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A B S T R A C T   

In situ localized electrochemical activity in the Al/Cu galvanic pair at the corrosion potential in an aggressive 
chloride electrolyte was investigated, along with the effect of the organic inhibitors 2-mercaptobenzimidazole 
(MBI) and octylphosphonic acid (OPA) on arresting the corresponding corrosion processes. Scanning electro
chemical microscopy (SECM) and the scanning vibrating electrode technique (SVET) were used to discern local 
anodic and cathodic sites at the surface. The electrochemical activity in the galvanic pair was greatly reduced 
when the copper surface was covered with an MBI-containing film. SECM was successfully applied to visualize 
spatially resolved differences in local electrochemical activity related to the inhibitor action.   

1. Introduction 

To find an effective and reliable corrosion inhibitor for aluminum 
alloy (AA) 2024, which is widely used as a structural material in auto
motive, aerospace and construction industries due to its very high 
strength-to-weight ratio, it is crucial to understand the mechanism that 
governs the corrosion processes and corrosion inhibition. This 
aluminum alloy shows a predominance of copper-rich intermetallic 
particles (IMPs), Al2Cu and Al2CuMg [1,2], with an average size of 7.6 
± 5.2 µm [3]. Interestingly, a similar size is found for the T1 phases 
(Al2CuLi) common in third-generation aluminum-based alloys which 
have higher lithium content, yielding excellent mechanical properties 
although they are susceptible to severe localized corrosion [4–6]. The 
crucial aspects of pit initiation, propagation or repassivation mecha
nisms are still unveiled, but it is widely accepted that the key role is 

played by the microgalvanic coupling existing between IMPs and the 
surrounding matrix. Therefore, addressing and controlling the localized 
electrochemical corrosion response (i.e., accurately measuring the po
tentials and currents) at these sites is particularly challenging. Since the 
degradation of AA2024 is mainly due to the local galvanic coupling 
between the IMPs and the surrounding matrix, a reasonable approach 
would be to mimic the intermetallic phases of the AA2024 system by 
testing a suitable galvanic couple model such as Al/Cu to provide key 
information to understand better the behavior of associated alloy 
systems. 

Heterocyclic organic compounds containing nitrogen, sulfur, phos
phorus and oxygen atoms are widely recognized as protecting metals 
from dissolution due to the ability of these heteroatoms to readily form 
bonds with metals such as aluminum [7–9] and copper [10–13]. The use 
of organic inhibitors is of immense technical value in corrosion 
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protection, which is reflected not only in inhibiting the dissolution of 
metal substrates, but also in providing anchoring points for the chemical 
bond between the metal oxyhydroxide and polymer coatings. We have 
previously shown [14], using classical electrochemical techniques and 
surface characterization methods, that 2-mercaptobenzimidazole (MBI) 
is a good inhibitor for Cu but not for Al, whereas octylphosphonic acid 
(OPA) behaves in an opposite way. In addition, although OPA itself did 
not efficiently inhibit Cu corrosion, it synergistically boosted copper 
inhibition when added to MBI [15]. It was revealed that the presence of 
chloride ions significantly promotes the synergistic effect because they 
play a dual role in the formation of a thick inhibitory film on copper, i.e., 
chloride ions simultaneously act as promoters and reactants, excluding 
their pure catalytic role [16]. 

Most of the knowledge on electrochemical corrosion and the pre
diction of materials performance is still gathered from conventional 
electrochemical techniques. However, these methods provide limited 
information on the electrochemical behavior at corrosion initiation sites 
or defects and lack sufficient spatial resolution (i.e., they provide in
formation on the corrosion rates averaged over the entire surface), 
which is a key element of a rigorous mechanistic understanding. Scan
ning microelectrochemical techniques, such as the scanning vibrating 
electrode technique (SVET) and scanning electrochemical microscopy 
(SECM), fill this gap by providing in situ electrochemical information 
about the reactivity of corrosion processes simultaneously resolved in 
space and time. Although SVET is very powerful at distinguishing be
tween anodic and cathodic sites in a corrosion system, it is virtually 
incapable of chemically discerning the species involved. On the other 
hand, SECM is a very attractive technique capable of obtaining high 
electrochemical resolution and specificity since the measuring probe can 
be configured to specifically monitor a certain chemical species. 
Therefore, it has found application for microscopic chemical imaging, 
where the pixels of the final image are obtained by successive local 
measurements throughout a raster scan. The oxygen reduction reaction 
(ORR) and hydrogen evolution reaction (HER) can be monitored by 
redox conversion using amperometric SECM, since their corresponding 
conversion potentials at a platinum tip lie within the stability range of 
water [17–19]. Additionally, the probes can image and distinguish be
tween insulating and conducting areas, as well as reactive and passive 
sites, which can be exploited to study the corrosion resistance of samples 
treated with an inhibitor and their hampered reactivity due to the 
presence of an inhibitor film. 

Several corrosion and inhibitor studies have already been carried out 
on Al/Cu galvanic coupling systems involving the use of micro
electrochemical techniques, in particular SVET and SECM [20–28]. 
Snihirova et al. [20] observed the synergistic effect of several organic 
mixtures on an Al/Cu/Mg model, among which the greatest synergy was 
found for the mixture of 2,5-dimercapto-1,3,4-thiadiazolate (DMDT) +
8-hydroxyquinoline (8-HQ). Another inhibitory effect was revealed by 
Coelho et al. [24] on the Al/Cu model for the combination of 1,2,3-ben
zotriazole (BTA) and CeCl3. The authors suggested that a protective 
phase of Ce(OH)3 precipitated on a previously formed Cu-BTA film. The 
local distribution of current densities and pH values before and after the 
corrosion inhibition by cerium cinnamate was measured in coupled 
Al2Cu/Al and Al3Fe/Al models [21]. While adsorbed cerium cinnamate 
mainly influenced the corrosion inhibition on Al3Fe/Al, the precipita
tion of cerium oxide/hydroxide inhibited activity on Al2Cu/Al surface. 
Izquierdo et al. [27] investigated the cathodic inhibition of the Fe/Cu 
galvanic couple with the BTA inhibitor by dual potentiome
tric/amperometric operation in SECM and SVET. The results revealed 
that the BTA-containing layer formed on the Cu surface shifted the 
cathodic sites to the less noble iron surface, originally the anodic site, 
rendering Cu electrochemically inactive. While this effect is quite ex
pected for inhibited galvanic surfaces and has a basis in electrochemical 
theory, the same effect is not reported to occur on bare galvanic coupling 
substrates. The literature also reports research on other galvanic sys
tems, including Au/Cu [25], Fe/Mg [29], Cu/Ti [30], Zn/Cu [31] and 

Zn/Fe [22,32]. 
In this study, we contribute to advancing the understanding of 

activation and inhibition effects on surface properties through detailed 
in situ localized monitoring and characterization of film formation and 
degradation of the MBI and OPA corrosion inhibitor layers formed at the 
metal-liquid interface of an Al/Cu galvanic couple. For this purpose, 
three different operating modes of the SECM were used, namely the 
substrate generation-tip collection (SG-TC), redox-competition (RC) and 
feedback modes. Hydrogen evolution has been observed from propa
gating pits on aluminum, while an oxygen reduction response was 
recorded on copper at the free corrosion potential in the presence of an 
aggressive electrolyte such as 0.5 M NaCl. Additionally, SVET was used 
as a complementary method to the experiments performed with SECM. 

Evidence of anomalous cathodic activity in the vicinity of the 
corroding pits has been found on the surface of anodically-activated Al 
(i.e., Al that is galvanically coupled to Cu), with SVET and the RC mode 
of SECM. Furthermore, we describe some possibilities and limitations 
regarding using the SECM for measurements on an Al/Cu galvanic pair, 
depending on whether there is active galvanic interaction under phys
ical or only electrical contact. Additionally, the conditions under which 
the tip of the Pt microelectrode is blocked due to the adsorption of in
hibitor molecules or the precipitation of corrosion products in the im
mediate vicinity of the metal-electrolyte interface are presented, and an 
adequate experimental setup is proposed to avoid this undesirable 
effect. 

We believe that this work yields significant advances in basic 
research related to electrochemical phenomena at metal-electrolyte in
terfaces that will solve some important practical problems. These are 
mainly the unhindered monitoring of complex corrosion processes, as 
well as the discovery of new effective inhibitor molecules applied to 
galvanic systems that will contribute to the final protection of AA2024, 
which is an indispensable material in the automotive and aeronautical 
industry. 

