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Abstract. This paper deals with the basic theory and the usability of Scanning Electrochemical 
Microscopy (SECM) in corrosion research. The SECM is the in situ method of surface 
characterization which is based on the scanning of the tested surface using ultramicroelectrode and 
simultaneous electrochemical testing of the surface. This technique provides an electrochemical 
imaging of the surface. Key applications of SECM have been demonstrated based on the newest 
literature data covering the past two years of the active research in the field of corrosion in a 
nanoscale. 

Introduction 

Spectroscopic methods of surface analysis (XPS, AES, UPS, SIMS, LMMS and EM) consist in the 
removal of the sample from the corrosive solution and placing it in a high vacuum in order to 
perform the analysis of the surface. The disadvantage of this method is the fact that during the 
transfer of the sample from the solution into the spectometer chamber profound chemical and 
structural changes may occur on its surface. The scanning electrochemical microscopy (SECM) 
method of surface testing described in this paper is the in situ method. Therefore the surface of the 
material is tested during interaction with the aggressive environment. Fig. 1 shows that number of 
publications per year related to SECM dynamically increased from 11 publications in 1994 to 121 
publications in 2013.  

 
Fig. 1. Number of publications per year related to SECM. Data collected from the Science Direct. 

Keywords for search: “Scanning Electrochemical Microscopy”. 

Solid State Phenomena Vol 228 (2015) pp 394-409 Online: 2015-03-30
© (2015) Trans Tech Publications, Switzerland
doi:10.4028/www.scientific.net/SSP.228.394

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications, www.ttp.net. (ID: 131.215.225.9, California Institute of Technology, Pasadena, USA-26/05/15,19:42:38)

http://dx.doi.org/10.4028/www.scientific.net/SSP.228.394
http://www.ttp.net


A significant part of publications covering the time from 1994 (3 publications) to 2013 (26 
publications) indicates the intensive development of SECM for the study of phenomena related to 
corrosion (Fig. 1). As it is shown in this review work, exciting new developments are currently 
emerging according to possibility of application of SECM for localized corrosion evaluation [1-38]. 
Key results have been extracted from recent publications covering the past two years of research 
activity in this field. 
 
Theory 

Scanning electrochemical microscopy (SECM) is a scanning probe microscopy (SPM) the diagram 
of which is presented in Fig. 2. 

 

 

 

Fig. 2. Diagram of a microscope with a scanning probe (SPM) [2]. 
 

However, SECM measuring system consists of an electrolytic dish with a set of electrodes: 
the tested one (Substrate), the supporting one (Auxiliary), the referential one (Reference) and the 
probe, i.e. the indicator electrode (Tip), the piezoelectric manipulators and an appropriately 
constructed biopotentiostat coupled with the computer. The indicator electrode is connected to the 
bipotentiostat designed to work with the microelectrodes. An overview diagram of the SECM 
measurement system is shown in Fig. 3.  

The main mechanical part is an x – y table precisely actuated by micrometer screw driven 
gears connected to stepper motors. A computer equipped with appropriate software controls the 
mechanical and electronic parts of the measuring set while the camera allows one to track the 
topographical image of the tested sample surface. 
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a) 

 

  

                                     

                                 b)                                                                     c) 

 
Fig. 3. a) Block diagram of the SECM measurement set, b) real picture of the ChInstruments 920D 
measurement apparatus using the SECM, and c) the detailed image of the electrochemical cell with 

four-electrode configuration [34]. 
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A high input resistance ultramicroelectrode (UME) combined with a movable part of the 
table is shifted by the 300 nm step in relation to the fixed test electrode. The probe (an indicator 
electrode) is presented in Fig. 4. 

 
 

 

Fig. 4. Indicator electrode - SECM tips: a) standard voltammetric microdisk (for ro ≥ 0.6 µm), b) 
micropipette (all ro), and c) etched metal tip (for ro < 1 µm) [36]. 

 

The current (or the potential) related to the redox processes taking place on this electrode in 
registered on the metal blade of the probe (the needle), (usually made of Pt, Au, carbon fiber, etc.). 
The ideal and real probe is shown in Fig. 5. 

 
 
 
 

 
 

Fig. 5. a) Ideal needle, and b) real needle. 
 

