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Abstract: 
The aim of this work is to explore the applicability of the scanning electrochemical microscope 

(SECM) to characterize the inhibiting effect of 2-mercaptobenzimidazole against the corrosion of 

copper. SECM was operated in the feedback mode by using ferrocene-methanol as redox mediator, 

and the sample was left unbiased at all times. The kinetic changes in the corrosion processes were 

monitored over time from the Z-approach curves. Furthermore, inhibitor-modified copper samples 

presenting various surface finishes were imaged by SECM and the scanning vibrating electrode 

technique (SVET), allowing changes both in the surface activity of metal-inhibitor films and in the 

extent of corrosion attack to be spatially-resolved. Differences in the local electrochemical activity 

between inhibitor-free and inhibitor-covered areas of the sample were successfully monitored. 
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1.- Introduction 
 

Benzotriazole (BTAH) and 2-mercaptobenzimidazole (MBI) are the most widely employed 

inhibitors for the anticorrosion protection of metals, their use ranging from copper and its alloys [1-

5], to steels [6-10], and to zinc [11,12]. They effectively protect these metals in various aggressive 

environments, and the most accepted mechanism to describe their operation involves the formation 

of a chemisorbed layer of these organic molecules on the metals. In particular, the adsorption of 

such layer on copper is considered to be favoured when copper oxides already exist on the surface 

of the metal [5,13-17], though the formation of a complex film of the inhibitor on the base metal has 

also been reported [5,18-21]. Though adsorption at the surface is regarded to be the first step in the 

process [15,22], the actual mechanism is not yet fully ascertained, neither the chemical nature of 

the resulting inhibitor films is completely established, though the knowledge of both is necessary 

towards the development of new and more effective inhibitors.  

2-Mercaptobenzimidazole (MBI) has been found to be more effective than BTAH for the 

corrosion protection of copper in aerated HCl aqueous environment [23], and its inhibitive action is 

exerted mainly on the anodic process. Conversely to BTAH, The MBI molecule (C7H4N2S) contains 

two nitrogen atoms, and deprotonation of the imine group originates the anionic species MBI- and 

MBI2-, which are aromatic too. It is this negative charge distribution extended over several atoms 

(namely sulphur and nitrogen) that favours direct bonding to copper cations, and each metal ion is 

directly coordinated to two ligands. Furthermore, MBI contains a sulphur atom that is strongly 

adsorbed on the copper surface. This is the rationale behind the formation of a polymeric structure 

on the copper surface with the participation of MBI molecules. A variety of experimental techniques 

have been employed to characterize copper-MBI films, including cyclic voltammetry, 

electrochemical impedance spectroscopy, elemental surface analysis, infrared spectroscopy and 

mass spectrometry [24,25], thus making the copper-MBI system an attractive model for the 

investigation of the applicability of new experimental techniques and methods.  

In recent years, a variety of scanning microelectrochemical techniques has been introduced 

in corrosion laboratory facilitating the spatially-resolved investigation of the corrosion reactions and 

the surface films involved in them, in the micrometric and submicrometric scales [26,27]. Among 

them, the scanning vibrating electrode technique (SVET) [28] has been the most effectively 

employed to characterize the inhibiting effect of inhibitor systems for the protection of metals and 

alloys [29-35], the inhibition at defects and cut edges in painted metals [36-41], and the formulation 

of self-healing coatings [42-45]. Conversely, the scanning electrochemical microscope (SECM) has 

been scarcely employed to investigate metal-inhibitor systems besides the pioneering work of 

Kontturi and coworkers [46-48], though this technique has found the widest range of applications in 

the study of corrosion reactions and corrosion protection systems [49-51] among the 

microelectrochemical techniques. Since we consider SECM can be a valuable technique to 
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investigate the anti-corrosion performance of inhibitor films, we decided to explore its applicability to 

characterize the layers formed by 2-mercaptobenzimidazole on copper.  

This paper reports on SECM and SVET studies of the surface films formed by MBI on 

copper, taking into account the anticorrosion protection characteristics and stability of the layers 

formed in either KCl or Na2SO4 aqueous solutions. The samples were left unpolarized in the test 

medium, which was maintained at room temperature and open to air. SECM was operated in the 

feedback mode by adding ferrocene-methanol as redox mediator, thus allowing for the surface 

conductivity properties of the copper-MBI films to be determined, and the surface chemical reactivity 

of samples displaying various regions with different inhibitor coverages to be imaged. On the other 

hand, SVET was used in order to measure the local distribution of the current density on the copper 

surfaces with and without MBI. In this technique, the ionic current flow due to metal corrosion results 

in a very minute electric field within an electrolyte medium, which can be image as the distribution of 

potentials and currents on the electrolytic phase in contact with the surface of the sample.  

