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Abstract  

The interfacial bonding and the layered structure of 2-mercaptobenzimidazole (2-MBI) organic 

films adsorbed on electrochemically controlled copper surfaces and their corrosion inhibition 

effects in acidic chloride aqueous solution were investigated using an integrated approach of 

electrochemical methods and advanced surface analyses by X-ray photoelectron spectroscopy 

and time-of-flight secondary ion mass spectrometry. It is shown that organic films formed on 

the copper surfaces are bi-layered with a chemisorbed inner layer and a physisorbed outer 

layer. In the chemisorbed inner layer, 2-MBI is bonded primarily by its nitrogen atoms with 

metallic and oxidized copper surfaces. Sulphur atoms are also involved in the bonding 

mechanism when metallic copper is directly accessible to the 2-MBI molecules. The initial 

presence of native copper oxides at the interface promotes the formation of Cu(I)-2-MBI 

metal-organic complexes in the chemisorbed inner layer using cathodic reduction to 

dissociate the oxide. Metal-organic complexes also form upon anodic polarisation due to Cu(I) 

ions generated by oxidation of the copper metal. 2-MBI effectively inhibits copper anodic 

dissolution in varying degrees, between 84% and 93%, depending on the pre-treatment used 

for the formation of the organic bi-layers. An enhanced protection of the substrate is obtained 

by adsorbing the 2-MBI inhibitor on an initially oxide-free surface, which is achieved by 

cathodic pre-treatment in absence of the inhibitor followed by 1 hour exposure to the 

inhibitor.  

Keywords 
Copper, Corrosion Inhibitor, 2-mercaptobenzimidazole, Electrochemistry, Surface Analysis, 

XPS, ToF-SIMS.  
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Introduction  

Copper, like most metals, is susceptible to corrosion despite its high nobility among other 

metals. Since copper has wide ranging applications from its use in pipes for plumbing systems, 

electrical components, heat exchangers, construction materials, industrial machinery, and 

even cannisters for the storage of nuclear waste, it poses a serious issue that could have major 

implications. Although copper is protected in neutral and alkaline environments due to the 

formation of a passive oxide film that covers and protects the surface [1–6], it is highly 

vulnerable to attack in acidic environments where this oxide film readily dissolves thus leaving 

the metal substrate exposed to corrosive agents [7–13]. Additionally, aggressive ions such as 

sulphates, nitrates, and halides can result in degradation of the metal even in neutral and 

alkaline conditions [14–16]. Therefore, it is imperative to investigate techniques which could 

protect copper from degradation in acidic environments and other corrosive environments. 

One such technique is the application of inhibitors [17–20], which are chemical compounds 

that suppress reactions from occurring on a metal surface by forming an isolating barrier on 

the surface, thus inhibiting corrosion of the metal. 

2-mercaptobenzimidazole (2-MBI), with the chemical formula C7H6N2S, is often used as a 

corrosion inhibitor to protect metals such as copper, copper alloys, zinc, stainless steels, and 

aluminium alloys [21–31]. The 2-MBI molecule consists of a benzene ring (C6H4) bonded to 

two nitrogen atoms, forming another cycle with a carbon atom attached between them. This 

carbon atom is further bonded to an exocyclic sulphur atom, the bonding of which depends 

on the environment thus dictating the dominant conformer of the molecule [32]. The various 

conformers of the 2-MBI molecule – thione, thiol, and thiolate are depicted in the models 

shown in Figure 1. In the work of Ansar et al. [33], it was determined that 2-MBI exists 

predominantly in the thione form in the solid state and in polar solvents. In strongly alkaline 

solutions, 2-MBI ionizes to its thiolate conformer. The changes in the dominant conformer of 

2-MBI occur due to the pKa of the molecule, which is 10.4 [33,34], thus determining the 

stability of the molecule based on the pH of the environment and the other species present 

in that environment.  

