction occurs. If the sample below is electrocata-
lytically active, some oxygen will be consumed by the sample instead of being
collected by the UME. The recorded transients iT(t) will therefore be lower in
areas of higher electrocatalytic activity of the sample. Images can be composed
by extracting values from transients recorded at each horizontal position of the
probe. In contrast to TG.SC, the RC mode does not impose limitations on the
sample size and the activity of the support. Its effectivity has been proven on
highly dispersed spots of gold and platinum [81]. A quantitative description of
the signals seems extremely difficult and is not available yet. Instead, pulse
sequences are optimized to detect more than one compound during different
steps of a pulse sequence [118].

2.8 Direct mode

The direct mode is most often used for local surface modification. It may also
be operative in some intentional or unintentional surface modifications during
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Fig. 9. General principle of metal deposition in an ionic conductor in the direct mode. The
electrode is not necessarily a UME, but can also be an STM tip.

scanning tunneling and scanning force experiments, although it may prove diffi-
cult to demonstrate that the direct mode is the sole source of the observed
changes due to the possible simultaneous field-induced and mechanical interac-
tion [119].

In the direct mode, the sample is the counter electrode for the UME. The
UME current is balanced by iS that is of the same size and opposite direction. If
iS can be confined to a small area close to the UME, local surface modification
or analysis can be performed [120–123] (Figure 9). The confinement of the
reaction is achieved by one of the following concepts:
– The experiment is performed with a probe penetrating or touching a thin

polymeric electrolyte [120, 124].
– Dynamic concentration changes of reagents in specifically designed pulse

sequences are exploited [125, 126].
– Passivated substrates are used that tend to focus the modification once the

passive layer has been removed directly beneath the UME [127–129]. The
mode differs from the FB mode not only in the connection of the UME and
sample to the voltage source, but also by the fact that the reactions at the
UME and sample do not need to be oxidation and reduction reactions of
the same redox couple. Recently this mode was employed in a combined
electrochemical scanning force microscopy (SFM) experiment to monitor the
local proton conductivity [124, 130] (see Section 3 for details).

The direct mode is very likely operative as well in some surface modification
processes observed or intentionally performed in STM or conductive SFM exper-
iments. Because the various near-field interactions act simultaneously, it can be
difficult to assign experimental observation to only one mechanism. A detailed
discussion must therefore consider many different cases [131].

3. Fuel cells and other catalytic electrodes

Here we will concentrate on investigations relevant to polymer electrolyte mem-
brane (PEM) fuel cells. The effectivity of fuel cells is limited by the reaction
rates of the anodic and cathodic reactions, that are typically catalyzed by noble
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metal particles supported on carbon materials and in direct contact with an ionic
conductor. SECM has not yet been used for the characterization of solid oxide
fuel cells. Any work using the concept of SECM (i.e. a local chemical sensor in
close proximity, but not in mechanical contact to the sample) would be techni-
cally very challenging not only because of the high temperature (and temperature
gradients around a local probe) but also because of the high diffusion coefficients
in the gas phase that would decrease the lateral resolution compared to the work
in liquids [132]. A PEM can be considered as an integrated chemical system
[133] that exhibits structural heterogeneity on different length scales. The cata-
lyst particles are typically not uniform and one would expect a variation in cata-
lytic efficiency. Furthermore, the individual particles show very different connec-
tions to the neighboring phases, i.e. the carbon support as electron conductor,
the polymer electrolyte as proton conductor, and the gas phase providing the
reagent. A common notion is that only particles located at or very close to the
three-phase boundary can effectively contribute to the conversion in such cells.
Another lateral variation can be introduced as the results of fabrication processes
for membrane electrode assemblies (MEA) or the operation conditions inside a
stack, where different regions of the membrane experience different concentra-
tions of reagents, possibly different potential drops and different temperatures.
MEAs are dynamic systems whose properties change over time as a result of
degradation processes affecting the morphology of the catalysts, the corrosion
and mass loss of the membrane, carbon materials and fitting etc. Although of
high relevance and often of local nature, not all of these phenomena are easily
addressed by SECM, and to the authors' judgement, we currently only witness
the beginning of attempts to employ SECM concepts to the local analysis of fuel
cells. It is very likely that this development will continue over the next years
and will require a substantial instrumental effort to bridge the gap between inves-
tigating highly idealized samples under ambient conditions to assessing complex
systems under realistic operating conditions in a sensible way. Here we will
review the initial attempts made in this direction. We will structure the material
according to the different length scales employed. In each section we will high-
light, which chemical system can be explored with which experimental concept.
At the end of the chapter we will mention some investigation of other catalytic
reactions that have not been conducted in the context of PEM fuel cells.

3.1 Reactivity at individual clusters

In a series of papers, Stimming et al. [134–138] developed a methodology to
investigate the reactivity of individual Pd particles for hydrogen evolution. The
method starts from an atomically flat, electronically conducting support that is
characterized by an ECSTM image (Figure 10a). Then a method originally devel-
oped by Kolb et al. [139–141] is used to deposit an individual metal cluster on
a nonreactive substrate surface (Au(111) films or massive Ag(111) crystals
[141]). Pd2+ ions are electrochemcially reduced at the ECSTM tip. Then the tip



1480 S. E. Pust et al.

is brought into mechanical contact with the sample for a short time during which
a part of the electrodeposited Pd is transferred from the tip to the sample. The
morphology and size of the generated metal cluster at the sample surface can be
inspected and quantitatively characterized by ECSTM (Figure 10b). Then the
ECSTM tip is retracted out of the tunneling regime (ca. 10 nm from the sample)
and used subsequently as a local chemical sensor for hydrogen above the metal
cluster in an SECM generation-collection configuration. During a 0.1 s potential
pulse to the sample, hydrogen is formed at the sample from protons of the 0.1 M
H2SO4 electrolyte. The hydrogen dissolved in the aqueous electrolyte diffuses
away from the Pd cluster and is detected at the Pd-coated tip now acting as an
amperometric hydrogen sensor (Figure 10d).

(18a)

(18b)
Hydrogen evolution is an electrocatalytic reaction whose rates vary over sev-

eral orders of magnitude depending on the metal (or metal oxide surface) used
as electrode [142]. The Pd cluster is deposited on gold whose efficiency of
hydrogen evolution is several orders of magnitude below that of Pd. Therefore,
the Pd was considered as the only source of hydrogen. Since the uncovered area
of the metal tip is much larger than the metal cluster (Figure 10c), the collection
efficiency for hydrogen can be considered very close to 100%. Integration of the
faradaic current at the probe provides a charge that can be converted to a current
density for hydrogen evolution at the cluster using the geometric data from the
ECSTM characterization.

The results show a dramatic dependence of this current density on the mor-
phology of the deposited clusters (Figure 10d). Furthermore the rise time of the
current has been more than 0.1 s. From a pure diffusion process of hydrogen
one would expect a transition time of about t = d2

.(2D) = 10!10–9 s (D(H2) =
5!10–5 cm2 s–1, d = 10 nm). The authors see this discrepancy as an indication
of a spillover effect from hydrogen formed at the Pd cluster onto the Au surface
from which the desorption occurs.

A similar setup was used by Kucernak et al. [22] An STM was used to place
and preselect a flat carbon sample modified with a sparse concentration of Pt
nanoparticles. After selecting a region and leveling the sample with respect to
the scanning plane, the tip was retracted by 200 nm and the cell was filled
with electrolyte. The sample produced hydrogen under conditions of low current
densities. The tip was used as an amperometric hydrogen sensor in an SG.TC
experiment. The tip scanned in a constant plane without any height adjustment
during the SECM experiment. Individual clusters were not distinguished on an
area of (40 ! 40) μm2 but regions of different hydrogen production intensity
could be identified.

