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Combined atomic forcemicroscopy–scanning electrochemicalmicroscopy (AFM–SECM) is for the first time used
to generate single corrosion pits on passivating iron surfaces in the micrometer range. The AFM–SECM probe
locally generates nitric acid during the oxidation of nitrite ions with the release of protons at selected sites on
the surface of the otherwise passive metal. High confinement of passive film breakdown is achieved from the
combination of a small probe size and the inhibiting properties of non-reacted nitrite ions on the surrounding
passivated surface. Simultaneous visualization of pit nucleation and propagation can be obtained in the same
solution without changing the probe by AFM.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Pitting corrosion occurs at many metallic materials in highly local-
ized spots. For better understanding and preventing the involvedmech-
anisms, techniques that provide real time information with high spatial
resolution during pit monitoring are a prerequisite. However, this is
challenging if homogeneous substrates are undergoingpitting corrosion
due to the fast andmainly random characteristics of the pitting distribu-
tion as pits have to be already nucleated in order to be detected. Aiming
to overcome this limitation, one strategy consists in locally modifying
the electrolyte in close proximity to a single desired spot of the passive
surface in order to induce the nucleation of a corrosion pit. Several re-
search groups explored the potential of SECM studying pit corrosion
with high (electro)chemical resolution. Despite their different method-
ologies, most of them rely on the localized generation of chloride ions at
the SECM tip when located in the proximity of the investigated sub-
strate [1–8]. As the probe is close enough, a thin electrolyte volume is
confined between the SECM probe and the sample, in which a suffi-
ciently high concentration of this aggressive anion can be generated
for the nucleation of a single pit. Chloride ions result from some redox
reaction occurring at the tip, whereas the electrical condition of the sub-
strate was separately controlled using a bipotentiostat. This procedure
has been successfully employed to produce corrosion pits on iron
[2–4,6,7], stainless steel [1,8], copper [3], and aluminum [1] samples.

The dimensions of the generated pits as well as the control for their
location were limited by the dimensions of the disc UMEs employed
to build a sufficiently high local concentration of chloride ions. As a
result, pits with diameters ranging from several tens to hundreds of
micrometers were so far obtained. Generation of an aggressive species
by redox conversion at the SECM tip was also employed to produce
corrosion pits of similar dimensions through alumina layers [9]. In this
case, water electrolysis generated high local concentrations of protons
(“acid attack”) or hydroxyl ions (“base attack”).

Smaller single pits on stainless steel were obtained by direct mode
SECM using a UMEwith 5 μm in diameter [10,11]. In direct mode a cur-
rent can be forced to flowbetween the substrate and themicroelectrode
tip operating as the working and auxiliary electrodes, respectively. The
UME was positioned in shear-force mode and imaging of the corrosion
pits was obtained in alternating current (AC) mode SECM; however
based on the size of the SECM probe, high resolution imaging of the to-
pology could not be achieved. Due to the smaller tip-to-sample distance
in shear-force mode, breakdown of the passive layer on the metal was
mostly confined below the tip resulting in corrosion pit with severalmi-
crometers in dimension. Since this method does not require the local
build-up of a concentrated electrolyte between the tip and the sub-
strate, smaller tips down to a few micrometers in diameter could be
employed [10].

In this contribution we report a new methodology for single pit
generation on passive metals based on combined AFM–SECM [12],
effectively allowing both controlled pit nucleation and in situ high-
resolution imaging of pit formation to be accomplished in the same ex-
periment. AFM–SECM has been used in corrosion science to investigate
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localized corrosion processes on aluminum alloy AA1050 [13] and also
for erosion experiments dissolving the (010) surface of potassium
ferrocyanide trihydrate [14]. The electroactive area of the combined
AFM–SECM probes is located as a frame electrode above the apex of a
non-conductive silicon nitride probe, thus allowing simultaneous elec-
trochemical and topographical imaging. Furthermore, redox species
are used that can both operate as corrosion inhibitor, thus enhancing
the stability of the passive films formed on the metal, and which serve
additionally as the source of the aggressive chemical agent responsible
for passive layer breakdown, as a result of its electrochemical conver-
sion at the AFM tip-integrated electrode. In this way, in a very confined
volume, nitric acid is generated which promotes the surface film attack.
Borgwarth andHeinze used nitrite oxidation introducing the concept of
“chemical lens” by adding scavenger molecules to solution for con-
trolled electrodeposition using SECM [15]. The high spatial resolution
of AFM allows the simultaneous imaging of the generated pits, as well
as to follow their evolution on the otherwise passive metallic substrate.