Several researchers have investigated the use of 2-MBI as an effective corrosion inhibitor for 

copper, both experimentally and theoretically, mostly due to the presence of S and N 

heteroatoms [21–24,35–39]. These heteroatoms, which act as active sites, allow the molecule 
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to bond with the metal surface and form a dense and protective film [21,35]. The 

aforementioned works have explored various aspects of the 2-MBI adsorption and inhibition 

on copper. The adsorption of 2-MBI from the vapour phase on clean, 2-D oxide, and 3-D oxide-

covered copper surfaces was investigated in the works of Wu et al. [21,22]. It was found that 

2-MBI adsorbed on metallic copper surfaces by its sulphur and both nitrogen atoms with the 

molecule lying flat on copper. On oxidized surfaces, the bonding occurred via the sulphur atom 

and only one nitrogen atom with a tilted geometry on the surface. These bonding mechanisms 

between the 2-MBI molecule and copper were also suggested by Density Functional Theory 

calculations in the work of Chiter et al. [37,38], thus exhibiting unanimity between theoretical 

and experimental work. Additionally, these findings also corroborated the results of Finsgar et 

al. [35], who found that 2-MBI bonds to the oxidized copper by its S and N atoms, thus 

resulting in a tilted position on the surface. They also demonstrated that 2-MBI is indeed an 

effective inhibitor against corrosion in a 3% NaCl solution [24].  

 

Figure 1: Models illustrating the various conformers of the 2-MBI molecule (C7H6N2S): (a) 
thione form, (b) thiol form, and (c) thiolate form. The yellow atoms represent the sulphur, the 
blue atoms represent the nitrogen, the grey atoms represent the carbon, and the white atoms 
represent the hydrogen atoms in the molecule. 

The inhibition of intergranular corrosion by 2-MBI on copper using in-situ electrochemical 

scanning tunnelling microscopy was evaluated by Sharma et al. [23]. In their work, it was 

established that 2-MBI protects copper, although imperfectly, from corrosion. They also 

suggested that the formation of Cu(I)-MBI reaction products may be the reason for protection 

against dissolution in an acidic environment. This formation of the Cu(I)-MBI complex film and 

its corrosion protection properties has also been proposed by others [34,40,41]. 

The formation of the Cu(I)-MBI complexes occurs due to the dissolution of copper oxides in 

acidic environment which provides a steady supply of Cu+ ions for the complexes, as proposed 

by Chadwick and Hashemi [40]. On prolonged exposure to the acidic solution, they observed 
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that the thickness of the complex films increases due to additional Cu+ ions generated by the 

anodic dissolution of the copper metal, thus relating the thickness of the complex film to the 

pH of the solution. On the other hand, Xue et al. [41] reported that the complex films formed 

between Cu and 2-MBI are different depending on the oxidation state of copper. When 2-MBI 

reacts with copper oxides, it results in the formation of Cu(I)-2-MBI complex film with the C=S 

bond intact in the 2-MBI molecule, whereas when the molecule interacts with metallic copper, 

the complex film formed is mainly Cu+MBI- or Cu2
+MBI2- with the C=S bond being split in the 

2-MBI molecule. Both complex films are suggested to be protective against corrosion, 

although the latter complex film is reported to be less defective and therefore more 

protective. 

Despite these numerous works, there remains some ambiguity on the formation and 

protective capabilities of the 2-MBI film formed on metallic copper and oxidized copper 

surfaces, especially in the presence of aggressive species such as chloride ions which can 

compete with the inhibitor molecules to interact with the metal. Furthermore, it is essential 

to understand how the presence of oxides plays a role on the inhibitive properties of the 

barrier layer formed. Though the above-mentioned works have addressed some of the points 

individually, we know that in a real-world perspective the combined effect of each element 

may distort and alter the behaviour of the inhibitor for corrosion protection of copper.  