3.2 Conductivity paths at polymer electrolyte membranes

Recently, Aleksandrova et al. [124, 130] described a new combined measurement
to analyze the local proton conductivity of PEM. A Nafion film is coated on one
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Fig. 10. (a) In situ STM image of a tip-induced, 1.1 nm high Pd particle. (b) Illustration of the
proton reduction reactivity measurement. (c) Principle of the method. Step 1: The structure of
the palladium particle is characterized. Step 2: The tip is positioned over the cluster and retracted
while the feedback control is switched off. Step 3: A potential pulse of 100 ms is applied to
the sample while the tip potential is kept constant and the H2 oxidation current on the tip is
recorded. Step 4: The feedback control is switched on and the tip is back in tunneling mode.
(d) Tafel plots of three different Pd particles on Au(111) in 0.1 M H2SO4 with λ being a rate
which is expressed as the flux of charges per time, normalized by the number of surface atoms.
B: Pd particle with 10 nm height and 200 nm diameter, ▲: Pd particle with 2.5 nm height
and 12 nm diameter, 8: three Pd particles with 0.5 nm height and 6 nm diameter, ▼: polycrys-
talline Pd. (Reproduction of (a)–(c) from Ref. [134] by permission of The Royal Society of
Chemistry. Reproduction of (d) from Chem. Phys. Lett., 390, J. Meier, J. Schiøtz, P. Liu, J. K.
Nørskov, and U. Stimming, Nano-scale effects in electrochemistry, pp. 440–444 [137], Copy-
right 2004, with permission from Elsevier).

side with a Pt catalyst layer. The uncoated side was investigated in air with
defined relative humidity. The investigations are carried out with an SFM instru-
ment equipped with an environmental chamber. The SFM tip is uniformly coated
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Fig. 11. Investigation of local proton conductivity at Nafion membranes. Top: Schematic of the
setup. A Pt-coated SFM tip touches the membrane and at the same time acts as cathode. The
macroscopic anode is located at the other side of the membrane. Bottom: Experimental current
images of Nafion 112 membrane recorded at (a) 40%, (b) 42%, (c) 46%, (d) 50% relative
humidity. (From Ref. [130] – Reproduced by permission of the PCCP Owner Societies).

with a Pt layer (Figure 11, top). The SFM operation provided a topographical
image of the polymer film. At the same time a bias voltage was applied between
the macroscopic Pt catalyst layer and the Pt coating of the SFM probe. When
the Pt tip comes in contact with the ion-conducting polymer film, an electro-
chemical cell is formed with the macroscopic Pt catalyst layer acting as anode
and the Pt-coated SFM tip as cathode. This resembles closely the initial experi-
ments in the direct mode (Figure 9) in which the lateral resolution is defined by
the contact area of the metal tip with a polymeric ion conductor. According to
the authors the following reactions proceed:

(19a)

(19b)

(19c)
The locally formed hydrogen reacts further with O2 from the surrounding

atmosphere in a non-electrochemical catalytic reaction to water. The current im-
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ages clearly show local domains of high proton conductivity (Figure 11, bottom).
The local conductivity data could be quantified. Their integration compared rea-
sonably well with the macroscopically measured data. The effects of relative
humidity and potential drop across the membrane were studied. Submicrometer-
sized regions of high pore density as well as regions free of pores were clearly
distinguished. This opens important perspectives for optimizing the micromor-
phology of polymer electrolyte membranes by the production technology.

3.3 Hydrogen oxydation reaction

One of the most important reactions in fuel cell technology is the electrochemical
oxidation of hydrogen. In SECM, the redox system H+

.H2 can be used as a
mediator for studies in the FB mode [143–146]. In contrast to most other redox
systems commonly used with the SECM, the kinetics of the H+

.H2 system de-
pend highly on the electrocatalytic properties of the electrode material. Jambuna-
than et al. [147] applied fitting procedures by Bard and coworkers (Eq. (10))
[36, 52, 148] for the determination of potential-dependent rate constants making
use of the advantages of the FB mode.

(20a)

(20b)
This technique was also used by Zoski [146] for the comparison of hydrogen

oxidation kinetics at Pt, Ir, and Rh. The rate constants extracted from individual
SECM approach curves could be assembled to a Tafel plot (Figure 12). Jambuna-
than et al. also demonstrated investigations of more complex reactions such as
the catalytic activity of polycrystalline Pt electrodes in the presence of carbon
monoxide [149] and of combinatorial arrays of PtRu and PtRuMo electrocata-
lysts [150, 151] (Figure 13). Pt-TiO2 nanocomposite electrodes have also been
studied using the H+

.H2 system [152]. Further studies in the FB mode comprised
the investigation of the methanol oxidation reaction [144]. Yang and Denuault
[153–155] used different SECM experiments to probe the adsorption and desorp-
tion of protons and the formation of oxide layers on Pt electrocalysts. A CV was
performed at the sample while the UME was used as an amperometric sensor
for H+. The H+ fluxes could be related to adsorption of hydrogen, hydrogen
evolution, oxygen evolution, or oxide formation on the sample electrodes be-
cause all these reactions are accompanied by the production or consumption of
protons and a pH change in the vicinity of the sample electrode.

3.4 Kinetics of catalytic hydrogen formation

The kinetics of hydrogen evolution by a chemically catalyzed reaction was inves-
tigated by Selzer et al. [156] in the FB mode. Two microelectrodes were posi-
tioned face-to-face. One served as the probe for the SECM measurements. It
consisted of Hg deposited on an Au surface and therefore had a high overpoten-
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Fig. 12. Heterogeneous reaction rate constant k of H2 oxidation at (a) platinum (B), iridium
(C), and (b) rhodium (◆) substrates with different potentials. k was obtained by fitting the
experimental curves with theoretical ones. (Reprinted, with permission, from Ref. [146]. Copy-
right 2003, American Chemical Society).

tial for direct proton reduction. It generated the reduced form of methyl viologen
under diffusion-controlled conditions. The other electrode was left at open circuit
potential and served as Pt catalyst surface. At this surface, protons from the
solution were reduced. The electrons were donated by the reduced form of
methyl viologen and the native methyl viologen was regenerated, thereby estab-
lishing the SECM feedback loop.

This mechanism is also useful to investigate the catalytic activity of metal
clusters on insulating supports, avoiding any possible interferences with reactions
at electronically conducting support materials that are typically used [157].

3.5 Oxygen reduction reaction in FB and TG/SC modes

The ORR is a technologically and biologically very important, yet mechanisti-
cally complicated reaction. At least three reaction pathways must be considered
in a still strongly simplified version of the mechanism (Eqs. (21)–(23)).

(21)
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Fig. 13. SECM reactivity map of a PtxRuy gradient sample in the presence of adsorbed CO at
a tip-substrate separation of 10 μm in 0.01 M H2SO4 and 0.1 M Na2SO4. The image was
constructed from several line scans at different substrate potentials. The intensity is proportional
to the H2 oxidation rate. (Reprinted in part, with permission, from Ref. [151]. Copyright 2004,
American Chemical Society).

(22)

(23)
The reaction rate strongly depends on the electrode material, electrolyte, oxy-

gen concentration, and other variables. The kinetic limitation by the ORR repre-
sents an important limitation of the efficiency of fuel cells and electrosynthetic
procedures. The ORR has been investigated at pH 12 in FB mode. Hydroxide
ions act as mediator under such conditions [158]. They are oxidized to O2 at the
UME. Then they are regenerated during the reduction at the Pt sample.

(24a)

(24b)
The application area of the FB mode for oxygen reduction is limited by the

small pH range and by the sample materials because the ORR leads to a signifi-
cant generation of H2O2 at many metals. H2O2 reduces the amount of mediator
for the feedback cycle, making the quantitative analysis of such cases very diffi-
cult.

The ORR is an irreversible reaction in more acidic solutions, because the
reaction product at the sample is the solvent (Eq. (25a)). Therefore, the FB mode
cannot be applied for its investigation under most circumstances. Instead, the
TG.SC mode was used for a number of investigations [116, 159–162]. The
UME is positioned in a distance of 0.5–3 rT above the sample in an oxygen-free
solution. It is then used for the generation of molecular oxygen by electrolysis.
The locally generated oxygen diffuses towards the sample and is reduced there.
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(25a)

(25b)
A mapping of the local ORR rate is obtained by plotting the sample current

iS vs. the x, y-coordinates of the UME (Figure 14). Such measurements have
been used to screen catalyst libraries of metallic reduction catalysts [161, 162].
In the latter case, an array of alloy dots made from Pd, Au, and Co with systemat-
ically varied composition was interrogated within one measurement. The compo-
sition with the highest ORR activity showed the highest iS during passage of the
UME. The TG.SC mode has also been used to image a TiN layer (inactive)
decorated with evaporated Pt [163]. The Pt-coated areas were visible clearly and
the change of the image with the applied sample potential could be monitored
(Figure 15).