The precise horizontal shift of the probe and bringing the probe closer to the surface is carried out 
by means of piezoelectric manipulators and an optical microscope. Preparing a sharp end on the 
wire with micrometers in diameter requires extraordinary precision and is usually done using the 
electrolytic etching methods. The radius of the indicator electrode is usually a = 1-25 µm, and the 
distance between the surface of the blade (d) is usually 3-6 times greater than the radius of the 
indicator electrode. The blade of the probe may be gradually brought closer to a desired test surface 
of the microsite (even at the distance shorter than a) with the current pulse being simultaneously 
recorded. Current density dependence on the probe from its distance from the surface is called an 
approach curve. The shape of the approach curve (presented below) provides for clear 
determination whether the analyzed microsite conducts electricity, or whether it is an insulator. The 
space between the test sample and the probe is filled by an appropriately selected electrolytic 
environment which makes it possible to track the changes in the electrochemical parameters of the 
set while the probe moves  in a given direction. An important role during testing of the probe 

a) b) 
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surface is played by the so called feedback, the presence of which should be identified with the flow 
of Faraday's current between the probe and the test sample. If the electrodes are immersed in the 
solution with a reduced form (redox mediator, R) and with a suitably chosen UME positive 
potential, the mediator diffusing from the depths of the solution enters into a reaction according to 
the following equation: 
 

R   -   e-   ↔   O.     (1) 
 

 If the indicator electrode is placed quite far away from the surface of the test electrode 
(substrate), then the current flows in a circuit, which is described as follows:  
 

iT, ∞   =   4 n F D c a,                  (2) 
 
where n is the number of electrons, F – Faraday's constant, D – diffusion coefficient of the 
mediator, c – concentration of the reduced form, R and a – radius of the ultramicroelectrode. 
 After some time, the reaction (1) reaches a steady state and the current reaches a maximum 
constant value of iT, ∞. After reversing the direction of the electrode polarization the reaction (1) 
goes in the opposite direction. Thus, a current-voltage sigmoidal-shaped cyclic curve is obtained 
(Fig. 6). 
 

 

Fig. 6. Voltamperometric cyclic curve for the [Ru(NH3)6]
3+ ion obtained in a steady state on a 

platinum ultramikcoelectrode [35]. 
 

 If the indicator electrode is close enough to the surface of the test electrode, then the 
equilibrium of reaction (1) will be disturbed as a result of increasing concentration of form O 
developed on the surface of the test electrode (reaction 1). The mediator oxidized form obtained as 
a result of diffusion reaches the surface of the indicator electrode and is transformed into a reduced 
form (Figs. 7a-c).  

As a result of this process the current value on the surface of the indicator electrode will 
increase. Thus: iT > iT, ∞, (Fig. 8). Therefore, the closer the indicator electrode to the surface of the 
test electrode, the greater the value of the recorded current. The observed phenomenon is called 
positive feedback and is characteristic of conductive test samples. 
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Fig. 7. Basic operational modes of the SECM: a) disc microelectrode tip positioned in the bulk 

solution (distance of tip from substrate: d = ∞) where the steady state tip current (iT) for the 
reduction of O into R is totally diffusion controlled, b) the positive feedback mode at a conductive 
substrate which regenerates O from R, c) the negative feedback mode based on hindered diffusion 

of O by an insulating substrate, d) substrate generation/tip collection (SG/TC) mode, e) tip 
generation/substrate collection (TG/SC) mode [36]. 

 
 

                              

Fig. 8. a) Direction of the probe relocation, b) approach curve for positive feedback (d – distance 
between the indicator electrode and the test electrode, a –   ultramicroelectrode radius) [35]. 

 
 If, however, the test electrode is not electrically conductive, then reaction (1) takes place 
only on the surface of the indicator electrode. Therefore, the changes in the voltage of the current 
can be written as follows: iT < iT, ∞. In this case, there appears negative feedback (Fig. 9). The closer 

a) 

b) 
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the indicator electrode to the surface of the test electrode, the lower the intensity of the resulting 
current. 
 It is possible, of course, to obtain a transitional state due to partial conductivity of the test 
electrode, which is characteristic of the corrosive samples or the ones covered with other 
substances, namely inhibitors. Then, the approach curves are obtained. Their course  depends on the 
degree of the test electrode electric conductivity. 
 

 

Fig. 9. a) Direction of probe relocation, b) approach curve for negative feedback (d – distance 
between the indicator electrode and the surface of the test electrode, a –   ultramicroelectrode 

radius) [35]. 
 