In the present work, we optimise the conditions of formation of the 2-MBI organic film by 

electrochemical control of the copper surface in an acidic chloride media and investigate the 

resulting bonding mechanisms between the inhibitor and copper. We also evaluate the 

corrosion inhibition offered to the substrate by the different organic layers formed on each 

surface, and the effect of anodic polarization on the stability of the 2-MBI organic layer. The 

desired interfaces were formed by cathodic pre-treatment of the surfaces either in presence 

or absence of the inhibitor in the solution. Advanced surface analysis, using X-ray 

photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-

SIMS), was performed to evaluate the bonding mechanisms and the role of the oxides on the 

formation of the 2-MBI organic layer. Cyclic Voltammetry (CV) was applied to determine the 

protective capabilities of the organic layers against corrosion. ToF-SIMS and XPS surface 

analyses were performed to characterize the inhibited interfaces and their alterations after 
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polarization and to examine whether the protection offered to the copper metal substrate by 

the 2-MBI films was effective. 

Experimental 

The samples used for experimental analysis were polycrystalline copper samples obtained 

from high purity cast electrolytic tough pitch copper with minimal contamination [42], as in 

previous works [43–45]. The samples were mechanically polished using silicon carbide papers 

up to 4000 grit to obtain a flat surface, followed by diamond pastes down to 0.25 μm to obtain 

a mirror finish surface. They were rinsed with ethanol and ultra-pure water (resistivity > 18.2 

M) after each polishing step and were ultrasonically cleaned for 5 minutes in successive 

baths of acetone, ethanol, and ultra-pure water after the final polishing step. Electrochemical 

polishing was performed on each sample following mechanical polishing in a 60% solution of 

H3PO4. A constant voltage of 1.4 V was applied for 4 minutes using a copper plate as the 

counter electrode. This step removes the cold-worked layer on the surface of the sample along 

with contaminants present on the surface [46]. The samples were finally rinsed with a 10% 

H3PO4 solution, followed by ultra-pure water, and then dried using nitrogen.  

The electrochemical tests were performed in cells made of polychlorotrifluoroethylene, more 

commonly known as Kel-F, equipped with a counter electrode and a pseudo-reference 

electrode made of platinum. The volume of the electrolyte in the Kel-F cell was approximately 

350 – 400 μl. The cells were cleaned thoroughly prior to each experiment using a 2:1 

volumetric solution of H2SO4 and H2O2, followed by concentrated HNO3, and finally rinsed in 

boiling ultra-pure water several times. The pseudo reference electrode was calibrated before 

each experiment to ensure correct measurement of the potentials. The platinum electrode 

was calibrated to be +0.75 V vs SHE. The working electrode area, delimited by an O-ring, was 

0.16 cm². A PicoStat bi-potentiostat and the Picoscan software from Agilent Technologies were 

used for performing the experiments. The electrolytes used were a 10 mM HCl reference 

aqueous solution of pH 2.3 ± 0.1 (solution without inhibitor), and a 10 mM HCl + 1 mM 2-MBI 

aqueous solution of pH 2.4 ± 0.1 (solution with inhibitor). All chemicals used were of analytical 

grade and were supplied by Sigma Aldrich and VWR chemicals. 

Reduction of the native oxides of copper were carried out by cathodic pre-treatment of the 

substrate surfaces. The samples were immersed in the Kel-F cells at the open circuit potential 
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(OCP), following which the potential was swept cathodically to the onset of hydrogen 

evolution at – 0.05 V vs SHE, with a scan rate of 20 mV/s, and then back up to the value of + 

0.10 V vs SHE, the potential at which the measured current was 0 μA/cm². This was repeated 

2 times to ensure maximum reduction of the air formed native oxides present on the surface. 

For surfaces pre-treated in the reference HCl solution (absence of inhibitor), the solution was 

replaced after cathodic pre-treatment by removing approximately 3/4th of the solution using 

a pipette and adding the inhibitor containing solution to the cell while the electrodes were 

still immersed and connected to the potentiostat. This was repeated 7 times to replace the 

inhibitor-free solution with the inhibitor containing solution. For the surfaces pre-treated in 

the presence of inhibitor, no change in solution was carried out. The anodic dissolution tests 

were performed using cyclic voltammetry, by sweeping the potential up to the anodic apex at 

+ 0.37 V vs SHE or higher, followed by reverse sweeping to – 0.05 V vs SHE, and back to the 

initial potential of + 0.10 V vs SHE. The experiments were repeated 3 times each to ensure 

reproducibility of the results.  