3.6 Oxygen reduction reaction in RC mode

The RC mode as described in Figure 8 has been refined to monitor the overall
oxygen reduction activity and the formation of H2O2 in one experiment [118].
For this purpose, the potential of the UME is first stepped to positive potentials
to perform water electrolysis and to generate O2. Afterwards the UME competes
with the sample for the reduction of O2. Followed by another O2 generation
pulse, ET is set to less positive potentials at which H2O2 is detected at the UME
but water electrolysis cannot occur. In this way two images are recorded simulta-
neously. The distinction of Au and Pt electrodes, both for the overall ORR effi-
ciency and the amount of generated H2O2 could be demonstrated (Figure 16).

3.7 Formation of H2O2 during oxygen reduction

Shen et al. [115] applied the chronoamperometric SG.TC mode for the local
detection of H2O2 generation. The sensitivity of the UME was calibrated for the
detection of H2O2 at a constant potential. The UME was held at this potential
and positioned at a known and fixed distance above the sample. The electrode
potential was changed from a value where no ORR took place to one at which
ORR reduction occurred during a 2-second potential pulse. After a transition
time that correlated with the expected time for diffusion of H2O2 from the sample
to the UME, the H2O2 oxidation current could be detected at the UME. The
probe current above Au samples could be quantitatively described by a kinetic
model that took into account the mass transport by diffusion and three reaction
paths, namely the 2-electron reduction to H2O2, the 4-electron reduction to H2O
and the 2-electron reduction of H2O2 to H2O. From the effective rate constants
of these pathways, the fraction x(H2O2) of oxygen molecules reduced to H2O2
could be estimated. The method was sensitive enough to detect H2O2 even at
bulk Pt electrodes formed at the beginning of the potential pulse. The method
was also applied to Pd particles electrodeposited into a polymer matrix formed
by layer-by-layer deposition of polyelectrolytes [164].
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Fig. 14. ORR images obtained in TG.SC mode on a ternary Pd-Au-Co catalyst array in 0.5 M
H2SO4. UME-substrate distance: 30 μm, iT = –160 nA, scan rate: 50 μm each 0.2 s; ES = 0.2
V (a), 0.4 V (b), 0.6 V (c), 0.75 V (d) vs. Hg.Hg2SO4. WM is the atomic ratio of metal M in
the spot. (e) Scanning electron microscopy image of the ternary array. (Reprinted, with permis-
sion, from Ref. [161]. Copyright 2005, American Chemical Society).

Sánchez-Sanchéz et al. [260] used a SG.TC configuration in the steady-state
regime as an alternative to rotating ring-disk electrode (RRDE) experiments. The
sample served as substrate electrode that is only slightly larger than the UME.
Similar to a common RRDE approach, the collection efficiency of this arrange-
ment was calibrated with a reversible redox couple. The measurement evaluated
the ratio between total ORR current measured at the sample and the H2O2 oxida-
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Fig. 15. (a) Sample profile for a Pt stripe on an Si wafer. Areas outside the circle (3 mm
diameter) are covered with photoresist. (b) TG.SC image of the oxygen reduction at the Pt
stripe in 0.5 M H2SO4; ES = –0.15 V vs. saturated calomel electrode, iT = 177 nA, d = 15 μm
(From Electrochim. Acta, 52, G. Lu, J. S. Cooper, and P. J. McGinn, SECM imaging of electro-
catalytic activity for oxygen reduction reaction on thin film materials, pp. 5172–5181 [163],
Copyright 2007, with permission from Elsevier).

tion current recorded at the tip. Considering the calibrated distance-dependent
collection efficiency, x(H2O2) could be calculated under steady-state conditions.

3.8 Oxygen reduction at immobilized enzymes

The oxygen reduction is also a very important reaction in biological systems.
Oxygen is the terminal electron acceptor in the respiratory chain of many organ-
isms. Often H2O2 is formed as one of the products in this reaction. The local
activity of glucose oxidase could be monitored by detecting the H2O2 formed
during the enzymatic oxidation of glucose and the concomitant reduction of O2
[106]. As in technical systems, byproducts of the ORR such as H2O2 and O2

–·

are cytotoxic and nature has developed several strategies to deal with this prob-
lem. Enzymes like catalase destroy H2O2 immediately. Besides a quite large
number of oxidases that transfer electrons to O2, some organisms also contain
enzymes that are able to perform the 4-electron reduction of O2 to water, for
instance laccases and bilirubin oxidase. These enzymes are very attractive candi-
dates for cathodes in biofuel cells. A number of studies using different working
modes dealt with the kinetic characterization and optimization of the immobiliza-
tion parameters of such enzymes. This is no surprise because SECM has been
used intensively for the investigation of immobilized enzymes [165–167].

The TG.SC mode was applied for the investigation of bilirubin oxidase and
laccase for biofuel cells [160]. The analytical procedure helped to optimize the
immobilization procedure in a combinatorial approach.

Recently, Karnicka et al. [168] utilized the RC mode in order to visualize
the local bio-electrocatalytic O2 reduction activity of bilirubin oxidase linked to
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Fig. 16. RC imaging of Pt and Au spots. In every image, the left spot corresponds to Pt, the
right spot corresponds to Au. Rows A, B, and C stand for different sample polarizations vs.
Ag-AgCl. The first column represents the oxygen competition data, while the second column
shows the oxidation current of H2O2 at the UME. (From Electrochim. Acta, 53, K. Eckhard,
and W. Schuhmann, Localised visualisation of O2 consumption and H2O2 formation by means
of SECM for the characterisation of fuel cell catalyst activity, pp. 1164–1169 [118], Copyright
2007, with permission from Elsevier).

Os complex-modified electrodeposited polymers. Figure 18 shows an RC image
of such an Os polymer.bilirubin oxidase spot. The UME current above the as-
sembly is lower than aside from it which implies an increased catalytic activity.

Nogala et al. [169] investigated laccase immobilized in a sol-gel film. During
this immobilization, aggregates of the enyzme are occasionally observed. They
were characterized by complementing microscopic techniques. SECM imaging
in the SG.TC mode (Figure 19a) with 2, 2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonate) (ABTS2–) as redoxactive compound showed higher currents above the
aggregates (Figure 19b). The possibility that topographic features caused the
signal was excluded and the interpretation was confirmed by an image of the
same region in the RC mode in which the UME and the immobilized enzyme
competed for the electron donor ABTS2– (Figure 19c). In this case the current
for ABTS2– oxidation is reduced above the enzyme aggregate (Figure 19d). Fur-
ther GC images allowed to determine the flux at a laccase aggregate according
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Fig. 17. GC transient currents recorded after a potential pulse at different macroscopic sam-
ples.(a) Schematic of the experiment; (b) potential sequence at sample and UME; (c) Au at
ES = –0.1 V (Ag-AgCl-3 M KCl); (d) Pt at ES = +0.3 V; (e) PdCo alloy at ES = +0.2 V; (f)
PdCo alloy at ES = 0 V. Smooth lines in (e) represent fits to an analytical model. The different
curves are recorded at different distances: (c) d = 8, 10, 15, 20 μm (1)–(5); (d) d = 40, 50, 60,
80 μm (6)–(9); (e) 40, 50, 60, 80, 100, 130 μm (1)–(6); (f) 40, 50 μm (7)–(8). ((b)–(f) Reprinted,
with permission, from Ref. [115]. Copyright 2008, American Chemical Society).

to Eq. (14). Moreover, sequential topographic imaging by SFM, optical reflection
imaging by confocal laser scanning microscopy, and reactivity imaging by
SECM helped to consolidate the interpretation of the individual images.

3.9 Photoelectrochemical reactions

SECM has been used to study photocatalytic reactions in a number of systems.
However, compared to urgent needs for developing technical systems that can
harvest renewable energies, these developments are still in its infancy. Like in
the area of fuel cell-related research, some important imaging modes have been
demonstrated but procedures to deal with more complex technical systems in a
sensible way remain to be demonstrated.