Both UME and the test electrode can be used as indicator electrodes in the four-electrode 
scanning electrochemical microscopy. Therefore, the product of the electrode reaction can be 
generated on one of them and collected on the other (generating/collection mode, G/C). Therefore, 
there are two possible options for the G/C of the microscope. The first one consists in generating the 
product on the surface of the and test electrode test and its accumulation on the indicator electrode, 
the SG/TC (substrate generation/tip collection), Fig. 7c and vice versa, TC/SG (collection tip 
substrate generation), Fig. 7d. It must be noted that the G/C method is very sensitive because the 
background signal is very weak. Therefore, this method is used for testing the so-called 
concentration profiles of different electroactive substances produced on the electrodes thereby for 
examining the kinetics and the mechanism of complex electrode reactions. These include 
electrochemical corrosion tests, electrochemical deposition (nucleation) and an increase in deposits 
of the local corrosion of passivating metals, the impact of surfactants on corrosion processes and the 
measurement of the properties of passive semiconductor films. With the use of microelectrodes 
sensitive to a specific product of an electrode reaction (ISE) one can obtain distribution maps of this 
product on the surface of the test electrode. In addition, by applying changeable voltage of different 
frequencies between a mobile indicator electrode (the tip) and a test electrode (the substrate) and 
recording the current response, one can measure  local impedance.  

Scanning with a probe (an indicator electrode) over the test surface in the x–y plane makes it 
possible to draw the topography of a surface (i.e. the surface map). On such a surface map sites with 
specific reactivity can be easily recorded.  
There are two ways to scan the surface of the test electrode: 

1. constant height method (CHM) 
2. constant gap mode (CGM). 

a) 

   b) 
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In the first case the probe moves at a constant height over the surface of the test sample and 
iT  current changes within the function of the distance between the tip and the sample surface are 
registered. This solution can only be applied in the case of samples with flat surface or when using 
thick scanning tips. Scanning of the protuberances on the surface can cause damage to the  tip, 
whereas concavities cause that the image of the sample is blurred or disappears completely. 

The second solution (more complex) is much better because the tip can move away or get 
closer to the surface of the test sample depending on the shape of the surface. Determining an 
appropriate distance between the tip and the test sample is possible thanks to the use of negative 
feedback (distance – current – voltage adjusting the height of the tip) which is fast enough. Thus, 
the collision of the tip with the surface of the test sample can be avoided, and the resulting has good 
resolution.  

Particularly valuable information concerning the kinetics and homo- and heterogeneous 
processes occurring in close proximity to the surface can be obtained by means of SECM. For this 
purpose, the so called redox mediator is often used. It is in the form of an additive to the test 
electrolyte of the redox couple such as I / I3

-. The products of digestion of inclusions permeate into 
the solution and disturb the balance of the redox mediator. With voltamperometric methods one can 
assess the type of product, its area of influence and the time needed for its production.  
SECM helped determine that as a result of sulfide inclusions (MnS) in stainless steel with acidified 
chloride solution HS- and S2O3

2- ions are formed as indirect products of corrosion. The size and 
shape of individual inclusions can also be determined using SECM. Scanning electrochemical 
microscopy proved to be useful in determining the products of the impact of the metal substrate 
modified with a conducting polymer (polypyrrole) and an electrolytic solution. 
 

Use of the SECM in corrosion research 

Application of SECM to study of the role of TiO2 doping on RuO2-coated electrodes for water 

oxidation reaction 

Recently, Näslund et al. [26] applied SECM to investigate novel electrode materials which were 
obtained by modification of dimensionally stable anodes (DSA) based on the electrocatalytic active 
RuO2, conventionally utilized in industry for electrochemical water splitting into hydrogen and 
oxygen.  

To decrease the energy barrier of this process connected with high overpotential required at 
the anode and to improve the resistance against corrosion, incorporation of TiO2 into the RuO2-
coated electrodes was proposed. SECM substrate generation – tip collection (SG/TC) imaging 
results in Fig. 11 show the three different coating zones of mixed (Ru0.76:Ti0.24)O2 (left), TiO2 
(middle), and the RuO2 (right) applied on the Ti sheet. The lower panel in Fig. 11 presents the 
SECM SG/TC image registered in a situation when the gold UME tip was sensing the 
electrochemical activity as it was scanned over the surface of the sample under study. Places where 
the oxygen evolution reaction (OER) occured on the electrode surface, were revealed.   

Fig. 12a presents comparison between the SECM SG/TC image and the crack pattern 
observed by the optical microscope. One can see the enhanced OER electrochemical activity at the 
places corresponding to the cracks in the RuO2 coating. Fig. 12b shows the current profile at 
SECM, indicated with an arrow in the SECM image in Fig. 12a, compared with the crack location. 