Surface analysis using XPS and ToF-SIMS were performed on the surfaces after cathodic pre-

treatment and deposition of the 2-MBI molecule on the surface (reduced state at + 0.10 V vs 

SHE), and after sweeping the potential to the anodic apex in the polarized state (anodic state 

at + 0.37 V vs SHE). Once the desired state of the surface was achieved, the cell was 

disconnected, the samples were rinsed with ultra-pure water, dried using nitrogen, and 

transferred to the ultra-high vacuum (UHV) chamber for analysis immediately.  

XPS analysis was performed with a Thermo Electron Escalab 250 Xi spectrometer, using a 

monochromated Al Kα X- ray source (hv = 1486.6 eV), operating at a base pressure less than 

10–10 mbar. An X-ray spot size of 900 μm in diameter was used, and the take-off angle of the 

collected photoelectrons was 90°. The survey spectra were recorded with a pass energy of 

100 eV at a step size of 1 eV, while the high-resolution spectra of the C 1s, O 1s, N 1s, S 2p, Cl 

2p, Cu 2p core levels and Cu LMM Auger transition were recorded with a pass energy of 20 eV 

at a step size of 0.1 eV. Decomposition of the spectra was performed with Avantage, the 

Thermo Fischer scientific software, using an iterative Shirley-type background. The binding 

energies were referred to the Fermi level of the sample. The photoionization cross-section 

values at 1486.6 eV were taken from the Scofield database [47], the inelastic mean free paths 
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were calculated using the TPP-2M formula [48], and the transmission function of the analyser 

was provided by Thermo Fischer.  

ToF-SIMS analysis was performed using a ToF-SIMS 5 spectrometer (IonTof – Münster 

Germany), operating at a base pressure of 5 x 10–9 mbar. Analysis was done in high current 

bunched mode to obtain a high mass resolution. Negative depth profiles are performed by 

sequentially analysing the surface (25 keV Bi+ primary ions with a target current of 1.2 pA over 

an area of 100 x 100 μm²) and sputtering the surface (0.5 keV Cs+ ions with a target current of 

20 nA over an area of 500 x 500 μm²). Both ion beams were at a 45° incidence angle to the 

surface of the sample and were well-aligned to ensure analysis at the centre of the sputtered 

crater. Data acquisition and post-processing analysis were performed using the SurfaceLab 

software v7.2. Three measurements were recorded on each sample from different regions to 

ensure reproducibility.  
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Results and Discussion 

Reduction of native oxides by cathodic pre-treatment of the interface 

The cathodic pre-treatment curves obtained for the reduction of the air formed native oxides 

in the absence and presence of 2-MBI in the HCl solution are shown in Figure 2. The cathodic 

charge density of the three cycles determined by integrating the cathodic current density with 

respect to time are presented in Table 1.   

 

Figure 2: Cathodic pre-treatment CVs of copper obtained in (a) 10 mM HCl reference solution, 
and (b) 10 mM HCl solution with 1 mM 2-MBI (scan rate of 20 mV/s). 

For the first cycle of cathodic pre-treatment in absence of 2-MBI (Figure 2a), the open circuit 

potential (OCP) measured at immersion was 0.21 V vs SHE. The reduction peak occurs at a 

potential of 0.18 V vs SHE with a significantly large cathodic charge density measured (1698 ± 

38 μC/cm² from Table 1). The equivalent thickness of oxide reduced during this cycle, 

estimated using Faraday’s Law [49], was 2.10 ± 0.01 nm, where the molar volume of Cu2O was 

taken as 23.9 cm3/mol and the number of electrons exchanged per Cu2O molecule was 2. 

Additionally, in this case, the dissolution of the native oxides also occurs at OCP, prior to the 

first cycle of pre-treatment, due to the low pH of the electrolyte. However, the quantity of 

oxides dissolved at OCP cannot be quantified.  