2. Methods 

2.1. Materials, substrate preparation and chemicals 

To investigate the interaction between corrosion inhibitors and the 
matrix and Cu-rich intermetallic particles in Al alloys, a simple galvanic 
coupling model consisting of an aluminum/copper (Al/Cu) pair was 
built. Fig. S1 illustrates the working electrode prepared from Al (99.0 %) 
and Cu (99.9 %) pure metals purchased from Goodfellow. The diameter 
of the Al disc was 14 mm. A 5 mm diameter hole was drilled in its center, 
into which the copper disc was mechanically inserted. The assembly of 
the two metals originated a perfectly joined interface, avoiding crevice 
formation and surface defects. Once prepared, this physically-connected 
Al/Cu sample was mounted into an insulating Epofix (Struers, Ballerup, 
Denmark) resin sleeve (cf. Fig. S2a in the Supplementary material). A 
second type of Al/Cu sample was mounted on an epoxy resin consisting 
of physically separated Al and Cu disks (Fig. S2b). For the galvanic 
coupling experiments, the two electrodes embedded in the resin could 
be electrically connected at the back of the mount. Before SVET and 
SECM measurements, these samples were ground in water with SiC 
paper to 4000 grit. The resulting surfaces were ultrasonically cleaned in 
absolute ethanol for 3 min, rinsed thoroughly with Millipore deionized 
water and dried under nitrogen gas flow. The electrochemical cell was 
constructed by gluing a cylindrical plastic body onto the epoxy resin, 
creating a small flat cell with an internal volume of approx. 4 mL. The 
sample was located at the bottom of the measuring cell, thus exposing 
the upper surface upwards to the test solution, as shown in Fig. S3. In 
this case, the samples could be studied using scanning electrochemical 
techniques and treated with the inhibitors in the same small cell after 
electrolyte exchange. The chemicals used for Cu and Al modification 
were sodium chloride and sodium perchlorate as aggressive and back
ground electrolytes (reagent grade, supplied by Fisher Scientific), and 2- 
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mercaptobenzimidazole (MBI, 98% purity, supplied by Sigma Aldrich) 
and octylphosphonic acid (OPA, p 98 % purity, supplied by Ark Pharm, 
Inc.) as corrosion inhibitors. All reagents were used as received without 
further modification. 

2.2. SVET instrumentation and experimental procedure 

The Scanning Vibrating Electrode Technique (SVET) (Fig. S3a) was 
used to detect local anodic and cathodic activities above the Al/Cu 
galvanic pairs spontaneously corroding at the free corrosion potential. 
SVET detects electrochemical information in the form of small potential 
variations in the solution, which are associated with the ion fluxes due to 
oxidation and reduction reactions occurring at the active surface [23, 
33]. SVET experiments were performed using a system manufactured by 
Applicable Electronics Inc. (Forestdale, MA, USA). The vibrating probe 
consisted of Pt/Ir (80 %/20 %) wires insulated with Paralene C® except 
for the tip, which was platinized to produce a spherical deposit of 
platinum black with a diameter of 20 µm which served as the sensor. 
Two Pt wires placed in the bulk of the solution were employed as signal 
and reference electrodes. Since MBI is known to adsorb on Pt, resulting 
in partial blockage of the active surface of the probe [34], its stability 
and reproducibility were regularly checked by monitoring its capaci
tance to vary less than 10% from the value obtained after platinization. 

Our focus was not on monitoring the whole surface but mainly on the 
Al/Cu interface and near interface regions. The analysed region is 
representative of the Al/Cu interface as checked by inspection under an 
optical microscope after completing each experiment. The mapping of 
the electrochemical activity was carried out in a constant height regime 
with an average distance of 100 µm between the microelectrode and the 
sample surface, which was determined using a video-microscope system. 
In addition to establishing the tip-sample distance, the video-camera 
was also used to monitor the movement of the vibrating electrode 
over the sample during operation and to record optical images of the 
substrate surface in situ. The measurements were made with the elec
trode tip vibrating normally and parallel (frequencies of 170 and 70 Hz, 
respectively) to the sample embedded horizontally in the epoxy resin 
and facing upwards (the electrochemical cell is shown in Fig. S3a). 
Microelectrochemical measurements were performed at room temper
ature under naturally aerated conditions in 10 mM NaCl solution con
taining a 1 mM concentration of the MBI or OPA inhibitors or simply in a 
10 mM NaCl solution. The pH of MBI-containing NaCl was 5.5, and that 
of OPA-containing was adjusted to 7 [14,15]. 

The Al/Cu pair samples used for the SVET measurements were of the 
type with the physical connection between the Al and Cu metals. The in 
situ measurements of corrosion inhibition consisted of two steps: first, 
the measurement cell was filled with a solution of composition 1 mM 
MBI or OPA + 10 mM NaCl solution (thus conforming a reservoir of the 
inhibitor) for 24 h, and next the solution was replaced with 10 mM NaCl 
(that is, without inhibitor reservoir) for 12 h. The electrochemical ac
tivity was monitored throughout the complete immersion period. 
Additionally, a control sample (blank) was monitored for corrosion in 
10 mM NaCl for 12 h. 

2.3. SECM instrumentation and experimental procedure 

SECM measurements were performed with a Sensolytics scanning 
electrochemical microscope (Bochüm, Germany). The system was 
placed inside a Faraday cage placed on a vibration isolation table to 
prevent electrical and acoustic noise as well as mechanical vibrations. 
The electrochemical interface was a bipotentiostat; however, the system 
was always operated in the three-electrode configuration in which the 
Al/Cu couple sample was left unbiased (i.e., the samples were at their 
corresponding OCP or mixed galvanic potential) during measurements. 
A commercial platinum microelectrode of 10 µm-radius was used as the 
working electrode. The size of the SECM tip defines the spatial resolu
tion of the measurements. An Ag/AgCl, KCl (sat.) and platinum wire 

were employed as a reference and auxiliary electrodes, respectively, 
completing the electrochemical cell (Fig. S3b). Unless otherwise stated, 
all potentials values in the manuscript are referred to this reference 
electrode. The distance between the tip and the substrate was deter
mined by slowly approaching the tip towards the surface of the Al/Cu 
sample over the resin area surrounding the metals, and simultaneously 
recording the approach curve (i.e., the measured current at the micro
electrode vs. Z displacement of the tip) operated in negative feedback 
mode. For that purpose, ferrocene-methanol (FcMeOH, 0.5 mM) dis
solved in the NaClO4 (0.1 M) test electrolyte acted as an electrochemical 
mediator at the tip. To enable the oxidation of the ferrocene-methanol, 
the tip was held at a constant potential of + 0.50 V (Ag/AgCl), corre
sponding to the oxidation of the iron core of the complex from Fe(II) to 
Fe(III). From fitting the measured negative feedback plot to the theo
retical model, for which the reduction of the mediator on the surface was 
assumed to be under kinetic control, the exact distance between the tip 
and the sample was determined. During the recording of the approach 
curve, the microelectrode was stopped when the measured tip current 
was equal to 50 % of the diffusion-limited current in the bulk of the 
electrolyte. Therefore, according to the fitting procedure, the micro
electrode was placed 10 µm above the substrate. This value was taken as 
the operating distance for SECM mapping without any additional 
retraction of the tip from the surface. Sufficiently high surface resolution 
is achieved by selecting significantly smaller areas for imaging and 
rasterizing the tip over the sample at heights equal to one tip diameter or 
below. Since MBI is known to adsorb on Pt, resulting on partial blockage 
of the active surface of the microelectrode [35], the stability and 
reproducibility of the tip were regularly checked by recording a cyclic 
voltammogram in the 0.5 mM FcMeOH + 0.1 M NaClO4 test electrolyte. 

The tip potential was set at different values to monitor the local 
concentrations of the different species involved in the corrosion process. 
The effect of the negative feedback character was used to monitor the 
formation of insulating films on metal surfaces, revealing the effec
tiveness of corrosion inhibition. The experiments performed in feedback 
mode were carried out with the tip potential set at + 0.50 V using 
FcMeOH in solution as a mediator. In the case of an insulator, the 
proximity to the sample surface hindered the diffusion of the mediator to 
the measuring tip, resulting in the measurement of a smaller current at 
the tip than in the bulk of the electrolyte. The sample generation/tip 
collection (SG/TC) mode was used without adding a redox mediator to 
the solution. Since corroding aluminum releases H2 molecules from the 
anodic sites (i.e., pits), this species can be imaged directly on the Pt tip 
when biased at an appropriate potential value. Therefore, the micro
electrode was biased at 0.0 V to image the currents corresponding to the 
oxidation of H2 to H+ ions. On the other hand, SECM could also monitor 
the reduction of dissolved oxygen in the so-called redox competition 
mode after the tip was biased at − 0.70 V (vs. Ag/AgCl). In this mode, 
the sites consuming oxygen on the sample will compete for ORR with the 
biased microelectrode, resulting in the measurement of smaller currents 
at the tip. It should be emphasized that the currents measured at the tip, 
which come from the electroreduction of oxygen or the oxidation of 
ferrocene-methanol, are sensitive to the distance from the tip to the 
substrate and to the diffusion of the chemical species; hence the surface 
topography can influence the measurements as if it were a negative 
feedback effect. 

All measurements were made by moving the tip in an XY plane 
parallel to the sample at a fixed height, even when the tip passed over a 
defective area, in which case the substrate surface was effectively at a 
greater distance from the tip. In situ images were acquired by moving the 
microelectrode in a raster-type motion. Line scans were acquired in the 
zig-zag scan direction (i.e., meander pattern) using a step/acquisition 
scheme where successive lines along X and Y were shifted by 5 µm and 
25 µm, respectively. The scan rate was 30 µm s− 1. Two types of Al/Cu 
samples were used, with the Al and Cu metals either in direct physical 
contact or physically separated, as described above (Fig. S2). In the 
latter case, the separation between the two metals was sufficient to 
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prevent any eventual product formed on one metal from altering the 
local chemistry of the other. For these samples, the electrical coupling of 
the two metals was established with metal wires protruding at the back 
of the epoxy resin. Inhibitory films were prepared ex situ with regards to 
the Pt tip, that is, after removal of the Pt tip from the measurement cell. 
This procedure was adopted to avoid any potential interaction of the 
inhibitor molecules with the Pt probe that would modify the electro
chemical response of the probe. Then, the inhibitor treatment on the Al/ 
Cu surface facing upwards in the measuring cell was carried out by 
pouring a solution containing the chloride electrolyte and the 

corresponding inhibitor. The in situ SECM measurements were per
formed with the Pt tip immersed in an inhibitor-free solution, and the 
test electrolytes were 0.5 mM FcMeOH + 0.1 M NaClO4 for the feedback 
measurements and 50 mM NaCl for the measurements carried out in the 
SG/TC and redox-competition modes. 