Based on the obtained SECM SG/TC image registered using a gold UME tip for sensing the 
oxygen evolution proceeding on pure RuO2 and TiO2-doped RuO2-coated electrodes revealed the 
higher values of the average current and more evenly distributed electrocatalytic activity for water 
oxidation on the mixed (Ru1-x:Tix)O2-coated electrode where Ru:Ti surface composition was ≅ 
50:50 in comparison to that observed on the pure RuO2-coated electrode. 
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Fig. 11. a) Optical microscopy and b) SECM are shown in the upper and lower panel. The SECM 

SG/TC impage shows the UME tip current registered for the OER activity on the substrate electrode 
composed of the two oxide coatings (Ru0.76:Ti0.24)O2 and RuO2 separated by TiO2, simultaneously 

[26]. 

 
 

Fig. 12. a) Comparison of the SECM image and the crack pattern observed using the optical 
microscope image reveals the enhanced OER activity at the cracks in the RuO2 coating, and b) the 

current profile at SECM scan no. 13, indicated with an arrow in the SECM image in Fig. 12a, 
compared with the crack location. Despite the small width of the cracks from 5 to 15 µm, the plume 

of oxygen gas leaving the cracks in the RuO2 coating will have a size being comparable with a 
diameter of the UME of 100 µm [26]. 

402 Electrocatalysts for Hydrogen Energy



Moreover, the authors proved based on the optical microscope and the SECM images, that on the 
pure RuO2-coated electrode, regions of higher electrocatalytic activity with visible crack pattern, 
were detected. It was suggested that the higher electrochemical activity at the cracks which was 
examined successfully by the SG/TC mode of SECM, was connected with TiO2-doping in the first 
applied layer of RuO2 due to diffusion of Ti from the Ti sheet served as a support.  

 

Application of SECM to detection and quantification of hydrogen fluxes from a corroding 

magnesium alloy 

Local flux of hydrogen from the industrial AM50 die-cast alloy corrosion was investigated using 
SG/TP SECM by Tefashe et al. [11]. The microstructure of this alloy consists of primary α-Mg 
grains along with a network of partially or fully divorced mixture of intermetallic β-Mg17Al12 and 
eutectic Mg. Intermetallic phases of the Al-Mn system were also present in such a microstructure. 
During galvanic corrosion of magnesium in aqueous solutions Mg(OH)2 and H2 are produced. It 
was observed that in sodium chloride solutions  Mg is readily oxidized when galvanically coupled 
with other metals. On the AM50 alloy after immersion in aqueous solution, microgalvanic couples 
between the bulk Mg (noted as α in Fig. 13) and the network of eutectic mixture of the intermetallic 
β-Mg17Al12 and Mg, Al-Mn intermetallic phases  or Fe-containing inclusions, which were reffered 
as β in Fig. 13.  

 

 
 
Fig. 13. Scheme of processes considered in SECM investigation of the aqueous H2 detection during 

Mg alloy corrosion for an active surface [11]. 
 

At the beginning of corrosion process, the α-Mg matrix behavior is typical for the anode with the 
release of Mg2+, while molecular hydrogen is evoluted at the β cathodic sites. It was reported that 
direct monitoring of H2 or H+ fluxes and performing quantitative studies using SECM is difficult 
during the corrosion of Mg alloy, because of the presence of a limited experimental window in 
terms of corrosive solutions and time that is devoid of significant convection effects which originate 
from hydrogen gas evolution and topographical  deviations. However, the investigators found in 
this work experimental conditions of 0.6 M NaCl solution and exposure time below 60 min under 
which using SG/TC mode of SECM, monitoring of the local flux of hydrogen evolution at the 
surface of Mg was possible.  
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Fig. 14. SECM maps showing H2 fluxes from the die-cast AM50 alloy after immersion in a 0.6 M 
NaCl electrolyte for: a) 5 min, and b) 1 h, and c), d) the appropriate histograms of the current 

distribution extracted from the SECM maps shown in Figs. 14 a and b [11]. 
 

 
 

Fig. 15. a) Experimental SECM approach curves for a corroding die-cast AM50 Mg alloy sample 
for the detection of dissolved H2 after different immersion times, b) simulated approach curves for a 
25 µm diameter Pt ME over active sites of different sizes producing a H2 flux of 0.7 mmol m-2 s-1. 

Comparison of experimental approach curves marked as dashed lines and simulated approach 
curves marked as solid lines for time of immersion: c) 30 min and d) 1 h  [11]. 
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The authors imaged the variation in H2 fluxes revealing the time-dependent reaction of corrosion. 
To monitore and quantify the in situ release of hydrogen produced at the β region and intermetallic 
cathodic sites of the AM50, a platinum microelectrode (ME), was applied. Taking into account that 
one mole of corroding Mg is accompanied by the evolution of one mole of H2, a direct comparison 
of the detected hydrogen at the ME to the rate of occuring corrosion was carried out.  