The first cycle of pre-treatment in presence of 2-MBI (Figure 2b) exhibits a stark difference 

with the previous case. The OCP measured at immersion was 0.34 V vs SHE, significantly higher 

than in absence of 2-MBI with an increase of +0.13 V. This indicates that 2-MBI adsorbs on the 

surface immediately on immersion in the 2-MBI containing solution and before the start of 
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the cathodic pre-treatment cycles. We also observe the absence of a prominent reduction 

peak, and the measured charge density is lower by a factor of approximately 2.3 times (Table 

1). This is most likely due to 2-MBI adsorbed on the substrate surface, either in the form of an 

organic layer or in the form of metal-organic complexes due to a conversion reaction, which 

prevents the reduction of native oxides. Since there is no reduction peak, we did not estimate 

the thickness of oxides reduced, if any oxides were reduced at all. Since the inhibitor is likely 

to restrict the access of the oxide layer from the electrolyte, we cannot confirm the dissolution 

of oxides at OCP due to the low pH of the electrolyte. 

Table 1: Cathodic charge densities in μC/cm² determined from the three cycles of cathodic pre-
treatment of copper in 10 mM HCl solution (without inhibitor), and in 1 mM 2-MBI + 10 mM 
HCl solution (with inhibitor), by integrating the current density measured with time. 

Cycle 
Cathodic charge densities (μC/cm²) 

Pre-treatment without 2-MBI Pre-treatment with 2-MBI 

1 1698 ± 38 751 ± 15 

2 165 ± 9 284 ± 14 

3 32 ± 5 211 ± 1 

 

The next two cycles of pre-treatment in the absence of 2-MBI (Figure 2a) shows progressively 

lower cathodic charge densities measured (Table 1), indicating a nearly complete reduction of 

the native oxides on this substrate. The curves obtained for the second and third cycles of pre-

treatment in the presence of 2-MBI (Figure 2b) also measured very low charge densities, 

although slightly higher than that of pre-treatment in absence of 2-MBI. However, no 

reduction peak was observed, similar to the first cycle, confirming that the reduction of native 

oxides is blocked, possibly due to an interaction between the organic molecules and the 

copper oxides present, as suggested by others [40,41]. 

Surface analysis after adsorption of 2-MBI 

To evaluate the surface state after cathodic pre-treatment, surface analysis was carried out on 

copper samples pre-treated in absence of 2-MBI followed by 1 hour exposure to 2-MBI, 

hereafter labelled (a), and on samples pre-treated in presence of 2-MBI, hereafter labelled 

(b). In the former pre-treatment method (without inhibitor), the inhibitor containing solution 

was introduced after the pre-treatment cycles as specified earlier in the experimental section.  
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The elemental ToF-SIMS depth profiles are presented in Figure 3, with the intensity in counts, 

plotted in logarithmic scale to enhance the low intensity signals, vs. sputtering time in 

seconds. The selected ions are Cu–, CuO–, O–, and 37Cl–, characteristic of the copper substrate, 

copper oxide, overall oxygen, and overall chlorine, respectively. The C7H4N2S– ions were 

selected as characteristic of the 2-MBI molecule, and the CuC6H4NS–, CuS–, and CuN2
– ions as 

representative of Cu interaction with the 2-MBI molecule in its entirety and its respective 

fragments. The difference in the number of carbon atoms between the ions selected as 

representative of the 2-MBI molecule and representative of Cu interaction with 2-MBI is due 

to the different ionization yields of the molecule resulting in varying signatures obtained for 

each species. The limits of each layer were defined by the maximum intensity of the 

corresponding ions with an uncertainty of 5%. 

It is observed that for the sample pre-treated in absence of 2-MBI followed by 1 hour exposure 

to 2-MBI, Figure 3a, the maximum intensity of the Cu– ion profile, which indicates the metal-

oxide interface, corresponds to 120 seconds of sputtering. We also observe that the maximum 

intensity of the CuO– ion profile is at 20 seconds of sputtering, indicating that the oxide 

interface is of approximately 100 seconds of sputtering time. Similarly, both the CuS– ion 

profile and the CuN2
– ion profile peak at 20 seconds of sputtering, indicating that the 

interaction between copper and the molecule occurs with both the nitrogen and sulphur 

atoms. This is in contrast to that observed for 2-MBT adsorption on copper in an acidic chloride 

environment, where the sulphur was found at a greater sputtering time than the nitrogen of 

the molecule [43].  