Haram and Bard [170] determined first order rate constants for the reduction
of methyl viologen MV2+ at CdS thin films obtained from a wet-chemical deposi-
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Fig. 18. Oxygen competition SECM image of a BOD.Os-polymer spot on a glassy carbon chip
in 20 mM phosphate citrate buffer (pH 6) at a constant sample potential ES = 0 V vs. Ag-AgCl.
Tip potential profile ET = 0 V (0.5 s), 1.2 V (0.2 s), –0.6 V (0.3 s) at each point of the grid.
The O2 reduction current at the UME (25 μm diameter Pt disk electrode) is plotted as a function
of the x-y position. (From Electrochem. Commun., 9, K. Karnicka, K. Eckhard, D. A. Guschin,
L. Stoica, P. J. Kulesza, and W. Schuhmann, Visualisation of the local bio-electrocatalytic
activity in biofuel cell cathodes by means of redox competition scanning electrochemical mi-
croscopy (RC-SECM), pp. 1998–2002 [168], Copyright 2007, with permission from Elsevier).

Fig. 19. SECM imaging of laccase aggregate activity in the SG.TC and RC mode. Laccase
was immobilized in a sol-gel. (a) Schematic of the GC mode (not to scale): (1) Microscope
objective, (2) glass slide, (3) laccase-silicate film, (4) laccase aggregate, (5) UME. (b) SG.TC
mode image; ET = 0.1 V, rT = 5 μm, 1 mM ABTS2– + 0.1 M phosphate buffer (pH 4.8). (c)
Schematic of RC imaging of laccase activity (not to scale). (d) RC image, ET = +0.4 V, other
conditions as in Figure 19b. (From Bioelectrochemistry, 73, W. Nogala, M. Burchardt, M.
Opallo, J. Rogalski, and G. Wittstock, Scanning electrochemical microscopy study of laccase
within a sol-gel processed silicate film, pp. 174–182 [169], Copyright 2008, with permission
from Elsevier).
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tion in dependence on light intensity and MV2+ concentration. Generated holes
in the CdS particles were scavenged by a surplus of dissolved triethanolamin.

Photoelectrochemical reactions have been studied at semiconducting TiO2

photocatalysts in the form of microcrystalline anatase with [Fe(CN)6]
3–.4– as

mediator in the FB mode [171]. The surface of the wide bandgap semiconductor
behaved like an insulator in the dark and like a conductor, when UV illumination
excited electrons in the conduction band. Fonseca et al. [172, 173] used transient
SECM measurements for the evaluation of the photochemical decomposition of
4-chlorophenol at a TiO2 particle film under UV illumination.

Besides direct excitation with UV light, dye-sensitization of wide bandgap
semiconductors and illumination by visible light is an important principle used
in photoelectrochemical solar cells, the most known being the Grätzel cell based
on TiO2 nanoparticles [174]. Shen et al. [175] applied the I–.I3

– system in the
FB mode in order to investigate the dye regeneration kinetics of a dye-sensitized
solar cell (DSSC), consisting of a nanoporous zinc oxide film that was sensitized
by Eosin Y. Zinc oxide was electrochemically deposited on fluorine-doped glass.
This electrode was operated with back-illumination in a short-circuit configura-
tion. The electrolyte contained only I3

– from which iodide was produced at the
UME.

(26a)

(26b)
The iodide diffused to the sample and reduced the photooxidized sensitizer

Y+ so that a new absorption process becomes possible. Fitting the experimental
approach curves recorded under conditions of weak illumination (Figure 20) with
the analytical approximation for the feedback current at finite sample kinetics
(Eq. (10)) yielded an effective heterogeneous first order rate constant keff. This
rate constant could be compared to an expression derived from the formal kinet-
ics of the dye-sensitized solar cell (Eq. (27)).

(27)

Analyzing the dependence of keff on the concentration of [I3
–]* in the bulk of

the electrolyte yielded expressions for the heterogeneous dye regeneration in the
electrolyte. Bozic and Figgemeier [176] used the FB mode for the characteriza-
tion of the diffusion coefficient of ferrocinium ions Fc+ in the electrolyte. The
sample was a TiO2-based DSSC with the red dye [Bu4N]2[cis–Ru(NCS)2(4,4'–
O2N2bipy)2] (4,4'–O2N2bipy = 2,2'-bipyridine-4,4'-dicarboxylic acid). In a time-
of-flight experiment the time was recorded between the onset of illumination and
the detection of the Fc+ by the UME positioned at a fixed distance above the
sample. In another contribution the same group correlated SECM measurements
in the FB mode with cell performance tested at macroscopic surfaces [177].
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Fig. 20. Investigation of dye-sensitized solar cells. (a) Setup with back-illumination; (b) normal-
ized SECM feedback approach curves for the approach of a Pt UME, rT = 13.65 μm (curves
2, 3, 4, 6) and rT = 12.49 μm (curves 5, 7) towards a ZnO.Eosin Y film under illumination by
a blue LED. Concentration of I3

– in mM: (2) 0.033, (3) 0.052, (4) 0.080, (5) 0.495, (6) 0.99,
(7) 1.98; ET = 0.7 V. Solid lines are calculated curves for an approach of a UME with RG =
10 towards an inert insulating surface [87] (curve 1), and to samples with first order kinetics
of mediator recycling [36] using normalized rate constants: (2) 0.35, (3) 0.27, (4) 0.18, (5)
0.07, (6) 0.04, (7) 0.019. (Reproduction of (b) from Y. Shen, K. Nonomura, D. Schlettwein, C.
Zhao, and G. Wittstock: Photoelectrochemical Kinetics of Eosin Y-Sensitized Zinc Oxide Films
Investigated by Scanning Electrochemical Microscopy. Chem. Eur. J. 2006. 12. 5832–5839
[175]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission).

4. Localized corrosion

SECM is an ideal tool to study localized corrosion. It complements other scan-
ning probe techniques such as the scanning reference electrode technique (SRET)
[178, 179], conductive scanning force microcopy (CSFM), electrochemical scan-
ning tunneling microscopy (ECSTM), and scanning Kelvin probe techniques
which are popular methods for the investigation of functional materials [180].
Basic experimental approaches include the imaging of the permeability of ap-
plied protective coatings [181–193], the imaging of regions with distinctly higher
electron transfer rates which may be precursor sites for pitting corrosion [29, 57,
194–207], the initiation of pitting corrosion by local generation of aggressive
species at the UME [208, 209] and the detection of active corrosion by collecting
released species [55, 58, 60, 104, 210–218] or measuring the local impedance
[219, 220]. If the detection is made amperometrically (as typical in SECM), there
is a concern that the electrolysis at the UME changes the solution composition
close to the area of localized corrosion and thereby influences the corrosion
process under study. For these applications potentiometric measurements should
be considered. Experiments in the GC mode with smaller UME and larger work-
ing electrodes would also diminish the effect on the local solution composition.
Considering that cathodic reactions in corrosion processes are often hydrogen
evolution or oxygen reduction, it seems interesting to explore concepts currently
being developed for fuel cell research also for the investigation of corrosion
phenomena. So far this has not been systematically attempted, probably because
of the much lower reaction rates in corrosion systems that pose substantial de-
mands on the sensitivity of the measurements. On the other hand, localized corro-
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Fig. 21. SECM investigation of charge transport through polymer coatings [221]. (a) An inert,
insulating and nonpermeable layer hinders the diffusion of the redox mediator to the substrate.
(b) Redox-active species diffuse through pinholes in the polymer. (c) Redox-active species are
soluble in the polymer. (d) Redox-active species react with a mediator confined within the
polymer film. (e) The polymer itself is conducting and allows an electron transfer reaction at
the polymer surface.

sion problems are highly relevant in fuel cells, due to the presence of reactive
compounds and reaction intermediates, the multitude of involved materials, and
the concentration and temperature gradients formed under operating conditions.

4.1 Investigation of coatings

Coatings on metallic substrates can be a feasible way to avoid corrosion in cases
where a native passive film is not sufficient or non-existent. The quality and the
material properties of the coating are of course crucial factors for a sufficient
corrosion protection. Firstly, local damages, pinholes, or pores in the coating
will be the main origin of corrosion events. Secondly, charge transport across
the coating itself may in some cases constitute a trigger for corrosion below the
intact coating. This is especially important when working with polymer coatings.
Important mechanisms of charge transport through polymer coatings are sche-
matically illustrated in Figure 21 [221].