Fig. 1. SVET maps (left) recorded on an aluminum-copper galvanic couple immersed in 10 mM NaCl, and optical micrographs (right) taken just before the cor
responding SVET measurements. The recording of the maps was initiated after: (a) 1 min, (b) 6 h and (c) 12 h immersion of the sample in the electrolyte solution. 
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3. Results and discussion 

3.1. Visualization of local activation in the Al/Cu galvanic coupling: 
SVET characterization 

3.1.1. The activity of Al/Cu in chloride solution 
SVET analysis was performed on a specimen consisting of aluminum 

and copper surfaces conformed to maintain physical contact, and images 
were taken of areas around the boundary region between the two 
metals. Fig. 1 shows the ionic current distributions for physically con
nected Al/Cu immersed in an aerated 10 mM NaCl solution for different 
exposure times, i.e., 1 min, 6 h and 12 h, in the absence of inhibitor. Less 
concentrated solutions where selected for SVET measurements 
compared to SECM experiments (where 50 mM NaCl was chosen), 
because the sensitivity of SVET for measuring ionic current density is 
compromised by high electrolytic conductivity. The observed positive 
currents are due to the flux of Al3+ ions released from the aluminum 
surface, eventually leading to the hydrolysis of the metal and the release 
of hydrogen ions:  

Al ⟶ Al3+ + 3e− (1)  

Al3+ + 3 H2O ⟶ Al(OH)3 + 3 H+ (2) 

It is found that the anodic activity in the aluminum sample is not 
evenly distributed but is localized near the copper surface, with 
extremely high currents, up to a maximum ionic current density of 
320 µA cm− 2, which evidences the formation of a corrosion pit (Fig. 1a). 
This is not surprising since aluminum is known to be susceptible to 
localized corrosion attack in the presence of Cl− , leading to the break
down of the passive film [36–38]. The galvanic coupling of aluminum to 
copper leads to the relocation of cathodic activity from aluminum to 
copper, where it is evenly distributed over the entire metal surface. 
Negative ionic current densities up to − 52 µA cm− 2, measured at the 
copper surface, result from the flow of hydroxide ions generated by the 
reduction of dissolved oxygen, responsible for the alkalinization of the 
electrolyte near the reactive site:  

O2 + 2 H2O + 4e− ⟶ 4OH− (3) 

Interestingly, a near-neutral behavior was observed on the cathodi
cally activated copper within the Al/Cu interface very close to the 
anodic activity (Fig. 1b and c), which can be attributed to the 
compensation of the cathodic ionic current density due to Al3+ cations 
departing from the aluminum surface (reaction 1) as a result of the 
dissolution reaction within the pits and their subsequent diffusion into 
the electrolyte. Furthermore, the observation of cathodic activity can be 
blocked or significantly hindered by the consumption of OH− species 
due to coupled metal hydrolysis (i.e., reaction 2), as shown in the optical 
micrographs in Fig. 1b and c. The evolution of electrochemical activity 
with the time of exposure in the chloride solution, as monitored by the 
successive ionic current maps in Fig. 1, reveals that local anodic sites 
dynamically change location or disappear with immersion time. This 
can be explained by two hypotheses: (i) the repassivation of existing pits 
and the initiation of new pits can occur (cf. Fig. 1a and b, as well as 
Fig. S4a and b in the Supplementary material), and (ii) the surface can be 
progressively blocked by the precititation of corrosion products due to 
the proximity of the cathodic region. More corrosion products were 
deposited at the interface between the metals Al and Cu after 12 h of 
immersion in the chloride solution than in earlier stages of the corrosion 
process, i.e. after 1 min and 6 h of immersion (cf. Fig. 1), indicating the 
progression of corrosion over time. 

Generally, pitting corrosion occurs in a series of consecutive steps 
[38]. After the nucleation stage, the pit can either immediately repas
sivate, or it can propagate further. The propagation of a corrosion pit 
requires the accumulation of an aggressive environment inside the pit, i. 
e., a local saturation with aluminum chloride; otherwise, repassivation 

occurs. If the current is high enough and/or the site is sufficiently 
occluded (less open pit sites), the pit can grow for a longer period, and 
this stage is called metastable pit growth. The metastable pit propagates 
under a diffusion-controlled process. The electrode reaction in the mass 
transport limited region is assumed to be:  

Al(s) + 3Cl− (aq) ⟶ AlCl3(s) + 3e− (4) 

thereafter forming a layer of anhydrous AlCl3 salt that covers the 
metal [39]. Aluminum chloride dissolves at the salt/electrolyte inter
face, and aluminum ions are then transported into the bulk solution. 

The SVET is not effective in distinguishing pitting stages, but it 
provides valuable information on activation-passivation phenomena 
that occur on longer time scales, visible on successive maps. Scanning 
electrochemical microscopy is more suitable for the detection of 
nucleation and metastable stages due to the small distance between the 
tip and the hot spot on the substrate surface [40]. To be correctly 
detected by SVET, a pit must remain active for a period longer than the 
time taken for an individual SVET scan (here around 30 min). This im
plies that all anodic pitting visible in Fig. 1 is stable, since metastable 
pitting events for AA2024 are typically much shorter than 60 s [41]. Pit 
1 seems to repassivate relatively quickly, as it was not detected during 
the following scan obtained after 30 min of immersion (Fig. S4a). 
Furthermore, we suggest that pits 2 and 3 in Fig. 1a propagate over time, 
which can be deduced from the pits 2 and 3 of Fig. S4a, b and of Fig. 1b, 
where the pit current densities and sizes are much higher than in Fig. 1a. 
In addition, a decrease in the rate of stable pitting (the pits 2 and 3) with 
exposure time (after 12 h of immersion) was observed in Fig. 1c. 

Another characteristic of pitting corrosion herein observed was the 
evolution of gas bubbles from anodically active corrosion sites (i.e., the 
pitting sites) at the Al/Cu interface (see Video 1), which are attributed to 
hydrogen evolution following electroreduction of hydrogen ions: 

Supplementary material related to this article can be found online at 
doi:10.1016/j.corsci.2023.111114. 

Such a cathodic process has been reported to evolve from anodically 
activated sites in AA2xxx aluminum-based alloys, giving rise to 
discontinuous corrosion and severe localized corrosion (SLC) phenom
ena [4–6]. This behavior has been associated primarily, but not exclu
sively, with the presence of T1 phase particles, involving lithium 
dealloying, copper enrichment, detachment and reprecipitation phe
nomena. Hydrolysis (reaction 2) and hindered diffusion at the mouth of 
(partially) covered pits are known to promote local acidification, thus 
initiating reaction (5), with attack progressing at grain boundaries 
accompanied by reprecipitation of T1 phase components (such as cop
per) in those alloys. Although the mechanism has not yet been fully 
revealed, it appears that, interestingly, at locations where the naturally 
occurring layer of aluminum oxide has been locally depassivated (i.e., at 
the active anodic site), there is a sufficient overvoltage for the evolution 
of hydrogen (cathodic process) due to the large difference between the 
reversible potentials for aluminum oxidation and hydrogen evolution 
[42]. This fits well with the trend observed here for pure aluminum to 
behave as a sacrificial anode, with no exposed intermetallic particles. 
The fact that, despite the cathodic activity being supported by the large 
copper surface, the bubbles form precisely at the boundary suggest that 
the hydrolysis and local acidification at the locations where the Al3+ and 
OH− ions from reactions (1) and (3) get together plays a major role in 
surface activation and hydrogen evolution during aluminum dissolu
tion. This phenomenon will be elaborated in more detail in the Section 
2.2.  

2 H+ + 2e− ⟶ H2 ↑ (5)                                                                       

As a consequence, ionic current densities and pit sizes may be erro
neous due to underestimation of the true anodic pit current due to H2 
evolution inside the pits; jnet = ja − |jH2 |. In the literature, it was re
ported that the true anodic pit current could be 15–20 % larger than the 
measured anodic pit current [39,43,44]. The cathodic currents 
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corresponding to hydrogen evolution are masked by larger anodic cur
rents resulting from the oxidation of aluminum. That is the main limi
tation of SVET, along with the inability to identify the species causing 
the ionic flow. 