In the present case, the copper oxide profile peaks at the same sputtering time as the copper-

sulphur and copper-nitrogen interaction and follows a similar decreasing profile until 120 

seconds of sputtering. This indicates that the oxides subsist at the interface as islands along 

with the Cu-S and Cu-N interactions, as seen in previous works on 2-MBT adsorption on copper 

surfaces [43–45]. This feature is corroborated with the peak of the O– ion profile, also 

occurring at 20 seconds of sputtering. 
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Figure 3: ToF-SIMS depth profiles obtained for 2-MBI films formed on copper surfaces at the 
reduced state in 10 mM HCl solution after cathodic pre-treatment (a) in the absence of 2-MBI 
followed by 1 hour exposure to 2-MBI, and (b) in the presence of 2-MBI. 

The ion profile of C7H4N2S–, corresponding to the 2-MBI molecule, exhibits a sharp decrease 

in intensity from the initial top-most surface to 10 seconds of sputtering, followed by a slower 

decrease thereafter. This suggests multi-layers of the 2-MBI film physisorbed on the surface, 

also observed in previous work with 2-MBT organic inhibitor [43–45]. The CuC6H4NS– ion 
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profile, representative of Cu bonding with 2-MBI molecule, exhibits an increase in intensity up 

to 10 seconds, followed by a plateau until 30 seconds of sputtering. The initial low intensity is 

consistent with the absence of Cu-2-MBI bonding near the top-most surface. The following 

increase and the subsequent plateau are indicative of an inner chemisorbed layer, in which 

the 2-MBI molecules bond to the copper substrate. After 30 seconds there is a gradual 

decrease in intensity up to 120 seconds of sputtering, where the Cu substrate is reached.  

The 37Cl– ion profile peaks near the surface and decreases sharply immediately after the peak. 

This suggests that the chlorine is mostly present in the outer organic layer and its interaction 

is rather limited with the metal substrate due to the inner organic layer acting as a barrier 

between the substrate and the chlorine ions, thus indicating effectiveness of the 2-MBI barrier 

layer formed by this pre-treatment method. 

In Figure 3b, pre-treatment in presence of 2-MBI, it is observed that the metal oxide interface 

is at 657 seconds of sputtering time (maximum intensity of the Cu– ion profile). The time taken 

to reach the interface for this sample is a drastic increase as compared to that for the pre-

treatment shown in Figure 3a. This increase in sputtering time is indicative of the formation 

of much thicker organic layers on the sample. We also observe an increased roughness of the 

inhibited interface, attested by the progressive increase of the Cu– signal. The CuN2
– ion profile 

peaks at 180 seconds of sputtering, while the CuS– ion profile peaks at 360 seconds, suggesting 

mostly sulphur interaction with the substrate, unlike the previous case (Figure 3a) where both 

ion profiles peaked at the same sputtering time. 

Next, the CuO– ion profile does not exhibit a definite peak, rather a slightly curved profile 

centered around 400 seconds of sputtering. This is in contrast with the pre-treatment in 

absence of 2-MBI (Figure 3a), where a well-defined peak was observed for the CuO– ion 

profile. Additionally, in this case (Figure 3b), the intensity of the CuO– ion profile is extremely 

low throughout the sputtering duration. On the other hand, the O– ion profile exhibits an 

intensity decrease for the first 10 seconds of sputtering, followed by a similar curve centered 

around 360 seconds. This suggests that, in this case (Figure 3b), there are much smaller traces 

of copper oxides remaining at the interface that in the previous case (Figure 3a). 

The C7H4N2S– ion profile (Figure 3b) exhibits a decrease in intensity for the first 20 seconds of 

sputtering, similar to the previous case (Figure 3a), suggesting the presence of an outer layer 
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of the organic film. However, a similar decreasing trend is observed in this case for the Cu– 

and O– ion profiles for the first 20 seconds of sputtering. This could be possibly due to 

complexes formed by an interaction with copper oxides and the 2-MBI molecule, which would 

be deposited on the surface, as proposed by others [40,41]. This phenomenon of the initial 

decrease in the intensity of the depth profiles corresponding to the molecule and copper has 

also been observed in previous work of 2-MBT adsorption on copper in neutral and alkaline 

media signifying the presence of complexes [44,45]. 