While an insulating, inert, and nonpermeable film hinders the diffusion of a
mediator (Figure 4, curves 1–4, and Figure 21a), pinholes and local defects may
allow a mediator regeneration at the underlying conducting substrate (Fig-
ure 21b). The SECM will reveal clearly only those pores that penetrate the entire
film, which is beneficial compared to other scanning probe techniques, like, for
example, SFM. In FB mode, pinholes can be detected that are in the range of
10% of the UME area, while in GC mode, the pores may be even smaller.
Wittstock et al. [181] applied the FB mode to investigate the effect of ion bom-
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bardment onto conducting polymers on a Cu substrate and discovered such pin-
holes in the irradiated regions as a side-effect of the conductivity changes that
were induced by the bombardment.

In a similar approach, Janotta et al. [191] investigated the corrosion proper-
ties of uncoated ZnSe waveguides and those covered with a 100 nm thin film of
diamond-like carbon (DLC) in a 30% (v.v) aqueous H2O2 solution. In particular,
SECM experiments were performed with an Au.Hg amalgam UME allowing
scanning stripping voltammetry in an SECM setup. While the untreated wave-
guide suffers severe corrosion, the DLC protection layer maintains excellent
chemical integrity during the exposure to H2O2. No pinholes could be observed,
although the authors do not exclude the existence of nanometer-sized pinholes
or cracks that could not be revealed due to the diameter of their UME (25 μm).
In its optical transparency, the DLC film bears another advantage compared to
other coatings as a spectroscopic investigation of the waveguide below the pro-
tection layer is possible. No changes to the optical properties of the DLC layer
were observed during the corrosion experiments.

Völker et al. [212] investigated the defect density in Sn coatings on low
carbon steel surfaces and in epoxy-phenolic resins on tinplate substrates in the
SG.TC mode by collecting Fe2+ ions released through pinholes or scratches in
the coating. To avoid Fe(OH)3 precipitation, the measurements were conducted
in sulfuric acid. Besides providing real-time images of the deterioration of the
coatings, the local corrosion current density was estimated from approach curves.
Simões et al. [222] recently utilized the SECM to image the oxygen concentra-
tion above an Mg-coated Al alloy and observed that the coating offers a very
suitable cathodic protection by decreasing the anodic activity at pre-existing pits
and by inhibiting pit nucleation. Due to the high corrosion activity of Mg, the
coating behaved as sacrificial electrode for Al, and any anodic activity was sup-
pressed for several hours.

The quality of a zinc phosphate-containing epoxy coating on galvanized steel
[193] and of polyurethane-covered carbon steel samples [60] was followed by
Souto and coworkers in the FB mode and in the SG.TC mode. The coated
surfaces were purposefully scratched for these measurements, and the release of
Fe2+ ions as well as the consumption of dissolved oxygen at the corresponding
cathodic locations was monitored. The studies were recently extended to differ-
ent zinc-based coatings on steel [223]. In the FB mode, a swelling and blistering
nucleation was observed in a chloride solution which was attributed to the trans-
port of Cl– ions through the coating. Various species (water, Cl–) from the elec-
trolyte phase are then able to permeate through the protection layer and induce
local pitting corrosion at the coating-metal interface.

Mass-transport of redox-active species through insulating polymer films is
observed only if the species are soluble in the polymer (Figure 21c). The influ-
ence of the size of dissolved species was quantified by Williams and coworkers
[182]. Electropolymerized films of [Fe(5-amino-1,10-phenanthroline)]3

2+ were
deposited on micropatterned ITO arrays and Pt array microelectrodes for this
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Fig. 22. SECM images of microcrystallites of bisbenzimidazolate-derived molecular rectangles
on ITO. rT = 0.6 μm, scan rate: 10 μm s–1 in aqueous solutions of (a) 1.8 mM [Ru(NH3)6]

3+

(ET = 0 V, ES = –0.35 V); (b) 5.5 mM [Fe(CN)6]
4– (ET = 0 V, ES = +0.4 V); (c) higher

resolution image with the solution and potentials as in (b), at a reduced scan rate of 1 μm s–1;
(d) 4.5 mM [Fe(phen)3]

2+ (ET = 0 V, ES = +1.0 V). The current response in (d) is multiplied
times 20. (Reprinted, with permission, from Ref. [225]. Copyright 2002, National Academy of
Sciences, U.S.A.).

purpose. No evidence for pinholes or cracks was observed, but a homogeneous
current response has been received that decreased with increasing polymer thick-
ness. At a film thickness of 12 nm, species with radii of 5–8 Å permeate select-
ively through the film, and the permeabilities were in agreement with data from
rotating-disk electrode experiments. This concept has been extended to a qualita-
tive characterization of molecular sieving through thin films of porphyrin-square-
based microporous materials [224] and a semi-quantitative evaluation of the
shape-selective transport through individual microcrystals of molecular square
compounds [225]. It is clearly visible in Figure 22 that, while redox mediators
consisting of smaller molecules reveal the presence of needle or ribbon-shaped
microcrystalline film domains (Figure 22a–c), the bulkier Fe(phen)3

2+ is incapa-
ble of permeating through the rectangle-based film (Figure 22d).

In an attempt to quantify the permeation of oxygen through polymer films,
Shiku et al. [183] treated poly(dimethylsiloxane) (PDMS) in an O2 plasma. After-
wards, approach curves were recorded above the material and above PDMS func-
tionalized with bovine serum albumin. The results suggest that the plasma treat-
ment as well as the albumin adsorption affect the O2 permeability of PDMS and
its affinity against protons.

Few studies have been committed on the confinement of a redox mediator
inside a polymer film (Figure 21d), which can be realized either by dissolving
the mediator in the film or by covalently binding it to the polymer chains. The
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kinetics of charge transport are slow in these cases compared to the diffusion-
limited charge transport of a mediator in solution. Especially in the latter case,
it will only occur by electron hopping between contiguous redox-active functions
[226]. SECM investigation of poly(vinylferrocene) (PVF) films was realized by
penetrating the film from the solution side with a conical UME [190, 226]. The
film thickness and the depth profile of the film resistance as a function of its
oxidation state was thus determined.

Conductive polymers that allow an electron exchange directly at the polymer-
electrolyte interface (Figure 21e) have interesting commercial applications in the
fields of flat panel displays, solar panels and cells, and optical amplifiers. From
the SECM view, conductive polymer surfaces can be treated like every other
“conventional” conductive (metal) surface, and FB studies are thus easily possi-
ble [96, 184, 187, 188, 227–231]. The UME current is then determined by the
diffusion of the mediator between the UME and the polymer surface, the electron
transfer rate at the polymer-electrolyte interface, the charge transport within the
polymer itself, and the electron transfer rate between the polymer and the metal-
lic substrate. A significant advantage of the study on conductive coatings is the
variability of the film thickness which allows a detailed analysis of the charge
transfer processes. Borgwarth et al. [187] utilized the FB mode to identify doped
and undoped parts of a polyaniline film. Furthermore, a blend of polypyrrole and
polypropylene was imaged, and the local chemical composition was obtained.

The polymers may be electrochemically switched between conducting and
insulating states by incorporation or expulsion of counterions. The ion exchange
may be followed from the solution side with amperometric or potentiometric
microelectrodes [96, 184, 189, 232]. Jeon et al. [233] observed aging effects
of protonated poly(4-vinylpyridine) (PVPH+) coatings by measuring their redox
activity with incorporated [Fe(CN)6]

3– and [IrCl6]
2– ions. In contrast to Nafion,

where no comparable time dependence was observed, PVPH+ shows a gradual
decrease in its redox activity. The authors assign this decrease to slow changes
in electrostatic cross-linking as the anions form electrostatic bonds with the fixed
pyridinium sites during their incorporation into the polymer matrix. Similarly,
the expulsion of photoacid generators (PAG) from model photoresist materials
was analyzed [192]. The leaching was found to be a function of immersion time.
This suggests that the PAG are only leaching from the surface, not from the bulk
material.