3.1.2. Corrosion inhibition of the Al/Cu system in MBI-containing solution 
The electrochemical activity of Al/Cu was significantly reduced 

when the copper surface was treated with the MBI inhibitor, as shown by 
the ionic current density range shown in Fig. 2a and b. At the early stage 
of corrosion inhibition, i.e. after 1 min of immersion in a solution of 
1 mM MBI + 10 mM NaCl (with inhibitor reservoir), both the anodic 
and cathodic reactions were suppressed, supporting that the MBI in
hibitor was (almost) instantly effective (see Fig. 2a, and Fig. S5a in the 
Supplementary material). Moreover, no pitting was observed, with the 
anodic ionic currents being homogeneously distributed with values 
close to the background noise. For copper, the MBI molecule has been 
shown to exhibit high corrosion inhibition efficiency in near-neutral 
chloride solutions [12,15,16,35,45–47], acting as a mixed-type inhibi
tor (anodic and cathodic), with a stronger anodic effect, while the thi
ol/thione group does not adsorb on Al surfaces [7]. Thereafter, a thin 
layer is believed to develop on the copper, partially isolating its active 
sites from the environment, thereby preventing the cathodic reaction 
and, consequently, the sacrificial anodic dissolution in the galvanic 
system. Under such circumstances, it was expected that the copper 
surface would become so effectively blocked by the thicker Cu-MBI layer 
that the cathodic reaction should take place quantitatively on the 
aluminum surface along with the anodic sites. However, the strong 
driving force favored that the weak electrochemical activity was mostly 
distributed by exhibiting anodic behavior on Al, while some unblocked 
sites on copper still sustained localized cathodic activity up to 

− 10 µA cm− 2 (Fig. 2a). After 24 h immersion in the chloride solution 
containing MBI (Fig. 2b, S5b), the cathodic activity on the copper was 
rather homogeneously distributed, although still limited to 
− 6 µA cm− 2, while most of the aluminum surface remained passive 
except for a localized anode at the boundary between the two metals, 
that exhibited a maximum ionic flux of 1.6 µA cm− 2. From inspection of 
the corresponding optical image (shown in Fig. S5b in the Supplemen
tary material), it is likely that the growth of corrosion products in this 
area promotes local acidification, which could increase the aggressive
ness of the environment after prolonged exposure, leading to local 
anodic activation. 

Organic inhibitors usually provide limited protection in situ and 
even less after the metal substrate is removed from the solution con
taining the inhibitor. Therefore, after 24 h of in situ measurements in the 
MBI reservoir, the cell was quickly washed with distilled water to 
remove traces of inhibitor and then filled with a 10 mM NaCl solution to 
determine the effectiveness against corrosion in a chloride environment 
containing no MBI reservoir. At the early stage of immersion in a 
chloride-containing solution, i.e., after 1 min of immersion (Fig. 2c, 
S5c), the ionic current density range increased compared to the solution 
containing MBI (Fig. 2b). However, the ionic current densities were 
significantly lower than in the case of the blank sample (Fig. 1). With 
time exposure to the chloride solution, i.e., after 12 h of immersion 
(Fig. 2d, S5d), the currents remained low, indicating moderate retention 
of inhibitory properties. Notably, no pit formation was observed to 
progress into the propagation stage even after 12 h immersion in 10 mM 
NaCl. 

3.1.3. Corrosion inhibition of Al/Cu system in OPA-containing solution 
When the Al/Cu pair was treated with OPA (see Fig. 3a and b), the 

Fig. 2. SVET maps recorded on an aluminum-copper galvanic couple during its immersion in (a,b) 1 mM MBI + 10 mM NaCl at selected exposure times: (a) 1 min 
and (b) 24 h. Subsequently, the inhibitor-containing solution was replaced with 10 mM NaCl and SVET maps were recorded after (c) 1 min and (d) 12 h in the 
inhibitor-free solution. 

D.K. Kozlica et al.                                                                                                                                                                                                                              



Corrosion Science 217 (2023) 111114

7

ionic current densities decreased compared to the untreated sample 
(blank) (cf. Fig. 1), but not as significantly as in the case of the treatment 
with MBI (Fig. 2). First, after 1 min immersion in 1 mM OPA + 10 mM 
NaCl solution, the full range of ionic current density extended from 
− 34.6 µA cm− 2 to 17.4 µA cm− 2 (Fig. 3a, S6a), then fairly localized 
anodic currents after 24 h immersion increased to 21.6 µA cm− 2, but 
with no trace of pitting, while the cathodic currents slightly increased to 
− 25 µA cm− 2 (Fig. 3b, S6b). These rather higher cathodic current 
densities, compared to the MBI treatment, can be explained by the fact 
that OPA does not have any inhibitory properties against Cu corrosion 
[15]. Therefore, the copper surface can still expose active sites where 
oxygen can be reduced (reaction 3), which demands electrons from the 
aluminum surface. However, OPA is recognized as a satisfactory inhib
itor for Al [7–9,48], which prevents the oxidation of aluminum, leading 
to the fact that no pitting of Al was observed. However, the driving force 
resulted in significant anodic ionic currents recorded at the Al side of the 
Al/Cu interface, revealing limited inhibitory efficiency under galvanic 
connection. 

Fig. 3c and d show the ionic current density distribution recorded 
over the Al/Cu sample after replacing the OPA solution (inhibitor 
reservoir) with 10 mM NaCl (without inhibitor reservoir), following the 
same procedure employed above in the case of the experiments with 
MBI. After 1 min of immersion (Fig. 3c, S6c), the range of ionic current 
densities increased significantly compared to the OPA-containing solu
tion (Fig. 3b), while cathodic currents were comparable to the untreated 
system (blank) (Fig. 1). Interestingly, the ionic current density range 
decreased significantly after 12 h of immersion in 10 mM NaCl (see 
Fig. 3d, S6d), with ionic currents even smaller than those observed after 
24 h of immersion in the OPA reservoir solution (Fig. 3b). Indeed, no 
propagating pits were observed on the aluminum surface, likely due to 
protection by the deposition of corrosion products. The results support 

that MBI is a much more effective inhibitor for reducing Al/Cu corrosion 
than OPA. In principle, the galvanic corrosion should be limited by the 
cathodic reaction (i.e. ORR in a near-neutral solution) on the copper 
surface [23]. Given that the MBI met these expectations, it looks 
promising for possible application in a more complex system like the 
2024 aluminum alloy. 

3.2. Chemical and surface characterization of the Al/Cu system by SECM 

A Pt microelectrode with a diameter of 10 µm was used as the SECM 
probe for the investigation of the Al/Cu system. The diffusion steady- 
state current density is governed by the mass transfer of R (i.e., 
reduced species) in solution to the probe (as given by the Cottrell 
equation, iT,∞ = 4nFDca, where n is the number of electrons passed per 
mole of the reactant, F is the Faraday constant, D is the diffusion coef
ficient of the reactant, c is the concentration of the reactant in solution, 
and a is the radius of the microelectrode. Hence, the limiting current is 
proportional to the sensed concentration of the electroactive species, but 
also to the thickness of the diffusion layer [19]. The SECM probe was 
first characterized by performing the cyclic voltammogram shown in  
Fig. 4a, taken at a scan rate of 10 mV s− 1 in 0.5 mM ferrocene-methanol 
(FcMeOH or abbreviated Fc) mediator + 0.1 M NaClO4 electrolyte. A 
single voltammetric wave was observed at potentials more positive than 
0.20 V, corresponding to the oxidation of ferrocene (Fc) to ferrocinium 
(Fc+), i.e., effectively a Fe(II)/Fe(III) redox conversion. From inspection 
of the sigmoidal (S-shaped) curve, a potential equal to + 0.50 V vs. 
Ag/AgCl was selected to perform approach measurements while pro
moting the oxidation of the redox mediator under a diffusion-limited 
regime. 

Changing the mediator concentration and/or its mobility within the 
diffusion layer next to the probe, as expected when approaching the 

Fig. 3. SVET maps recorded on an aluminum-copper galvanic couple during its immersion in (a,b) 1 mM OPA + 10 mM NaCl at selected exposure times: (a) 1 min 
and (b) 24 h. Subsequently, the inhibitor-containing solution was replaced with 10 mM NaCl and SVET maps were recorded after (c) 1 min and (d) 12 h in the 
inhibitor-free solution. 
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surface of the substrate, enables to determine the position of the sample 
(along the Z axis) from the Pt tip [49]. For this purpose, the faradaic 
current is monitored as the biased Pt tip approaches (moves in the Z 
direction) towards the surface (Fig. 4b). Once the Pt tip reaches dis
tances very close to the sample surface, the diffusion of Fc is hindered, 
and the currents recorded by the tip will vary greatly from the steady 
diffusion-limited current, depending on whether the sample is an insu
lator or a conductor, as well as its tendency towards charge transfer. As 
represented in Fig. 5, when the substrate is insulating or any other 
hindrance to fast electron exchange occurs (such as an efficient passive. 

layer or inhibitor film), the diffusion of R (Fc) to the tip will be 
partially blocked, and therefore smaller feedback currents will be 
measured as the tip approaches the substrate (i.e. negative feedback in 
Fig. 5a and b). On the other hand, in the case of a conductive substrate 
which also presents adequate physicochemical characteristics (namely 
surface potential and fast electron transfer kinetics), the oxidized form O 
(Fc+), formed at the tip, can be reduced (i.e. regenerated) at the sub
strate, producing R (Fc), which diffuses back to the tip. Consequently, iT 
becomes larger than when the tip is far away (d ⟶ ∞) from the sub
strate, i.e. iT > iT,∞. This increase in current is called positive feedback 
(Fig. 5a and c) [17–19]. In both cases, the smaller d, the greater the 

“feedback” effect on the current. Thus, the ratio iT/iT,∞ can be used as a 
measure of the distance, d, between the tip and the substrate and as an 
indicator of the nature (insulating or conducting) of the sample [50]. In 
this work, approach curves were always recorded over the resin sub
strate in the sample, thus effectively recording a negative feedback 
behavior. To prevent the tip from touching the surface, the approach 
curve was controlled by stopping the microelectrode when the measured 
current was reduced to half of the limiting current in the bulk electro
lyte. In this way, the electrode was located in close proximity to the 
sample. After setting the tip-substrate distance to about 10 µm, all 
remaining experiments were performed while keeping the Z-position 
constant, also while scanning the Al/Cu sample along the X and Y axes to 
obtain maps of the surface. 