 

 

 
2.- Experimental 
 

SECM and SVET measurements were performed on 99.99% purity copper plates, supplied 

by Goodfellow (Cambridge, United Kingdom), which were cut to 2.4 cm x2.4 cm and 1 mm 

thickness. The surface of the samples was ground mechanically using metallographic emery paper 

of increasing fineness of 800, 1200 and 4000 grit, degreased with acetone, rinsed with MilliQ grade 
water and dried to air. For the preparation of the inhibitive films on the copper samples, the metal 

plates were immersed either in 0.1 M KCl + 1 mM MBI or in 0.1 M Na2SO4 + 1 mM MBI aqueous 

solutions for different immersion times ranging from a few seconds up to 7 days.  

SECM experiments were carried out using a scanning electrochemical microscope from 

Sensolytics (Bochum, Germany). Platinum microelectrodes of 10 μm diameter served as SECM 

tips. The tip-sample distance for SECM imaging was determined upon comparison of the approach 

curve recorded over a copper surface with the theoretical one assuming that the reduction of the 

mediator at the surface was under kinetic control [52]. Imaging was performed with the 

microelectrode at a height of 15 μm over the specimen surface. The SECM cell with the sample was 

mounted horizontally facing upwards at the bottom of a microflat cell [53]. An Ag/AgCl/KCl(3M) and 

a 316L stainless steel wire served as reference and counter electrodes, respectively. Ferrocene-

methanol (Aldrich) was used as mediator.  
SVET measurements were made using a system from Applicable Electronics (Forestdale, 

MA, USA). The vibrating probe consisted of a 20 µm platinum-black-coated tip that was placed 

above the surface of the substrate at a height of 60 µm. The vibrating amplitudes of the scanning 
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probe were adjusted to 30 and 20 µm, parallel and normal to the surface, respectively. Two 

platinum wires served as signal and reference electrodes. When all adjustments had been made, 

about 5 mL of electrolyte solution was added to the cell and the three electrodes were subsequently 

placed in the solution. A Video–microscope was employed to establish the tip-sample distance and 

to record images of the most significant features on the substrate surface in situ at real time. 

The test electrolytes employed in the microelectrochemical experiments were 1 mM Na2SO4 

containing 1 mM ferrocene-methanol as redox mediator for SECM, and 10 and 50 mM KCl solutions 

for SVET.  All aqueous solutions were prepared using MilliQ water. Measurements were performed 

in naturally aerated solutions at ambient conditions (22 ºC). 

  

 

3.- Results and discussion 
 
3.1. Monitoring of surface reactivity changes during early stages of Cu-MBI formation. 

 

SECM in the feedback mode probes surface reactivity towards the oxidation of ferrocene-

methanol of the investigated area located under the SECM tip. Z-approach curves monitor the tip 

current as the ultramicroelectrode approaches the sample. In the case of a conducting surface such 

as that of a fresh copper sample, the corresponding increase of the faradaic current is related to the 

mediator’s regeneration at the sample surface (i.e., positive feedback). In the case of the metallic 

material covered by an inhibitor film, the surface reactivity reflects mainly the ability to transport 

charge within the surface film and eventually may result in an insulating surface. In the latest case, 

the substrate sample does not regenerate the mediator, and effectively becomes a geometrical 

blockage towards the diffusion of the mediator from the bulk electrolyte. Smaller currents are then 

measured as the tip approaches the substrate (i.e., negative feedback). The copper substrates for 

SECM measurements were pre-treated by immersing them during different times in inhibitor-

containing solutions, using either 0.1 M Na2SO4 or 0.1 M KCl as supporting electrolytes. The choice 

of supporting electrolytes would facilitate to observe the eventual influence of the smaller chloride 

ions towards the adsorption of the inhibitor on the metal surfaces. Next, the samples were placed in 

the SECM flat microcell, a controlled amount of the test electrolyte (namely, 1 mM Na2SO4 + 1 mM 

ferrocene-methanol) was added, and the corresponding Z-approach curves were measured starting 

from a fixed height. Figure 1 depicts the plots measured for copper samples pre-treated in either 0.1 