4.2 Investigation of precursor regions

While the application of polymer or metal coatings is in certain cases a feasible
instrument to inhibit corrosion reactions, the thin oxidic passive layer that devel-
ops natively on most metallic materials prevents their further oxidative dissolu-
tion. Often, this oxide film is fully sufficient as protecting layer without any
further treatment, although it is desirable in some cases to increase its thickness
and density by an anodic growth procedure. As discussed for the applied protec-
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tive coatings (vide supra), local damage of an oxide film leads to active regions
where extreme pH values and reaction conditions are established that lead to a
rapid dissolution of the metal substrate (pitting corrosion). Although the initiation
of the local breakdown of passive layers is not fully understood yet, the SECM
is very suitable for the study of localized corrosion, as it can not only detect
species that are released from the substrate during dissolution, but it can also
map the local reactivity of the oxide film in its passive state. Precursor regions
can thus be discovered without destruction of the surface, which is a significant
advantage of SECM over other, more invasive, SPM techniques. In order to
investigate these precursor regions, the metal sample is commonly polarized in
the passive potential region in such a way that a dissolved compound reacts at
selected regions of the passive film. The reaction products are then detected
amperometrically at the UME in SG.TC mode. In other cases, the FB mode is
applied to uncover regions of higher electrochemical activity in which corrosion
events are preferentially observed in the potential regime of interest due to higher
electron transfer rates.

The pitting of pure iron model samples was investigated by Luong et al.
[196] in a slightly basic NaCl solution. The UME was polarized at –0.4 V vs.
Ag-AgCl-3 M KCl to collect Fe3+ ions released from the corroding surface. On
steel substrates, precursor sites are often associated with sulfur-rich inclusions.
Williams and coworkers [195, 234] observed that the local current density pass-
ing through MnS inclusions in stainless steel can be > 1 A cm–2. The dissolution
of the inclusion in chloride-containing solutions leads to a concentration of Cl–

underneath a sulfur crust. The extremely high local chloride concentration pro-
motes the depassivation of the surrounding steel substrate, and pitting thus pro-
ceeds extremely fast in the vicinity of the inclusions. Similar observations were
made by Paik et al. [201] who generated I3

– at a carbon fiber UME from a KI
solution. The I3

– ions are reduced to I– by sulfur-containing compounds (HS–,
S2O3

2–) being released from the MnS inclusions, and a spatially resolved detec-
tion of these species is thus possible at the UME as iT increases due to higher I–

concentrations (Figure 23a). These studies were later expanded to Ni(200) sub-
strates [202] (Figure 23b, c) where a pitting mechanism at MgS inclusions was
postulated similar to the one described above for inclusions on steel [234].

A similar concept was followed by Lister and Pinhero [197, 235]. In addition
to the detection of sulfidic species above sulfide inclusions in stainless steel as
mentioned above, a current inversion at the UME was observed at higher sample
current densities close to the inclusions. The authors ascribed this inversion to a
localized increase in the electric field at the corrosion site which shifts the poten-
tial of the UME. In later measurements on the same material, a Pt microelectrode
array has been utilized [236] to improve the temporal resolution compared to a
single-UME setup where the recording of large images in the mm2 range requires
a substantial amount of time. In these studies, the I–.I3

– system was applied as
redox mediator in FB mode so that I3

– is generated at the UME array and con-
sumed at electroactive regions at the substrate. The temporal evolution was fol-
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Fig. 23. (a) Illustration of the reactions between UME and substrate utilized for the studies of
Paik et al. [201, 202] and Lister and Pinhero [197, 235]. (b) SECM image over electroactive
sites on Ni(200) in 0.1 M NaCl + 0.01 M KI. (c) SECM line scan profiles over an electroactive
site with different applied potentials vs. Ag-AgCl to the Ni substrate. ((b) and (c) Reproduced,
with permission, from Ref. [202]. Copyright 2001, The Electrochemical Society).

lowed over a time frame of several hours, but due to the large distance of 400
μm between the single array electrodes, the lateral resolution of the resulting
images is considerably inferior to typical SECM images.

Studies on pitting corrosion of Ti were reported by Casillas et al. [29, 237]
by utilizing the Br2.Br– redox system. This system was chosen because oxide
breakdown occurs at significantly lower potentials in Br– solutions (≤ 5 V) [237]
than for example in Cl– solutions (≥ 10 V) [238]. The substrate is biased at a
potential where Br2 is generated at areas of the Ti.TiO2 surface which show
higher electrochemical activity. At the UME, the reduction to Br– leads to a
positive feedback. Few microscopic surface sites of intense Br2 generation were
thus identified. Optical microscopy has shown that these sites were the main
source of pitting nucleation after the SECM imaging experiments. A direct rela-
tion between the initiation of pitting and the electrochemical activity, oxide film
thickness, structure, and chemical composition was observed [237]. Garfias-Me-
sias et al. [200] observed that the active sites on polycrystalline Ti can be associ-
ated with Al and Si-rich inclusions, although the inclusions do not seem to be a
prerequisite for the activity.

Later, Basame and White [57] characterized these microscopic active sites
with additional mediators (iodide, ferrocyanide) and observed a surface density
of 20 ± 5 sites cm–2 with a characteristic diameter of approximately 50 μm.
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Fig. 24. (a) Substrate and probe current of a UME array measurement on stainless steel in 10
mM KI as a function of time. The substrate was kept at 0.5 V vs. Ag-AgCl during the experi-
ment. The total array current has numerical tags that correspond to SECM array images ((4!4)
mm2) in (b). (Reprinted in part, with permission, from Ref. [236]. Copyright 2005, American
Chemical Society).

Spatially localized activity was observed only for those reactions occuring at
potentials above the conduction band edge of the n-semiconducting TiO2 film.
Furthermore, the theory of mass transport through individual pores was utilized
to calculate that 69% of the current at a macroscopic Ti.TiO2 electrode flowed
through 11 precursor regions, comprising only 0.1% of the total electrode area
[239]. Interestingly, while the investigated Ti.TiO2 surfaces do not exhibit a
chemical selectivity for the conversion of ferrocyanide and bromide, the reactiv-
ity for iodide and [Ru(NH3)6]

3+ on Ta.Ta2O5 electrodes is clearly different for
each single precursor site [198]. An explanation for this behavior was not pro-
posed by the authors. They were furthermore able to qualitatively separate the
current that is associated with oxide film growth and metal dissolution from the
faradaic component of the net current resulting from the mediator regeneration
at the passive film surface [240]. The SECM is an ideal tool to do so, because
one can study locally the origin of a current flow, while a conventional, integral
voltammetric response at such a heterogeneously composed electrode can be
very complex.
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Biphasic titanium alloys exhibit an even more complex behavior than pure
Ti because not only one element is responsible for the electrochemical reactivity,
but several alloying compounds contribute to the passive film and lead to a
laterally heterogeneous composition that reflects the composition of the different
alloy phases below. The grain-resolved electrochemical activity of the alloy
Ti6Al4V was investigated by Pust et al. [204, 205] in the FB mode with several
redox mediators covering a broad range of formal potentials around the flat
band potential of the semiconducting passive film. Ti6Al4V, which is used as
biomedical material for load-bearing implants, has a well-defined phase structure
with the V-rich � phase being more conductive than the Al-rich α phase [204].
The authors were able to show that – depending on the formal potential of the
applied mediator – the higher conductivity of the � phase is reflected in its
electrochemical activity as it allows higher electron transfer rates during the
regeneration of the mediator (Figure 25a, b). During corrosion of the material,
most of the current will therefore pass through the � phase, and this may be the
origin of pitting nucleation in the immediate surroundings. A shear-force-based
distance control was utilized to keep the tip-substrate separation constant during
the imaging experiments and thus to allow the application of very small UME.
This was necessary to achieve an adequate lateral resolution for the visualization
of the two phases. Furthermore, approach curves were recorded above the α
phase at different substrate potentials (Figure 25c), visualizing the semiconduct-
ing properties of the passive film [205]. With increasing overvoltage at the sub-
strate, the kinetics of the mediator regeneration normally shift from almost no
regeneration to quite significant reaction rates, but the quantitative behavior dif-
fers for each investigated mediator. This enabled the authors to predict a value
for the local flat band potential of the α phase. This is an important finding as
the flat band potential is usually accessible only as an integral value. Recent, yet
unpublished investigations have shown that similar measurements are possible
in organic media.