3.2.1. Local corrosion in the Al/Cu system in physical contact 
In situ localized electrochemical reactivity of the Al/Cu surface in 

50 mM NaCl solution at free corrosion potential was monitored by SECM 
under amperometric operation. First, SECM was used in the substrate 
generation-tip collection (SG/TC) mode to image active sites on the 
surface of Al galvanically and physically coupled to copper. In this case, 
the platinum (Pt) tip oxidizes the H2 evolving from the corroding surface 

Fig. 4. (a) Cyclic voltammogram of a Pt 
microelectrode in a 0.5 mM ferrocene-methanol 
+ 0.1 M NaClO4 solution. Ferrocene-methanol 
(FcMeOH) oxidizes above ca. + 0.2 V to form 
the ferrocenium ion (Fc+). The diffusion 
limiting current measured was 0.48 nA. (b) 
Approach curve measured at the SECM-tip 
biased at + 0.50 V in 0.5 mM FcMeOH 
+ 0.1 M NaClO4 solution. The curve was 
recorded by placing the tip over the resin sur
face to obtain the characteristic negative feed
back effect. This curve is given in dimensionless 
form by plotting IT = iT/iT,∞ (i.e., the tip current 
normalized by the current far from the sub
strate) as a function of L = d/a (the tip–sub
strate distance normalized by the tip radius). 
The arrow indicates the direction of movement 
of the microelectrode.   

Fig. 5. Basic principles of scanning electrochemical microscopy (SECM) operating in the feedback mode: (a) when the tip is located far from the substrate, diffusion 
leads to the measurement of steady-state current at the tip, iT,∞; (b) when the tip is placed in the vicinity of an insulating substrate, hindered diffusion leads to the 
measurement of a tip current iT < iT,∞; (c) when the tip is placed in the vicinity of a conductive substrate, the combination of mediator diffusion and regeneration 
leads to iT > iT,∞. The current transients included in (b,c) show the current measured at the tip during its approach to the surface (approach stage) followed by 
subsequent retrieval (retreat stage) after reaching a minimum tip-substrate distance to avoid physical contact with the substrate. 
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when biased at 0.0 V (Fig. 6a) [51,52]. The corresponding SECM map 
shown in Fig. 7a evidences the local detection of molecular hydrogen 
generated on the aluminum surface due to electrochemical activity (i.e., 
the corrosion process), and the tip currents related to this process show a 
maximum value that reaches 0.43 nA. This verifies the occurrence of 
autocatalytic pitting corrosion of Al by the accumulation of hydrogen 
ions in the vicinity of the pits, which is believed to be caused by the 
presence of a depassivating environment (containing chloride) which 
induces local rupture of the oxide film [36–38]. It is interesting to note 
the existence of “extended current signals” belonging to the evolution of 
hydrogen gas, which is due to convective effects resulting from the 
movement of the electrolyte produced by the scanning tip. To avoid such 
an effect, line scans should be performed at slower scan rates, thus at the 
expense of longer scan times in terms of scan size, but this choice de
pends on which information is of utmost importance. As a compromise 
condition, a scan rate of 30 µm s− 1 was applied to be able to detect 
localized hydrogen generation and attribute the maximum signal to the 
position of the evolving pit before eventual repassivation. 

In addition to hydrogen detection, another cathodic reaction, the 
reduction of dissolved oxygen in solution, was also monitored over the 
Al/Cu sample in the same solution used in the previous measurement. To 
this end, redox-competition (RC) measurements, in which the Pt tip and 
the substrate compete for reacting with the same analyte (O2 in this 
case), were performed at a tip potential of − 0.70 V to yield the ORR 
(Fig. 6b). The SECM map, obtained after 1 h of immersion in a 50 mM 
NaCl solution (Fig. 7b), shows two distinct regions. Very low current 
values (close to zero) were evenly distributed over the copper metal as 
expected in the Al/Cu galvanic system, where copper represents the 
cathodically active surface. Oxygen consumption occurs on the Cu sur
face, and therefore less oxygen is available for electroreduction at the 
tip. Considering the weak oxygen currents detected throughout the 
whole area, affected at least by oxygen diffusion hindrance in addition to 
the competition effect (Fig. 6b), a minimal effect can alter the tip current 
at certain places leading to the measurement of artifacts in the line 
scans. The movement of the electrolyte, which results from the move
ment of the tip, can contribute to the spread of current signals and, thus 
additional interference. Also, since Al is in physical contact with Cu, the 
electrochemical reactions can become entangled in the electrolyte. 

Scanning was continued alternately and consecutively, with SG/TC 
mode applied after 2 h (Figs. 7c) and 4 h (Fig. 7e) of immersion, whereas 
redox-competition mode after 3 h (Figs. 7d) and 5 h (Fig. 7f) of im
mersion. Successive current maps for hydrogen detection showed a very 
small stationary tip current when scanning the entire Al/Cu surface with 
no evidence of pitting corrosion. This reveals that the pits have become 

repassivated over time, as previously demonstrated using SVET. On the 
other hand, successive current maps for oxygen reduction revealed that 
the currents measured above the copper after 5 h of immersion were 
close to zero, which was attributed to prolonged corrosion, i.e., to the 
cathodic consumption of oxygen on copper. This correlates well with the 
SVET observations in Fig. 1, where copper maintained the cathodic 
activity throughout the whole experimental series at the expense of a 
few pits distributed along the aluminum surface (eventually not detec
ted in the selected area scan) or homogeneous mild anodic activity 
barely distinguishable in the SVET maps previously discussed. Also, it is 
important to note that the boundary between the two metals became 
more evident with immersion time from inspection of the RC-SECM 
images (cf. Figs. 7b, 7d and 7f). 

These first SECM measurements reflect one series of experiments that 
depict a fairly homogeneous behavior of the system during degradation. 
However, minute changes in surface conditions appeared to alter the 
system response from smoothly evolving to locally exhibiting vivid 
degradation. In a set of the latter measurements performed in redox- 
competition mode (Fig. 8a) during the early stages of corrosion, some 
unexpected features were observed. Immediately after immersion in 
0.5 M NaCl, homogeneously distributed small cathodic currents (i.e., 
currents close to zero) were detected over most of the Al/Cu surface, 
which correlates well with the observation reported in Fig. 7b. However, 
some ’hot spots’ have also been found to exhibit higher currents (i.e., 
more negative currents reflecting greater local oxygen availability). A 
possible interpretation may relate to a certain local electrochemical 
activity or to evidence topographical information on the evolution of the 
corroding Al surface. On the other hand, HER is thermodynamically 
possible in an aqueous environment at the free corrosion potentials for 
aluminum, with HER rates increasing with anodic polarization despite 
the low HER catalytic activity of Al and the predictions of conventional 
electrochemistry, a phenomenon reported as “negative difference ef
fect”, or “anomalous or anodic” hydrogen evolution [42,43,53–56]. The 
same scenario was observed during free corrosion by galvanic coupling 
with copper (cathodically active region), mimicking the effect of in
termetallics [42,55]. Given this, it was hypothesized that the local in
crease in current signals seen in Fig. 8a, associated with oxygen 
availability, can be attributed either to interference with anodic 
hydrogen evolution (although this was not observed in previous ex
periments shown in Fig. 7 that were apparently less active), or to in
dentations in a surface due to localized metal dissolution that favors the 
diffusion of oxygen towards the tip. 

In order to correlate this greater oxygen content and the presence of 
active pits, mapping in RC mode (Fig. 8a) was followed by alternating 

Fig. 6. Basic principles of scanning electro
chemical microscopy (SECM) operated in other 
amperometric operation modes employed in 
this work: (a) substrate generation-tip collec
tion (SG/TC) for the detection of hydrogen 
evolution at the Pt probe, and (b) redox- 
competition, which is based on the competi
tion between the metal and the Pt tip for the 
electroreduction of the molecular oxygen dis
solved in the solution. As a redox mediator 
naturally present in solution while measuring 
oxygen in (b), in the absence of competition 
effect the probe currents are also expected to 
decrease at a lower extent due to diffusion 
hindrance (negative feedback).   
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SG/TC mode mapping in the same electrolyte, where the currents 
originating from H2 oxidation were detected by the Pt tip. The corre
sponding SECM profile of Fig. 8b shows hydrogen currents from local
ized highly active sites (pits) with faradaic currents up to 2 nA. 
Furthermore, it was observed that some signals originating from O2 
electroreduction and H2 oxidation almost overlap, as shown in Fig. 8c 
and d (extracted insert from Fig. 8a and b, respectively). It should be 
emphasized that this is not the real shape of the signals, as they were 
built here on an image with a ratio of 50 µm × 1000 µm. The actual 
image size is shown in Figs. S7 and S8, where the signals are quite 
elongated. 