The CuC6H4NS– ion profile (Figure 3b) exhibits a sharp increase in intensity up to 60 seconds, 

followed by a slower and gradual increase in intensity up until 400 seconds of sputtering, 

confirming the presence of a thicker barrier layer on this sample. The ion profile shape is also 

in agreement with the interaction between copper and the molecule fragments seen with the 

CuN2
– and CuS– ion profiles. This would likely correspond to the Cu-2-MBI conversion layer 

formed by a reaction between the oxides and 2-MBI during cathodic pre-treatment. After 400 

seconds, a gradual decrease in intensity is observed for the CuC6H4NS– ion profile till the Cu 

substrate is reached, similar to the sample pre-treated in absence of 2-MBI (Figure 3a) in terms 

of profile shape. 

The 37Cl– ion profile exhibits its maximum intensity near the surface, like in the previous case. 

Here, the decrease is not as sharp as seen earlier for the sample pre-treated in absence of 2-

MBI (Figure 3a). This could be due to two factors: the first is an increase in surface roughness, 

as attested by the other ion profiles in Figure 3b, the second is that the chloride ions interact 

with the inner layers too thus maintaining a higher intensity for the 37Cl– ion profile even until 

400 seconds of sputtering time. This is investigated further by XPS analysis of the surfaces. 

The XPS core level spectra recorded for the two cathodically pre-treated copper surfaces, 

normalized to the background at the lower binding energy side, are shown in Figure 4. The 

intensities for the S 2p and Cl 2p spectra of curve (a), and the O 1s spectra of curve (b) are 

multiplied by a factor of 3 for better perceptibility of the decomposition of the peaks and the 

components observed. 



15 
 

 

Figure 4: XPS Cu 2p, C 1s, N 1s, S 2p, Cl 2p, and O 1s core level spectra for 2-MBI films formed 
on copper surfaces at the reduced state in 10 mM HCl solution after cathodic pre-treatment 
(a) in the absence of 2-MBI followed by 1 hour exposure to 2-MBI (blue curves), and (b) in the 
presence of 2-MBI (red curves). The symbols represent the experimental data and the 
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corresponding coloured lines represent the fit. Intensities are normalised to the background at 
the lower binding energy side. 

The Cu 2p spectra exhibit spin-orbit doublets of 2p3/2 and 2p1/2 at the binding energies of 932.9 

and 952.6 eV, respectively. Since the binding energies of the Cu metal, Cu2O oxide, and CuS, 

are very close to each other, as discussed in previous work [43], their contributions overlap 

and therefore we cannot decompose this peak. Nevertheless, the Cu 2p3/2 peak for curve (b), 

corresponding to the sample pre-treated in presence of 2-MBI, exhibits broadening with full 

width at half maximum (FWHM) of 1.4 eV, compared to 1.0 eV for the sample pre-treated in 

absence of 2-MBI (curve (a)). This broadening of the FWHM is most likely due to a change in 

the chemical state of copper that cannot be distinguished by the Cu 2p spectrum alone. We 

also observe a reduced intensity for curve (b), confirming that the surface layers are much 

thicker here thus causing larger attenuation of the Cu signal from the substrate. The presence 

of thicker surface layers for this substrate has also been indicated by the ToF-SIMS depth 

profiles in Figure 3. 

The C 1s spectrum for the sample pre-treated in presence of 2-MBI (curve (b)), was 

decomposed into three components – C1 at 286.8 eV corresponding to C=S bonds, C2 at 285.6 

eV corresponding to C–N bonds, and C3 at 284.6 eV corresponding to the C–C and C–H bonds, 

like in previous works on 2-MBI adsorption on metallic copper under UHV conditions [21,22]. 

A closer look at the intensities of these 3 components revealed that the ratio between the 3 

peaks is approximately 1:2:4, indicative of the 7 carbon atoms of the 2-MBI molecule and their 

respective chemical states [21]. This phenomenon is similar to that observed for 2-MBT 

deposition on copper surfaces in varying conditions [43–45,50–52].  