Zhu et al. investigated Ti-2 [207] and Ti-7 [241] alloy samples, containing
Fe and Pd as alloying components, respectively, in the FB mode with hydroxy-
methylferrocene as redox mediator. Active spots with high positive feedback
signals were observed and were associated with crystalline grain boundaries.
Grain microstructure maps of the surface were then constructed on the basis of
these SECM images. Furthermore, the influence of the substrate potential on the
reactivity was investigated, and it was found that with more negative potentials,
more active spots on the surface appeared. The authors ascribed this to the reduc-
tion of the oxide film (Ti(IV) to Ti(III)) and the onset of hydrogen adsorption in
addition to the mediator regeneration [207]. Moreover, it was observed that ac-
tive sites preferably start to appear at the triple points of grain boundaries and,
with more negative potentials, propagate along the grain boundaries (Figure 26)
[241]. An approach to investigate defect sites on natively passivated Al in non-
aqueous media was described by Serebrennikova and White [199]. Al.Al2O3
electrodes were prepared inter alia from high-purity Al rods and Al foils of lower
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Fig. 25. (a) and (b) FB mode images of Ti6Al4V in 2 mM [Ru(NH3)6]
3+ + 0.1 M KCl with a

shear-force-based distance control mechanism. Dark regions represent higher currents, bright
regions correspond to lower currents. (c) Experimental approach curves (open symbols) for 1
mM [IrCl6]

3– + 0.1 M KCl and the corresponding theoretical fits according to Eq. (10a). The
limiting cases are according to Ref. [87] and are shown as thick lines. Substrate potentials: (1)
open circuit potential, (2) +0.3 V, (3) +0.2 V, (4) +0.1 V, (5) 0 V, (6) –0.1 V, (7) –0.2 V, and
(8) –0.3 V vs. Ag-AgCl-3 M KCl. (Reproduction of (a) and (b) from S. E. Pust, D. Scharnweber,
C. Nunes Kirchner, and G. Wittstock: Heterogeneous Distribution of Reactivity on Metallic
Biomaterials: Scanning Probe Microscopy Studies of the Biphasic Ti Alloy Ti6Al4V. Adv.
Mater. 2007. 19. 878–882 [204]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Repro-
duced with permission. (c) Reproduced, with permission, from Ref. [205]. Copyright 2007, The
Electrochemical Society).

purity. They were investigated in acetonitrile, utilizing tetra-n-butylammonium
hexafluorophosphate as supporting electrolyte and nitrobenzene (NB) as redox
mediator. NB is reduced to its radical anion (NB– · ) at the correspondingly biased
Al.Al2O3 substrate and is re-oxidized at a carbon fiber UME. The advantage of
this procedure is that the alumina interface can be biased at fairly negative poten-
tials during imaging where no breakdown of the passive film is triggered, and
the interface is very stable even for long imaging periods. Single precursor sites
were discovered with diameters in the range of 2–50 μm, although the total
defect density was very low. With the Al foil of lower purity, defect sites were
more common, and they were suspected to be partially originating from inclu-
sions. The measurements were later repeated with tetracyanoquinodimethane as
redox mediator, but no significant differences were observed between the two
mediators [242]. The defect density was estimated to be as low as 3 sites cm–2

in most cases.
Very recently, Jensen et al. [243] investigated the heterogeneous distribution

of reactivity on Al and Al alloy surfaces with a number of mediators in FB
mode. Their studies show that, under acidic conditions, the whole substrate sur-
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Fig. 26. FB mode images of the same area of a Ti-7 surface biased at different potentials: (a)
open circuit potential, (b) 0 V, (c) –0.1 V, (d) –0.2 V, (e) –0.25 V, (f) –0.3 V, (g) –0.35 V,
(h) –0.4 V, and (i) –0.5 V vs. Ag-AgCl-saturated KCl. ET = 0.4 V. The possible grain boundaries
are shown on (i). (Reprinted, with permission, from Ref. [241]. Copyright 2008, American
Chemical Society).

face shows significant electron transfer rates, but some pronounced features are
visible. In neutral or alkaline media, those pronounced features are still visible
for both oxidation and reduction reactions while the electron transfer at the re-
maining surface slows down. EDX maps of an area imaged with SECM show
that Cu-containing secondary phases are mainly responsible for this high electro-
chemical activity, while other elemental inclusions do not contribute to the posi-
tive feedback (Figure 27). This is in accordance with similar investigations by
Seegmiller and Buttry [203] who have shown that copper inclusions are responsi-
ble for the presence of sites with high cathodic activity at the surface of the same
Al alloy.

4.3 Initiation of localized corrosion

High concentrations of halide ions can, in the case of metallic materials, serve as
an initiator for corrosion events. If the high concentration is generated locally, the
formation of individual active pits can be induced. Utilizing the small dimensions
of a UME, SECM is able to do so with a lateral resolution that is in the size of
the electrode dimensions. Cl– has been described to be suited best for this purpose
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Fig. 27. EDX maps of the Al alloy AA 2024-T3 for Mg, Al, Mn (top, left to right), and Fe,
Cu (bottom, left to right), with corresponding FB mode image (bottom right panel; dark regions
correspond to high current). Image size: (75 ! 75) μm2. (Reproduced, with permission, from
Ref. [243]. Copyright 2008, The Electrochemical Society).

on aluminum [208] and steel substrates [208, 209]. At an amalgamated Au UME,
trichloroacetic acid was electrochemically reduced to obtain Cl– ions. The current
at the steel and aluminum substrates showed the typical behavior for the formation,
growth and repassivation of an isolated corrosion pit as a direct response to the
high local Cl– concentration. The pits were clearly visible in optical micrographs
after the SECM experiments. It was furthermore observed that the probability of
pit initiation decreases with decreasing rT and is increased as the UME is posi-
tioned closer to the mechanically machined edge of the steel electrode [209]. As
the grain boundaries of metal surfaces are commonly the predominant source of
corrosion events, this was suspected to be due to the fact that the probability of
covering a grain boundary is bigger when utilizing bigger electrodes.

4.4 Active corrosion

As a local probe, a UME can also be utilized to monitor active corrosion by
detection of locally released species. These species are commonly identified by
cyclic voltammetry at the UME or with ion-selective potentiometric microelec-
trodes. Studies on various materials have thus been reported. Tanabe et al. [104]
investigated localized pH changes during corrosion of steel with an Ir.IrO2 mi-
crosensor and observed that the pH slightly decreases during the initial stages of
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pit formation, and then increases again and remains stable during pit growth,
repassivation, and growth of the passive film. The detection of Fe2+ and Fe3+

dissolved from steel was realized with a graphite-reinforced carbon UME [211].
As it can be expected, the dissolution of the substrate was observed to be strongly
dependent on the thickness of the passive film. The buildup of OH– ions was
observed by Park et al. [210] as product of a cathodic reaction on Al3Fe that was
in electrical contact with the alloy Al 6061. An ion-selective pH microelectrode
was applied for this purpose which has beforehand been calibrated above 10 and
25 μm Pt disk electrodes that generated OH– as product of the oxygen reduction
reaction, and the calibration experiments were compared with predictions based
on the diffusion equation.

Simões and coworkers [218] recently utilized SECM to investigate corrosion
of a Fe-Zn galvanic couple at its open circuit potential on a chloride-containing
solution to mimic naturally driven corrosion processes. The corrosion products
(namely Fe2+ and Zn2+) were identified by application of suitable potentials to
the UME, and their concentrations as well as the concentration of oxygen in the
aqueous phase were estimated. As it can be awaited from the standard potentials
of the according redox couples, the ionic currents were found to be positive
above the Zn electrode due to the sacrificial release of Zn2+ ions, while oxygen
reduction ocurred at the Fe electrode.

An interesting approach to initiate and follow localized corrosion phenomena
of Al alloys in NaCl solution with UMEs integrated into SFM cantilevers was
reported by Davoodi and coworkers [214, 244]. The I–.I3

– couple was used as
redox mediator. After anodical polarization of the sample, anodic dissolution
occured at certain sites of the alloy surface. The Al3+ ions being released into
the solution reduced I3

– to I– which was detected at the probe. The initiation of
pitting corrosion [214] as well as the influence of intermetallic particles on the
corrosion behavior of the Al alloy EN AW-3003 [244–246] and the development
of active corrosion sites [247] was followed. A comparison between the corro-
sion properties of EN AW-3003 and a recently developed Al-Mn-Si-Zr alloy has
shown a significantly higher number of corroding sites and pits on EN AW-3003
[247]. The technique can thus be applied to quantitatively evaluate the corrosion
properties of alloys with different elemental compositions.