2. Experimental

Experiments were performed on 99.5% purity iron plates (Good-
fellow Materials, Cambridge, UK) of dimensions 2.5 cm × 2.5 cm and a
thickness of 1 mm. The surface was ground to a 4000 grit finish with
SiC paper, followed by polishing with 0.05 μm alumina slurry. The
resulting surfacewas degreasedwith ethanol in an ultrasonic bath, sub-
sequently rinsed with ultra-pure deionized water and allowed to dry
under argon gas stream. Solutions were prepared using analytical
grade chemicals and Millipore water (18.0 MΩ cm). Experiments
were performed in naturally aerated solutions at ambient temperature
(ca. 20 °C).

IntegratedAFM–SECMprobeswere fabricated following a procedure
described elsewhere [16]. In brief, commercially available silicon nitride
cantilevers were first coatedwith a 100 nm thick gold layer, followed by
an insulation step with silicon nitride using chemical vapor deposition.
Focused ion beam (FIB) was employed for precisely exposing a frame-
shaped electrode and reshaping the very end of the AFM tip to form
the thorn for high-resolution topography measurements. Fig. 1 shows
a scanning electron micrograph and scheme of the dual probe present-
ing a square-shaped gold frameelectrodewith a lengthof 1.07 μm, and a
thorn of 0.46 μm in height. The electrochemical response of the AFM–

SECM probe was characterized in deoxygenated 10 mM potassium

hexaaminruthenium (III) solution using 0.1 M KCl as supporting
electrolyte.

The AFM–SECM set-up consisted of an atomic force microscope
equipped with a SECM module and a picostat potentiostat from
Keysight Technologies (Chandler, AZ, USA). The SECMmodule included
a specialized nose cone with built-in operation amplifier and necessary
connections for SECM operation. The iron substrate was carefully
mounted in the AFM liquid cell, using an O-ring for exposing a circular
area of 1.75 cm in diameter. The contained volume of electrolyte was
approximately 1 mL. A ring-shaped counter electrode made of plati-
num, and a pseudo-reference electrode made of chlorinated silver
wire completed the three-electrode cell with the AFM–SECM probe as
working electrode. Potential of the Ag/AgCl wire pseudo-reference elec-
trode resulted in +48 mV vs. Ag/AgCl (sat.) reference electrode in the
test solution, consisting of 0.5 M NaCl + 0.1 M NaNO2. For the sake of
simplicity, all potential values are referred to the Ag/AgCl (sat.) refer-
ence electrode. Throughout the presented experiments, the iron sam-
ples were left unbiased, effectively attaining their spontaneous OCP
values in the test solutions.

The mass transport towards the combined AFM–SECM probes was
simulated with ComSol 4.1 using a three dimensional virtual replica of
the combined probe. For the numerical calculations, only diffusion to-
wards the electrode was taken into account. For the numerical calcula-
tion, a diffusion coefficient for nitrite of D=1.912 × 10−5 cm2 s−1 [17]
was used. Detailed description about the simulation can be found else-
where [18].

3. Results and discussion

A localized pit induction strategy was developed for the generation
of single pits on spontaneously passivated iron samples induced by
the AFM tip-integrated electrode, which is schematically depicted in
Fig. 1. In addition to chloride ions, which are an aggressive species pro-
moting pitting corrosion of iron and its alloys, the solution contained
also nitrite ions. The latter are known as corrosion inhibitor for iron, ef-
fectively promoting the formation of protective oxide layers on the
metal, which mechanisms have been discussed in literature [19,20]. In
addition, nitrite ions can be oxidized to nitrate at the AFM–SECM
probe forming locally nitric acid. Cyclic voltammograms recorded at
gold disc UME (25 μm dia.) immersed in 0.1 M NaNO2 + 0.5 M NaCl
solution revealed that the onset of nitrite oxidation is observed at

Fig. 1. Scheme of pit induction on an iron substrate in tip generation/substrate collection (TG/SC) mode. Scheme of AFM–SECM probe and SEM image of the combined probe. Nitrite is
oxidized to nitrate at the AFM–SECM probe and protons are generated as by-product. In the gap between the probe and the surface a highly acid chloride-containing electrolyte is pro-
duced, resulting in the localized breakdown of the passive oxide layer present on the metal.
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