To determine whether the ’hot spot’ represents a reduction in local 
cathodic activity, the existence of an attacked site or interference, the 
first three line scans interpolated to form the SECM image in Fig. 8c) 

were extracted as shown in Fig. 8e. All line scans for oxygen reduction 
show noisy fluctuations between Y = 0 and 50 µm in the initial 
recording period over a distance along the X-axis from 800 to 1000 µm, 
after which the tip current decreases (i.e. it reaches less negative values) 
due to competitive reaction between sample and tip (i.e. the ORR ac
tivity increases in/near the pit). One signal from the ORR fluctuation at 
Y = 0 µm is consistent with the current corresponding to H2 oxidation at 
Y = 0 µm, which then decreases sharply to reach a plateau (Fig. 8f). 
Interestingly, the line scan recorded in RC mode at Y = 25 µm (Fig. 8e) 
shows a high current transient spanning 200 µm, i.e., from 
X = 600–800 µm, which correlates with the initial and maximum cur
rent corresponding to H2 oxidation (Fig. 8 f, line scan at Y = 25 µm). At 
sites where hydrogen evolves (i.e., the cathodic reaction within the local 
anodes in Fig. 8d), the Pt tip experienced high cathodic currents 

Fig. 7. Consecutive maps recorded on the physically- and electrically-coupled Al/Cu system immersed in 50 mM NaCl solution during 5 h under open-circuit po
tential (OCP) condition. They were obtained alternately using two different SECM operation modes: in substrate generation-tip collection (SG/TC) mode with tip 
potential set at 0.0 V vs. Ag/AgCl, KCl (sat.) after (a) 0 h, (c) 2 h, and (e) 4 h of immersion; and in redox-competition mode with tip polarized at − 0.7 V vs. Ag/AgCl, 
KCl (sat.) after (b) 1 h, (d) 3 h and (f) 5 h of immersion. The scanning rate of the tip was chosen as a compromise between the dimension of the scanned area and the 
time allowed for acquiring a single image frame. Tip diameter: 10 µm. Tip-substrate distance: 10 µm. Scanned area: 1000 µm × 1000 µm. Scan rate: 30 µm s− 1. 

D.K. Kozlica et al.                                                                                                                                                                                                                              



Corrosion Science 217 (2023) 111114

11

associated with oxygen reduction (i.e., the remaining oxygen concen
tration in the electrolyte that was not consumed at the cathodic sites on 
the surface of the substrate; see Fig. 8c); however, increased ORR ac
tivity on the metal surface is noted only in the immediate vicinity of the 
anodic sites. 

A schematic illustration of the apparent surface activities during the 
scan acquisition is provided in Fig. 9. According to our observations, as 
hydrogen evolution decreases, aluminum again becomes competitive 
with the Pt probe for oxygen reduction. The shape of the redox regions in 
Fig. 9 is based on the behavior of the line scans of Fig. 8e and f. At this 
stage, it could be questioned why not all the signals from the RC mode 
(Fig. 8a) correspond exactly to the signals obtained in the SG/TC mode 
(Fig. 8b). A reasonable justification would be developed on various 

features, namely the nature of pitting is metastable (i.e., the time dif
ference between the consecutive scans is 1 h) and convection cannot be 
completely neglected, not only due to insufficiently slow scanning but 
also due to the formation of H2 bubbles on the surface which pushes the 
electrolyte away in a radial direction. Therefore, the microelectrode can 
be blocked (partially isolated) by the growth or rapid evolution of H2 
bubbles from the active sites, resulting in reduced metal activity and 
false signals. 

We initially thought that the enhanced faradaic currents measured at 
the tip, when scanning over or near the indentation sites (possibly pits as 
observed in Fig. 8a and c) at a constant height, were due to a larger 
amount of soluble oxygen than became available from the volume of 
electrolyte inside the pit, and the sample no longer hinder the diffusion 

Fig. 8. SECM images recorded on physically and electrically coupled Al/Cu system immersed in 50 mM NaCl solution under OCP conditions. They were obtained in: 
(a) redox competition mode after 1 min of immersion and (b) SG/TC mode after 33 min of immersion in 50 mM NaCl solution at OCP. Images (c) and (d) represent 
the magnification of the upper side from maps (a) and (b), respectively. Tip diameter: 10 µm. Tip-substrate distance: 10 µm. Scan rate: 30 µm s-1. Increment of X-line: 
5 µm. Increment of Y-line: 25 µm. Line scan direction: from left to right. Graphs (e) and (f) show the three line scans extracted from the interpolated images (c) and 
(d), respectively. 
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of oxygen from the bulk (illustrative scheme given in Fig. 10). The 
indentation in the aluminum would not be a surprise given that in 
addition to the already existing pit, the H+ released into the electrolyte 
during H2 oxidation at the Pt tip can contribute significantly to local 
acidification in the vicinity of the Al surface and thereby increase metal 
dissolution. The voids formed could also lead to less competition for 
oxygen reduction between the Al surface at the bottom of the indenta
tion and the tip (as a result, topographical information about the pit 
would be obtained). However, the diameter of the Pt tip is too large to 
address the topography within the pit, which is very small in size. 
Advanced modes and techniques, such as shear-force SECM and AFM- 
SECM [57,58] would be required to discern the effect of surface 
topography from surface reactivity. 

3.2.2. Limitations of SECM with the interconnected Al-Cu system 
The effect of the inhibitors was next tested not only by their chemical 

effects (investigating the inhibition of ORR and/or HER reactions at the 
active sites) but also by taking advantage of the SECM capacity to 
address surface conductivity and the ability towards electron exchange. 
This was first achieved by SECM measurements in feedback mode using 
ferrocene-methanol, a redox mediator commonly used in SECM, which 
is monitored by its oxidation and conversion at the tip. A positive 
feedback effect is expected at active sites capable of converting the 
oxidized ferrocenium ion back to ferrocene-methanol, where the tip 
current is locally increased, allowing analysis of local surface conduc
tivity and reactivity. Similar measurements were made with the 
assembled system making physical contact between the two metals 
around the Cu/Al boundary. However, some difficulties and loss of 
sensitivity were immediately observed (measurements not shown here), 
so the experiments were made using a target system where the two 
surfaces, Al and Cu, were physically separated, and electrical contact 
ensued from the rear of the mold. 

When the two metals were held in electrical contact, fouling or 
blockage of the Pt tip was observed during the measurements in feed
back mode over the copper surface, resulting in a loss of signal sensed 
using ferrocene-methanol as a redox mediator. This effect is shown in  
Fig. 11, which presents four consecutive images. For each scan, the 
measurement started from the upper right corner (coordinates X = 0, Y 
= 0), and then consecutive lines were made along the X axis at different 
Y positions from top to bottom as seen in the pictures. The first scan was 
performed by scanning the Pt tip over the Cu/resin boundary without an 
electrical connection being made between Cu and Al (Fig. 11a). The 
positive feedback effect revealed a well-defined copper surface (higher 
currents, red area), attributed to mediator regeneration on the 
conductor. After the Cu was electrically connected to the Al (Fig. 11b), 
the faradaic currents at the beginning of the scan (top of image) began to 
decrease sharply as the scan progressed to more negative Y values in 
consecutive lines in comparison with the first image (Fig. 11a). After a 
few line scans, the currents dropped to near zero, reflecting a time effect 
that caused tip fouling or blockage. To confirm the effect, another set of 
consecutive maps was made in which the metals were held electrically 
isolated (Fig. 11c) and next electrically connected (Fig. 11d). Similar to 
the currents in Fig. 11a, the currents of Fig. 11c were evenly distributed 
on the Cu surface, but their magnitude was smaller, indicating that the 
Pt tip was already “blind”. When Cu and Al were reconnected, the same 
effect was observed as in the case of Fig. 11b, i.e. the tip became even 
more blocked and lost all sensitivity. 

A reasonable explanation for the blocking of the Pt tip can be offered 
based on the Pourbaix diagram for platinum [59], from which it can be 
concluded that the platinum tip biased at + 0.5 V vs. Ag/AgCl, KCl 
(sat.), corresponding to + 0.697 V vs. the Normal Hydrogen Electrode, 
oxidizes to Pt(OH)2 at pH values above 7.5. When copper is coupled to 
aluminum, the cathodic reaction occurs on the copper, with the rapid 
release of OH− ions, leading to a significant increase in pH. Therefore, to 
avoid the blocking effect of the Pt tip above the Cu surface, we estab
lished the so-called connection-disconnection procedure, achievable 
only when the two metals are physically separated. First, the inhibitor 
solution in which the Al/Cu has been immersed for a certain time is 
replaced by the FcMeOH solution, and then, just before polarizing the tip 
in the FcMeOH solution, the electrical connection between the two 
metals is interrupted. In this way, we avoid a rapid increase in pH while 
still being able to obtain information on the conductive/insulating 
properties of the copper surface. Thus, both the feedback effect and 
chemical species could be detected using SECM before and after inhib
itor treatment as described in the next section. Another alternative 
would be to use a less common redox mediator with a less positive 
operational work potential for oxidation. However, this option was 
beyond the scope of this work. 

Fig. 9. Sketch describing the reconstruction of corrosion processes observed in 
Fig. 8c and d. The shape of the local anodic spot (i.e., corrosion pit), according 
to the hydrogen reduction signal, and the cathodic regions where the dissolved 
oxygen is reduced are based on the linear scan signals in Fig. 8e and f. The 
cathodic reduction of oxygen does not occur at the sites where hydrogen 
evolves (at the local anodes) but around the anodic sites. 