M Na2SO4 or in 0.1 M KCl. Inspection of these graphs allows for the observation of a full transition 

from pure positive feedback behaviour characteristic of untreated copper to a negative feedback 

regime for the thickest inhibitor films produced after 7 days pre-treatment. Changes in the kinetics of 

inhibitor adsorption from the two supporting electrolytes can be deduced from the comparison of the 

approach curves measured for samples with the same duration of the pre-treatment step. Figure 2 
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shows the time dependence of the tip current measured at the distance of maximum approach to 

the substrate, and in all cases significantly smaller currents are found for the samples pre-treated in 

the presence of chloride ions. This is strong evidence that chloride ions participate in the formation 

of the inhibitor film when present in the environment, and that the formed layers hinder charge 

transfer more efficiently. That is, a greater inhibiting effect is provided when chloride ions are 

present in the electrolyte, which may support previous reports on the incorporation of chloride to the 

protective layers formed on copper in the presence of MBI [15]. 

Similar conclusions could be derived by using the SECM in the imaging mode using 

ferrocene-methanol as redox mediator for feedback operation. In this case, copper samples were 

subjected to a sequence of immersion steps in the inhibitor-containing electrolyte to prepare 

surfaces with four regions of different coverage by the inhibitor. This was achieved by dipping half of 

the sample into the treatment electrolyte for a given time (t1), carefully removing the sample, rotating 

the sample by 90º, and new immersion of a half of the surface in the electrolyte for another 

controlled period (t2). In this way, four regions were developed on the surface that corresponded 

namely to exposures 0, t1, t2, and t1+t2. The sample was then placed in the SECM flat microcell, and 

the test electrolyte 1 mM Na2SO4 + 1 mM ferrocene-methanol was carefully added. Then, the tip 

was rastered over the substrate at a constant height of 15 µm by using an X-Y grid centered in the 

sample, thus allowing pass above the four regions in a single scan. Figure 3 depicts the SECM 

images recorded for samples pre-treated in 0.1 M Na2SO4 and in 0.1 M KCl solutions containing 1 

mM MBI, respectively. They were obtained using t1 = 5 min and t2 = 10 min. Though the samples 

are topographically flat for the vertical resolution of the technique employed, the regions of different 

inhibitor coverage are clearly displayed in the SECM images due to the variations in the faradaic 

current measured at the tip for ferrocene-methanol that are measured above each zone. The tip 

currents are always smaller over the areas covered by the inhibitor, and can be clearly observed in 

the images for the rather short pre-treatments of 5 min. Longer pre-treatments with MBI deliver 

surface portions with even smaller currents at the tip when passing above them. This is a clear 

indication that the thickness of the inhibitor layer increases with longer pre-treatments, and these 

surface layers hinder the charge conductivity, thus protecting the metal from oxidation. Again, the 

enhanced inhibiting effect of MBI films formed in chloride-containing environments can be derived 

from the comparison of the images in Figure 3. Indeed, the reduction in the faradaic currents 

measured at the tip after 15 min pre-treatment amounts to ca. 50% for the sample prepared in the 

chloride-containing solution, whereas it is only 35% for that fabricated in the chloride-free 

electrolyte.  
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3.2. Probing degradation of Cu-MBI inhibitor layers by scanning microelectrochemical techniques. 

 

Considering the persistence of inhibitor films formed on a metal for anticorrosion protection, 

one can design experiments that would allow their susceptibility to attack by an aggressive 

environment to be investigated using scanning microelectrochemical techniques.  

It was shown above that SECM could be employed to image copper samples prepared to 

present various regions of different surface finishes. A variation from the procedure employed in 

Section 3.1 was performed this time, such that the sequence and the nature of the pre-treatment 

steps would allow the stability of inhibitor films to be explored instead. In the new procedure, the first 

step involved the complete immersion of the copper sample in 0.1 M KCl + 1 mM MBI solution for 7 

days. This electrolyte was chosen on the basis of the results described in Section 3.1 corresponding 

to thicker and less conductive surface layers. The duration of this step was also selected to be 

greatly in excess of what is required to form the thickest inhibitor film exclusively by immersion. After 

7 days, the sample was removed from the inhibitor-containing electrolyte, rinsed with high-purity 

deionized water to secure the removal of inhibitor molecules in the thin electrolyte layer wetting the 

samples, and then dried under a flow of air. The corrosive attack was subsequently performed in 3 

wt.% NaCl solution for various times, namely with t1 = 6 h and t2 = 12 h to develop four regions on 

the surface corresponding to exposures 0, 6, 12, and 18 h. Upon immersion of this sample in 1 mM 

Na2SO4 + 1 mM ferrocene-methanol, the tip-substrate distance for SECM operation was established 

by measuring the Z-approach curve over the intact Cu-MBI surface, though the curve-modelling was 

done for the case of negative feedback this time [52].  