The authors obtained SECM maps (Fig. 14) and multiple SECM approach curves (Fig. 15) 
which allowed to make observations of the time-dependent change of the AM50 alloy surface. The 
registered approach curves were compared to a numerical model to evaluate the magnitude of the 
H2 flux as the active size of hydrogen producing features increased [11]. 
 

Application of SECM to study of interfacial barrier properties of TiO2 nanotube arrays 

Three generations of TiO2 nanotubular arrays obtained by anodization of titanium foil (TiNT) in: (i) 
aqueous acid containing fluoride media, (ii) organic based containing fluoride media, and (iii) 
chloride containing electrolyte, were studied using SECM by Aïnouche et al. [8]. SEM images of 
TiO2 nanotubular oxide layers grown on titanium under different electrochemical conditions are 
displayed in Fig. 16. 

 

 
 

Fig. 16. SEM top and cross-sectional images of TiO2 nanotubular oxide layers grown on titanium at 
the anodization potential of 20 V under different electrochemical conditions: Sample A – 1 wt.% 

HF for 20 min, Sample B – ethylene glycol + 0.3 M NH4F + 0.2 M H3PO4 + 0.15 wt.% H2O for 120 
min, and Sample C – 0.3 M NaCl for 1 min [8]. 

 

 The authors investigated the effect of the electrolyte composition on barrier layer properties 
of TiNT. Correlation between the dimensional aspect of TiNT and the electrochemical 
characteristics was found. Aïnouche et al. [8] also discussed semiconducting properties and 
thickness of TiNT in relation to the electrolyte used for anodization. The authors as first used 
SECM for in situ characterization of surface chemical activity of titanium in chloride solution. The 
SECM investigation revealed the initiation of corrosion pits on titanium in 0.3 M NaCl solution at 
the open circuit potential as well as the surrounding cathodic reaction (Fig. 17). Fig. 17a shows the 
3D SECM image for a titanium surface under such conditions with microcells formed on the 
exposed surface of the sample under study. One can observe numerous anodic and cathodic current 
peaks being characterized by different levels of the current in different active areas. The authors 
stated that the current transients represent the break-down of passivity and can be related to the 
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nucleation process of corrosion pits occuring on the sample surface. As the probable reaction at the 
tip was assigned the oxidation of Ti3+ to Ti4+ on the SECM tip. The released Ti3+ from the locally 
dissolved point on the surface is a pit precursor. The investigators also observed that some anodic 
peaks were succeeded immediately by cathodic peaks, and that both the oxidation and the reduction 
reactions proceeded simultaneously at local pitting sites on Ti surface.  
  
 

 

 
 

Fig. 17. a) 3D SECM image for a titanium surface in 0.3 M NaCl electrolyte at the open circuit 
potential, where x and y axes show an area of 1000 µm by 600 µm, and b) line scan with the 

positive and negative wings of the tip current which passed over and beyond a pit [8]. 
 

 Fig. 17b presents a line scan with the positive and negative wings of the tip current which 
passed over and beyond a pit. Such a behavior is typical for the metal at the open circuit potential 
and can be ascribed to an indirect detection of the cathodic reaction [8]. According to literature, the 
negative wing on the probe current corresponds to a reduced background current [37]. It was also 
shown that far bellow pitting potential, pits may nucleate and propagate there into the metastable 
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state [38]. It should also be noticed that breakdown occured with the same frequency within the 
duration interval of tests.  

 

Summary 

The SECM employs an UME probe (tip) to induce chemical changes and collect electrochemical 
information while approaching or scanning the tested surface. This technique requires minimal 
sample preparation as compared to other spectroscopic techniques. Additional advantage of the 
SECM is possibility of numerical modelling of the image outputs what allows to obtain information 
and analysis of the occurred reaction kinetics. The SECM is particularly useful for testing: the 
microdensity of the anticorrosive galvanic coatings or the ones obtained using paints and as a result 
of adsorption inhibitors, galvanic anticorrosion, composite materials (mainly with regard to their 
corrosion resistance), or mechanisms of electrode processes. The SECM can also be used as a 
complementary method to spectroscopic methods such as XPS, AES and Raman which make it 
possible to register concentration distribution maps on the surface of the tested sample. The SECM 
method plays an important role in the research into the deposition of different microstructures 
which is conducted with the use of a supporting microelectrode. However, the SECM must be 
installed in a place not exposed to vibrations or shock as they cause numerous faults or damage to 
the measuring set. 
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