Fig. 10. Diagram illustrating the relationship between the tip current and the 
tip-substrate distance d for the line scans shown in Fig. 8c and d (as sketched in 
Fig. 9). A and B are the positions of the tip located far from the metal and close 
to the metal, respectively. The tip currents above an indentation are bigger (i.e., 
iT attains more negative values) relative to imaging near the metal surface. 
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3.2.3. The protection of the Al/Cu surface by MBI 
In this set of experiments, the behavior of physically separated 

aluminum and copper was investigated prior and after treatment with 
MBI as the corrosion inhibitor, following an ex situ inhibitor treatment 
and the connection-disconnection strategy. Fig. 12 shows three sets of 
maps, each comprising three different scans over the Cu/resin covering 
an area of 500 µm × 500 µm, that were recorded in feedback and redox- 
competition modes. Scans were performed for Cu samples previously 
treated with or without an MBI-containing solution. It was essential to 
monitor the current profile only on the Cu surface because of its known 
interaction with MBI, which is not the case with Al [14,15]. 

In this manner, the Cu sample was initially scanned in feedback 
mode without prior MBI treatment to locate the metal and envisage its 
surface reactivity. Fig. 12a shows the initial 2-D measurement in the 
electrolyte solution consisting of 0.5 mM FcMeOH + 0.1 M NaClO4 
(without the addition of the aggressive chloride ions), clearly reflecting 
the copper (conductive) and resin (insulating) surfaces, as well as the 
boundary between them. After that, the test solution inside the small cell 
was replaced with corrosive 50 mM NaCl and the probe potential was set 
to − 0.70 V vs. Ag/AgCl, KCl (sat.), corresponding to the reduction of 
dissolved oxygen in the solution. Small currents (i.e., less negative 
cathodic currents) were detected above the bare copper surface 
(Fig. 12b), which may be correlated with partial cathodic activation 
favoring the consumption of oxygen according to the half-reaction (3); 
therefore, less oxygen is available for electroreduction at the tip. 
Another additional feature possibly contributing to this current decrease 
could be related to the fact that the grinding process for surface finishing 
does not produce a completely flat metal-resin interface but could result 

in a step due to the different hardness of copper and the resin, thus 
removing more material from the resin areas. As a result, the tip-to- 
substrate distance would be shorter when scanning on metal than on 
resin, and consequently, diffusion would be more hindered on copper, 
enhancing negative feedback. However, there is ca. 1 nA difference in 
Fig. 12b when the tip scans over the resin (oxygen reduction resulting in 
− 1.4 nA tip current) and the metal (same reaction sensed at the tip with 
faradaic currents around − 0.4 nA), which seems too big a difference for 
a purely negative feedback effect. Therefore, redox competition in the 
cathodically activated regions of copper (that was not electrically con
nected to the Al at this stage) must play an important role in decreasing 
cathodic currents even when copper self-corrodes in the absence of a 
galvanic connection to the more active Al surface. 

On the other hand, when Cu and Al were brought into electrical 
contact afterwards (Fig. 12c), the map obtained in redox-competition 
mode showed a higher electrochemical activity manifested by an addi
tional decrease in the faradaic currents, compared to the previous scan 
(Fig. 12b), when the two metals were isolated. This is evidenced by the 
inspection of the current values and scales, which reflect an almost zero 
current detected over the copper due to the complete absence of oxygen 
consumed on the copper surface. The increase in cathodic activity is 
associated with the driving force of galvanic corrosion due to the po
tential difference that develops between copper and aluminum, which 
shifted the cathodic reaction to occur exclusively on the copper surface, 
where it is evenly distributed over the entire surface of the metal. 

When the scan of Fig. 12c was completed, the electrical connection 
between the two metals was still maintained, and the Pt probe was 
removed from the solution along the Z direction. In this way, the 

Fig. 11. Consecutive SECM images in feedback operation mode of the copper/resin boundary during immersion in 0.5 mM FcMeOH + 0.1 M NaClO4 solution which 
exhibit the occurrence of a blockage effect of the Pt tip. Tip potential: + 0.50 V vs. Ag/AgCl, KCl (sat.). Scanned surface: copper/resin. The copper was not in 
electrical contact with aluminum in (a) scan 1 and (c) scan 3, but there was electrical contact between the two metals in (b) scan 2 and (d) scan 4. 
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possibility of interaction between the surface of Pt and the MBI mole
cules was prevented in order to avoid any possible interaction between 
this inhibitor and the sensing tip [35]. The solution was then replaced 
with 1 mM MBI + 50 mM NaCl so that Cu was immersed in the 
inhibitor-containing solution for 2 h. After this ex situ immersion stage, 
the inhibitor solution was replaced with an electrolyte containing the 
redox mediator (namely, 0.5 mM FcMeOH + 0.1 M NaClO4) and the Pt 
tip was introduced in the solution and moved along the Z-axis toward 
the surface until it reached the same position as in the previous mea
surements. In this way, all the measurements shown in Fig. 12 were 
performed by keeping the same Z position. The microelectrode was 
again biased at + 0.50 V to allow scanning in the feedback mode, and 
the electrical connection between Cu and Al was interrupted. Fig. 12d 
shows the SECM image recorded for the Cu sample previously treated for 
2 h in a solution containing MBI. The faradaic currents detected over the 
Cu surface are smaller than in the scan of Fig. 12a, indicating that the Cu 
surface is covered by the MBI inhibitor. That is, the magnitude of the 
positive feedback effect is reduced because the Cu-MBI film formed on 
the surface of the Cu sample hinders the regeneration of FcMeOH on the 
substrate due to its adsorption at the active sites for electron exchange. 

After the scan in Fig. 12d was completed, the electrolyte solution was 
again replaced with 50 mM NaCl, and the probe potential was polarized 
at − 0.70 V to monitor the cathodic activity with the tip operating in the 
redox-competition mode. Fig. 12e shows increased faradaic currents (i. 
e., the currents were more negative) compared to the second scan in 
Fig. 12b, similarly measured on the Cu surface but without a protective 
layer of Cu-MBI. This confirms that oxygen consumption was occurring 
on the exposed (not connected) copper when Fig. 12b was recorded, and 
the decreased cathodic currents did not correlate with a pure feedback 
effect. Therefore, due to reduced competition between the tip and the Cu 
surface due to a protective layer of Cu-MBI, which effectively blocks the 
cathodic sites, the current values do not decay to the same extent over 
the conductive surface. However, when the electrical contact between 
Cu and Al is re-established, the galvanic coupling renders copper an 
active cathode again with smaller recorded cathodic currents down to 
− 0.2 nA as shown in Fig. 12 f. However, the redox competition effect is 
not only less pronounced than in the case of a previously non inhibited 
sample (recorded currents were close to zero in Fig. 12c), but is also 
more heterogeneously distributed, revealing that an inhibitory film 
effectively protects a large part of the metal surface through 

Fig. 12. SECM images showing three sets of maps, each of which includes three different scans above the Cu/resin region. Operation mode: (a,d,g) feedback mode, 
(b,e,h) redox-competition mode, and (c,f,i) redox-competition mode after interconnection with the Al surface. The first series corresponds to measurements per
formed on the model system without previous treatment with MBI (a-c). The second and third series correspond to measurements conducted after treatment in the 
presence of MBI for (d-f) 2 h and (g-i) with an additional 1.5 h treatment as described in the body of the manuscript. Scanned area: 500 µm × 500 µm. Tip potential 
and electrolyte solution for each operation mode: + 0.50 V, in 0.5 mM FcMeOH + 0.1 M NaClO4 solution, in the maps recorded in the feedback mode; − 0.70 V Ag/ 
AgCl, KCl (sat.) in 50 mM NaCl, for the maps recorded in the redox competition mode. 
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heterogeneous adsorption resulting in areas where the cathodic process 
is greatly inhibited. 

Finally, the third set of maps was also recorded after treatment with 
the MBI inhibitor. The same procedure was applied as described related 
to Fig. 12 d-f, including removing the Pt probe, change of electrolyte, 
additional immersion in 1 mM MBI + 50 mM NaCl for 1.5 h and 
replacement with the FcMeOH electrolyte. Fig. 12 g shows the SECM 
map obtained for the Cu sample after 3.5 h of immersion in a solution 
containing MBI. There are some areas on the Cu surface where regen
eration of the redox mediator was almost completely blocked, which can 
be attributed to local improved insulating characteristics, that is, 
improved inhibitory film thickness due to a more prolonged ex situ 
exposure to an MBI-containing solution. The overall reduction in the 
positive feedback effect (i.e., faradaic currents become smaller after the 
longer inhibition treatment of 3.5 h) gave rise to an intermediate 
behavior between purely positive and negative feedbacks, yielding the 
regeneration of the mediator apparently hampered. Finally, the elec
trolyte solution was replaced again with 50 mM NaCl, and the probe 
potential was biased to − 0.70 V to monitor the consumption of dis
solved oxygen over copper protected by an inhibitory layer. From the 
comparison of Fig. 12 h with the scans depicted in Fig. 12b and Fig. 12e, 
it is observed that greater currents (i.e. more negative current values) 
were measured above the Cu surface now, and they are associated with a 
reduced affinity for cathodic oxygen consumption, that is, redox 
competition between the tip and the copper surface is significantly 
impeded. When Cu was electrically coupled again to Al (Fig. 12i), the 
affinity for oxygen on the copper surface increased. Consequently, the 
corresponding currents detected at the tip were lower (i.e., less nega
tive) than in the previous scan of Fig. 12 h that was recorded in the 
absence of electrical connection between the two metals. However, the 
reported currents were still showing comparatively higher oxygen 
content than in the case of Fig. 12f and Fig. 12c, which implies that the 
Cu-MBI film was more resistant to corrosion after 3.5 h of ex situ im
mersion, and the driving force due to the galvanic connection was 

effectively compensated by the presence of a cathodic inhibitor layer. 
Hence, the results obtained from the application of redox competition 
mode are consistent with those obtained in the feedback mode. 