Figure 4 shows the SECM image for this sample. The trend exhibited by the tip currents 

measured over the various regions is now the opposite that described above. Namely, faradaic 

currents at the tip are higher over the zones with longer exposures to the 3 wt.% NaCl solution, thus 

indicating partial removal of the protective layer or a loss in its insulating properties during the attack 

by chloride ions. Nevertheless, the great performance of the inhibitor film produced on copper is 

demonstrated in this case, because attacks in excess of 24 hours in this highly aggressive 

electrolyte were necessary for current measured at the tip to exhibit the same values as in the bulk 

of the electrolyte. This would correspond to the transition from negative to positive feedback 

regimes, though it must be realized that this is only an apparent observation. That is, the slow 

kinetics of charge transfer for the mediator regeneration at the surface (i.e., positive feedback) 

results in the measurement of values very close to ilim when the tip is placed in the proximity of the 

surface portion attacked for 24 hours. 

In this case, SVET could also be used in addition to SECM operated in the feedback mode, 

thus allowing for the visualization of ionic current flows occurring in the electrolytic phase in contact 
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with the sample as result of the corrosive process. That is, the onset of corrosive attack on the 

copper samples protected by MBI would result from the establishment of anodes and cathodes at 

the micrometer scale. The test environment was 10 mM KCl this time, since SVET resolution 

requires the use of poorly conductive electrolytes. Thus, the electrolyte responsible for the corrosive 

attack is less aggressive that the one employed in the SECM experiments, which hinders a 

quantitative comparison of the results obtained with the two scanning microelectrochemical 

techniques. Yet, qualitative trends could be found as described next.  

Figure 5 shows the SVET images measured for a sample that was protected by a thin 

inhibitor film after immersion for 10 s in the MBI-containing electrolytes. Though the optical 

micrograph in Figure 5d recorded after 21 hours immersion in the test electrolyte does not show any 

clear evidence of corrosive attack, the SVET maps consistently depict anodic activity occurring from 

the inhibitor film formed in Na2SO4 solution, even in the image started to record as early as 10 s 

after initiating the exposure of the sample to the measurement environment (see Figure 5a). This 

result is in agreement with the previous observations that inhibitor films formed by MBI on copper 

have superior corrosion protection characteristics when chloride ions are also involved. The high 

resolution of SVET to resolve differences in chemical reactivity from one sample has also been 

demonstrated even from very early exposures. 

 The reported behaviour is more clearly observed when higher concentrations of KCl are 

employed, as it is the case for the SVET images shown in Figure 6. The onset of the corrosive 

attack is now clearly displayed, with the anodes occurring on the Cu-MBI zone formed in the 

chloride-free solution. The degradation of the inhibitor film results in higher corrosion rates as time 

elapses. Though initially very low corrosion rates are measured over the surface (Figure 6a), the 

cationic flow is greater by several orders of magnitude once the first pit is observed after 4 hours 

exposure to the corrosive medium (see Figure 6b). The corrosion reaction becomes even more 

violent for longer exposures with the nucleation of additional pits in the zone pre-treated in the 

sulphate environment (cf. Figures 6c and d). It is important to observe that the cathodes are not 

observed over the Cu-MBI film formed in the chloride environment at any time, including the image 

recorded after 24 hours exposure (Figure 6d) even when plotted under magnification (Figure 6e). 

The insulating characteristics of the inhibitor film are thus confirmed, whereas the cathodes were to 

be found in the region pre-treated in sulphate as well (cf. Figure 6e). 

In summary, the use of scanning microelectrochemical techniques demonstrates that the 

polymeric film formed on copper by MBI in the presence of chloride ions provides enhanced 

anticorrosion protection for the metal. In the case of very short pre-treatments (namely 10 s), though 

some protection is conferred to the base metal, charge conductivity through the film still occurs. This 

effect is more noticeable in the case of the inhibitor films formed in the absence of chloride, and 

SVET images show the distribution of microanodes and microcathodes under the film at the onset 

of the corrosion process.  
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4.- Conclusions 
 

Investigations performed in this work showed that scanning microelectrochemical techniques 

can give valuable information regarding the protection characteristics and the kinetics of inhibitor 

films formed on metals, as illustrated by the inhibition of copper corrosion by 2-

mercaptobenzimidazole. This study confirmed that even changes in the composition of the base 

electrolyte induce a significant effect on the inhibiting properties of the organic compound, thus 

chloride ions promoting the formation of thicker and more insulating layers than those formed in 

sodium sulphate solution.  