The dissolution of Cu2+ ions from a Cu bi-microelectrode as a model for an
integrated circuit was investigated in oxalic acid solution in FB mode and GC
mode [217]. While the GC mode has shown an enhanced Cu2+ concentration
above the anodically polarized Cu microelectrode only because of Cu dissolution
(Figure 28a), FB mode images with [Fe(CN)6]

4– as redox mediator evidenced a
homogeneous electroactivity at both microelectrodes as well as at the area be-
tween them. This was ascribed to the formation of Cu dendrites at the cathodi-
cally polarized microelectrode which finally form a short-circuit between both
microelectrodes which was observed by optical and electron microscopy (Fig-
ure 28b). Shreve et al. [216] investigated the etching rates of Si.CH3OH contacts
which are important for photoelectrochemical energy conversion applications.
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Fig. 28. (a) SG.TC mode image of a Cu bi-electrode during polarization with a constant bias
voltage applied between the two electrodes. The current is higher at the anodically polarized
electrode due to Cu dissolution. (b) Scanning electron microscopy image of the bi-electrode
after polarization. Cu dendrites have grown on the cathodically polarized electrode that intercon-
nect both electrodes. (From Electrochem. Commun., 7, C. Gabrielli, E. Ostermann, H. Perrot,
V. Vivier, L. Beitone, and C. Mace, Concentration mapping around copper microelectrodes
studied by scanning electrochemical microscopy, pp. 962–968 [217], Copyright 2005, with
permission from Elsevier).

For silicon in methylferrocene and dimethylferrocene-containing solutions, a
maximum etch rate of 6.6 ! 10–6 nm s–1 was observed. This value is signifi-
cantly lower than etching rates previously found by Horrocks et al. [248] which
were ascribed to a pure mass-transport limitation of the etching process. The
authors interpreted the SECM data from the previous study [248] in a way to
validate the existence of a conductive inversion layer in the near-surface region
of the Si electrode which would protect the electrode from corrosion and would
thus explain lower etching rates.

The active corrosion of a neutron-absorbing NiCrMoGd alloy which is used
for nuclear waste storage applications was followed by Lister et al. [213] with
the I–.I3

– redox pair in SG.TC mode. I– is oxidized at active regions of the
substrate, and I3

– is then collected at the UME. A number of actively corroding
sites was observed, and the sites could be correlated to the preferable dissolution
of a secondary Ni5Gd eutectic phase by optical microscopy. CSFM measure-
ments were performed to visualize the inferior insulating properties of this sec-
ondary phase.

With corrosion being an important factor in biomedical applications, the in-
vestigation of corrosion on implant materials is interesting from the materials
science perspective as well as from the medical standpoint. Very early after the
development of the SECM technique, the active dissolution of Hg-Ag dental
amalgam crystals embedded in poly(methylmethacrylate) (PMMA) was followed
with a Pt UME, and a local decrease of O2 concentration above these crystals
was observed (Figure 29) [55].

On Ti, a dependence of oxygen concentration profiles on the surface potential
has been demonstrated [249]. Furthermore, the formation of locally different
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Fig. 29. (a) A light optical micrograph of an Hg-Ag(γ –1) phase crystal embedded in acrylic.
(b) An oxygen reaction rate SECM image of the crystal. (From J. Biomed. Mater. Res., Vol. 27,
No. 11, 1993, 1357–1366 [55]. Copyright 1993, John Wiley & Sons, Inc.; reprinted with per-
mission of John Wiley & Sons, Inc.).

passive films was studied by Fushimi and coworkers on polycrystalline Ti.TiO2
electrodes [250] by SECM observation of oxygen evolution [58]. The areas of
the substrate covered with the thinner oxide layer were those of preferential
oxygen evolution, and this was in agreement with the different kinetics observed
on the passive film in the FB mode with [Fe(CN)6]

3– as mediator.
Recently, the same group investigated hydrogen evolution on an Fe-Si alloy

in acidic solution [251]. A non-uniform distribution of hydrogen was observed
during the initial stage of the experiment that originated from single substrate
grains of different crystallographic orientation (Figure 30). A comparison of the
current on each grain with the respective grain orientation has shown that (110)
and (111) grains generate more H2 than (100) grains. This distribution dimin-
ished in the timeframe of minutes to hours due to less activation of corrosion at
the substrate. After 24 hours, hydrogen evolution on discrete areas of the surface
was observed due to the local breakdown of the passive film which did not
correspond to the grain orientation.

4.5 Local AC measurements

If precursor regions which are susceptible to pitting exist due to local inhomoge-
neities, these areas often show a higher conductivity and thus allow a higher
electron transfer rate. While CSFM is a feasible tool to measure local conductivi-
ties, it is not suitable in every situation as the tip is in direct contact with the
substrate and may locally damage or alter the passive film. Impedance spectro-
scopy does not bear these problems, although it usually works integrally for a
quite large substrate region and cannot identify microscopic inhomogeneities.
Ballesteros Katemann et al. [252] found a loophole to this dilemma by combining
the advantages of SECM and impedance spectroscopy through application of an
alternating voltage between the UME and the counter electrode. This method
bears the advantage that measurements are performed in a solution which can be



1508 S. E. Pust et al.

Fig. 30. (a) SG.TC image of hydrogen evolution on Fe-3 at.% Si in 10 mM HCl at the initial
stage. (b) Tip current profile along the dashed line in the current image. (c) Optical micrograph
in the region of SECM imaging, with crystallographic grain orientations derived from EBSD
measurements. (From Electrochim. Acta, 52, K. Fushimi, K. A. Lill, and H. Habazaki, Hetero-
geneous hydrogen evolution on corroding Fe-3 at.% Si surface observed by scanning electro-
chemical microscopy, pp. 4246–4253 [251], Copyright 2007, with permission from Elsevier).

similar to those media which are present during the actual practical application
of the material and a redox mediator is not required. AC measurements thus
seem to be an adequate tool to elucidate local corrosion phenomena, although
Baranski and Diakowski [253] have shown that the origin of the contrast in AC
images is not always clear because of the complexity of the equivalent circuits
that are necessary to interpret first and second order impedance measurements.
Applications of this method in corrosion science are still limited to model sam-
ples and comprise investigations of lacquered tinplates [219], oxide films on a
NiTi shape memory alloy [254, 255], stainless steel [220], stripping voltammetry
experiments on Cu particles [256], and AC measurements with SECM probes
integrated into SFM cantilevers [257]. The group of Schuhmann and coworkers
currently endeavours to overcome the problems in interpretation of the AC meas-
urements by recording frequency spectra at each point of an image as well as at
different tip-substrate separations [258].
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5. Summary and outlook

SECM with a still growing variety of experimental modes has been established
as an indispensable tool for basic research. This offers very attractive possibilities
for the application to technical samples at which strongly inhomogeneous distri-
butions of reaction rates are typically observed on various length scales. Reac-
tions occurring in polymer membrane fuel cells and other electrochemical energy
conversion devices or in systems showing local corrosion are illustrative exam-
ples. Although numerous applications of SECM to such systems have been re-
ported, the application of SECM in this context remains challenging for a number
of reasons:
– Reactions at such samples are often complicated with different competing

reaction pathways. The extent of the pathways may depend on the electrode
material, local reagent supply, temperature etc.

– Samples are typically not smooth but rough on the length scale of the UME.
– Surfaces of interest may not be directly accessible by the UME (e.g. PEM

sandwiched between gas diffusion layers and flow fields, crevice in a corrod-
ing system).

This situation calls for more efforts to bring SECM to practical application using
a multitude of concepts that are already present in the reviewed literature. Salient
features of the practical systems may be preserved in model samples that are
more suitable for SECM investigations. Rough samples can be imaged using a
current-independent distance control scheme based on mechanical forces re-
corded simultaneously with the faradaic response. In order to deal with complex
samples, combined scanning probe microscopies can be very helpful. Particularly
high expectations are directed towards combined SFM-SECM experiments due
to the broad applicability of the SFM. Current-independent UME positioning and
combined techniques have been reviewed recently by our group [44] and the
material will not be duplicated here. Spatially correlated images with different
microscopic techniques or with different imaging modes of the SECM can also
be very helpful in this respect. Environmental control of SECM seems to be
another very important development direction. The authors see a considerable
development potential in the experimental simulation of the macroscopic mass
transport conditions in technical systems (e.g. a channel of a flow field) while at
the same time recording an SECM image.
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