3.2.4. The protection of the Al/Cu surface by OPA 
The set of images shown in Fig. 13 consists of a series of maps ob

tained for an aluminum substrate that includes galvanic coupling with 
copper or electrical insulation. The Al/resin boundary was measured 
with both metals exposed in solution and controlled electrical contact at 
the rear of the target. The current plots were recorded only on the Al 
surface because it is known from the literature [15] that OPA is a good 
inhibitor for Al but not for Cu. Measurements were performed on an 
aluminum/resin area of 500 µm × 500 µm in three different operation 
modes, namely feedback, substrate generation-tip collection (SG/TC) 
and redox-competition, with and without pretreatment with the OPA 
inhibitor. 

First, the surface of bare aluminum (which was not electrically 
connected to Cu) was evaluated by biasing the Pt tip to + 0.50 V to 
operate under diffusion-limited conditions in the feedback mode for 
monitoring the regeneration of the redox mediator on the conductive 
substrate (Fig. 13a). Variations in the measured faradaic currents are 
observed, i.e. higher currents are detected above the metal surface 
compared to the resin, due to the regeneration of the Fc mediator on the 
conductive surface. Then the solution containing ferrocene-methanol 
was replaced with 50 mM NaCl electrolyte solution, and the tip was 
held at 0.0 V to measure the local concentration of hydrogen gas above 
the Al surface galvanically coupled to Cu, which is associated with 
hydrogen oxidation at the tip (Fig. 13b). No significant electrochemical 
activity was observed in scan 2 because the measured currents did not 
exceed the current value of 0.15 nA, comparable with the noise level. It 
was not trivial to find the hydrogen evolution spots (i.e., pitting sites) on 
a relatively small scanned area of aluminum, due to the stochastic nature 
of pitting, but a few events could be envisaged and higher current values 
were indeed detected over the metal, revealing hydrogen production at 

Fig. 13. SECM images showing two sets of maps, each of which includes three different scans above Al/resin region. Operation mode: (a,d) feedback mode, (b,e,f) 
substrate generation-tip collection (SG/TC) mode, and (c) redox-competition mode. In the first series, the bare and freely corroding Al surface was scanned in (a) 
feedback mode, followed by electrical connection with Cu for scanning in (b) SG/TC and (c) redox-competition modes. In the second series, Al was treated with a 
solution containing OPA for 2 h and measurements were performed in the feedback mode (d) without galvanic connection with the Cu metal, followed by two 
consecutive maps, (e) and (f) that were recorded using SG/TC while the two metals were electrically-connected. 
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minute locations. The tip was then biased to − 0.70 V in the same 
electrolyte solution to monitor cathodic activity with the Pt probe 
through the redox-competition mode (Fig. 13c). Since the cathodic re
action should occur exclusively on the copper surface when Al and Cu 
are in electrical contact, a decrease in the tip currents (originating less 
negative values) due to redox competition was not expected when the 
microelectrode was scanned above the aluminum surface. Indeed, cur
rents as low as − 3 nA were detected over some areas of the Al surface, 
and those spots with apparently higher activity (i.e. smaller local oxygen 
current values) could be ascribed to convective phenomena under a mild 
bubbling regime. 

Next, the Pt probe was removed from the solution along the Z di
rection, and the electrolyte solution in the small cell from the previous 
experiment was replaced with 1 mM OPA + 50 mM NaCl. The Al sur
face, electrically coupled to the copper, was exposed to the inhibitor 
solution for 2 h. After this ex situ treatment, the electrical connection 
between the metals was removed to reduce the potential risk of 
contamination of the platinum tip. The inhibitor solution was then 
replaced with 0.5 mM FcMeOH + 0.1 M NaClO4, and the Pt tip was 
repositioned back at the same constant height as in the previous mea
surements. After setting the tip potential at + 0.5 V, the Al surface was 
scanned in feedback mode (Fig. 13d). Compared to the previous scan in 
Fig. 13a, the smaller feedback currents indicate that OPA adsorbed on 
the substrate and, therefore, the electron donation needed to regenerate 
the redox mediator was inhibited. However, the currents were not 
evenly distributed over the entire aluminum surface, which may be 
related to the lower efficiency of the octylphosphonic chain to form a 
dense inhibitory layer. It is well known that what determines the 
effective corrosion inhibition of organic molecules is their ability to form 
a dense organic film on the metal surface [7,60]. Next, the solution 
containing the mediator was replaced with 50 mM NaCl, and the tip was 
biased to 0.0 V to monitor the oxidation of hydrogen above the Al sur
face galvanically coupled to Cu (Fig. 13e). High faradaic currents, with a 
maximum of 1.5 nA, were detected at some locations on the Al surface 
near its boundary with the resin, which is associated with pitting 
corrosion. The OPA film probably does not provide sufficient barrier 
properties against the penetration of aggressive ions, such as chloride, 
accompanied by the driving force of the galvanic interaction. Finally, 
another consecutive map (Fig. 13f) recorded in SG/TC mode revealed 
the repassivation of the metastable pit that existed in the previous scan 
and a moderate localized activity at another more extended location. 
The maximum time difference between the detection of the metastable 
pit and its repassivation, as observed from the last two scans, is about 
9 min since this length of time is required to record a 500 µm × 500 µm 
map. 

The results suggest that, under galvanic connection, the bare 
aluminum surface corrodes homogeneously (Fig. 13b), but metastable 
activation results when the metal has been previously exposed to the 
inhibitor. Indeed, it was reported that in more aggressive solutions 
(namely, 3 % wt. NaCl), the presence of inhibitor would lead to a passive 
regime for aluminum extending from the OCP to approx. − 0.2 V vs. Ag/ 
AgCl, KCl (sat.) [14,15]. The mixed Al/Cu potential is expected to occur 
precisely within this passive range so that pit initiation is possible, 
although some repassivation phenomena are also expected. This would 
explain why a fairly generalized evolution of hydrogen was detected on 
bare aluminum (Fig. 13b), but activation-deactivation phenomena were 
observed after inhibitor treatment (see Fig. 13e and Fig. 13 f). It can be 
concluded that OPA, despite the decreased ability of the surface to 
donate electrons according to feedback mode experiments, is not a very 
effective inhibitor against localized corrosion attack on galvanically 
coupled Al/Cu. 

4. Conclusions 

Localized electrochemical activity on the Al/Cu substrate with and 
without treatment with 2-mercaptobenzimidazole (MBI) and 

octylphosphonic acid (OPA) was imaged using SECM and SVET under 
spontaneous corrosion potential conditions developed in the presence of 
an aggressive electrolyte containing chloride ions. Measurements of key 
redox species, namely oxygen and hydrogen, as well as ion fluxes, were 
performed as a function of elapsed time (real-time) and position on the 
surface under investigation (in situ). 

The results revealed that it would be tempting to attribute the 
observation of localized increases in cathodic currents corresponding to 
a reduction of available dissolved oxygen at the tip (i.e., the concen
tration of oxygen remaining in the electrolyte which was not consumed 
at cathodic locations), to pit topography or some other localized surface 
depression. However, the methodology proposed in this work involving 
alternative monitoring of the concentration profiles of molecular 
hydrogen and dissolved oxygen ruled out the influence of topography 
and attributed it to the emergent redox sites. That is, at the sites on the 
aluminum surface where hydrogen evolves, ORR activity does not occur 
but is only noted in the immediate vicinity of the anodic sites. It was also 
observed that the Pt tip becomes ineffective over time when it was 
placed over a copper surface galvanically connected to aluminum during 
feedback mode measurements, a feature that we attribute to oxidation of 
the tip to Pt(OH)2 due to the increase in pH of the adjacent electrolyte at 
sufficiently high potentials. To successfully avoid this unwanted effect in 
the tip, an experimental connection-disconnection procedure was 
developed. 

Finally, the impressive corrosion resistance generated in the MBI 
solution – Al/Cu interface, which is established immediately upon im
mersion in a chloride solution containing MBI and increases to a higher 
level with immersion time, must be due to the formation of a protective 
Cu-MBI layer that effectively blocks the cathodic sites. More impor
tantly, MBI exhibits excellent protection against localized corrosion, 
even in the chloride solution, which does not contain an MBI reservoir. 
On the other hand, OPA does not provide sufficient barrier properties 
against the penetration of aggressive ions such as chloride, based on the 
high faradaic currents detected at various locations on the Al surface, 
which are associated with the onset of pitting corrosion. 
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[7] I. Milošev, D. Zimerl, C. Carriére, S. Zanna, A. Seyeux, J. Iskra, S. Stavber, F. Chiter, 
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