SECM operated in the feedback mode and SVET techniques provides complementary 

information on corrosion and inhibition processes, with the great advantage that variations in the 

chemical reactivity at the surface of the samples can be spatially resolved. 
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Figure 1: SECM normalized Z-approach curves towards inhibitor pre-treated copper surfaces 
measured in 1 mM Na2SO4 + 1 mM ferrocene-methanol solution with a 10 µm Pt electrode. Tip 
potential: +0.50 V vs. Ag/AgCl, KCl (3M).  The copper samples were pre-treated by immersion in: 
(a) 0.1 M Na2SO4 + 1 mM MBI, and (b) 0.1 M KCl + 1 mM MBI for the times indicated in the 
legends. i/ilim is the dimensionless tip current, and d/a is the dimensionless distance between the 
sample and the tip. The samples were left at their spontaneous open circuit potentials in the test 
electrolyte. 
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Figure 2: Time evolution of the normalized current values measured when the tip was placed at the 
closest distance attained during the measurement of the approach curves depicted in Fig. 1. The 
inhibitor molecule was contained in either (●) 0.1 M KCl or () 0.1 M Na2SO4 aqueous solution. 

Figure 3: Images generated by SECM of copper samples treated with MBI for various times, as 
indicated in the figure. The solutions used for the pre-treatment of the copper samples were: (a) 0.1 
M KCl + 1 mM MBI solution, and (b) 0.1 M Na2SO4 + 1 mM MBI solution.  The images were 
registered with a 10 µm Pt electrode when the samples were exposed to 0.1 M Na2SO4 + 1 mM 
ferrocene-methanol solution. Tip-substrate distance: 15 μm. Tip potential: +0.50 V vs. Ag/AgCl, 
KCl (3M). The Z scale is the tip current in nA. ilim = 0.99 nA. The samples were left at their 
spontaneous open circuit potentials in the electrolyte. 

 

 
 
Figure 4: Image generated by SECM of a copper sample displaying 4 zones of different 
electrochemical activity during immersion in 0.1 M KCl + 1 mM ferrocene-methanol solution with a 
25 µm Pt electrode. The copper sample was first treated during 7 days in 0.1 M KCl + 1 mM MBI 
solution to form a Cu-MBI inhibitive film. The corrosion resistance characteristics of the Cu-MBI 
inhibitive film was investigated by exposing the sample to 1 M NaCl solution for the various times 
indicated on the figure. Tip-substrate distance: 15 μm. Tip potential: +0.50 V vs. Ag/AgCl, KCl 
(3M). The Z scale is the tip current in nA. The sample was left at its spontaneous open circuit 
potential in the electrolyte. 
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Figure 5: Images generated by SVET (a-c) and video microscope (d) of a Cu-MBI (10 s pre-
treatment in 0.1 M KCl + 1 mM MBI solution) – Cu-MBI (10 s pre-treatment in 0.1 M Na2SO4 + 1 
mM MBI solution) system immersed in 10 mM KCl for (a) 1, (b) 9, and (c) 21 h. The central part of 
the sample was immersed in both environments during the pre-treatment stage. Tip-substrate 
distance: 60 μm. The Z scale is the ionic current in µA cm-2. The figures represent an area of 9000 
μm x 9000 μm in X and Y directions. The sample was left at its spontaneous open circuit potential in 
the electrolyte. 
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Figure 6: Images generated by SVET of a Cu-MBI (10 s pre-treatment in 0.1 M KCl + 1 mM MBI 
solution) – Cu-MBI (10 s pre-treatment in 0.1 M Na2SO4 + 1 mM MBI solution) system immersed in 
50 mM KCl for (a) 1.5, (b) 4, (c) 10, and (d,e) 24 h. Tip-substrate distance: 60 μm. The Z scale is the 
ionic current in µA cm-2. The figures represent an area of 9000 μm x 9000 μm in X and Y directions. 
The sample was left at its spontaneous open circuit potential in the electrolyte. 
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