For the sample pre-treated in absence of 2-MBI (curve (a)), similar fitting parameters were 

used for decomposition of the C 1s spectrum. This was performed by maintaining the ratio of 

intensity between the three components and the difference in binding energies between each 

component. We observe that the binding energies of all the components are lower here by 

0.7 ± 0.1 eV, with the C1 at 286 eV, C2 at 284.7 eV, and C3 at 284 eV. The lower binding energies 

obtained here have also been reported in previous work on adsorption of 2-MBI on pre-

oxidized copper surfaces in vapour phase [21,22]. Since the shift is observed for all three 

components while keeping the relative position of the components between each other 

within the uncertainty range of ± 0.1 eV, it is understood that this phenomenon is not due to 
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a change of the chemical states. Rather, this shift is most likely due to a change in the Fermi 

level of the elements due to bad conductivity between regions of the surface layers and the 

XPS analyser. This causes an uneven charge compensation for each layer (organic and oxide 

layers, as discussed below) that is formed on the metallic substrate, thus resulting in shifted 

binding energies for the components. The binding energy values obtained for the carbon 

components are reproducible, thus confirming that it is not due to any experimental anomaly. 

A fourth component is realised in the C 1s spectrum for the sample pre-treated in absence of 

2-MBI (curve (a)) at approximately the same binding energy as that of the C–N bonds, at 284.6 

eV. This component arises due to one of the following two reasons. The first possibility is that 

this component occurs from contaminations on the surface during the ex-situ transfer of the 

sample in air. The second possibility is that there may be an excess of C–N bonds due to partial 

dissociation/fragmentation of the 2-MBI molecule, thus resulting in an increased intensity at 

284.6 ± 0.1 eV. 

Lastly, we observe that the intensity of the C 1s spectrum obtained for the sample pre-treated 

with 2-MBI (curve (b)) is more than twice the intensity for the sample pre-treated in absence 

of 2-MBI (curve (a)). This agrees with the ToF-SIMS analysis where we observed a thicker 

overall organic layer on the surface of the sample pre-treated with 2-MBI (Figure 3b). 

The N 1s spectrum for curve (a) exhibits 4 chemical states. The N1 component at 400 eV 

corresponds to nitrogen from 2-MBI not bonded to metallic Cu [21,22]. The N2 component at 

398.7 eV is representative of an interaction between nitrogen and metallic copper, as seen in 

previous work where 2-MBI was adsorbed on a clean metallic surface of copper in vapour 

phase [21,22]. The intensity of the N2 component is much higher than for the N1 component, 

suggesting that most of the nitrogen bonds with metallic copper. The formation of thicker 

multi-layers is restricted here despite exposing the surface to the 2-MBI containing solution 

for a longer time (1 hour). The atomic ratio of N1/Cu is 0.006 while that of N2/Cu is 0.080, 

given in Table 2, demonstrating that the intensity of N1 is approximately 13 times less than 

that of N2. The N3 component at 403.7 eV corresponds to the presence of azides [53], while 

the N4 component at 406.8 eV corresponds to the formation of nitrates [53]. Although it is 

unclear why these species are formed here, an explanation would be that due to the partial 

dissociation of the 2-MBI molecule during adsorption, the free nitrogen interacts with other 

species available such as oxygen or other free nitrogen-carbon chains to form these species.  
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Table 2: Atomic ratios obtained by quantitative analysis of the XPS measurements at the 
reduced state using the photoelectron intensities, normalised by the photoionization cross-
sections, the inelastic mean free paths, and the transmission function of the analyser. 

Component 
Pre-treatment without 2-MBI, 

1 hour exposure to 2-MBI 
Pre-treatment with 2-MBI 

N1/Cu 0.006 ± 0.001 0.44 ± 0.02 

N2/Cu 0.080 ± 0.003 0.30 ± 0.01 

N/Cu 0.086 ± 0.003 0.74 ± 0.03 

S1/Cu 0.046 ± 0.001 0.44 ± 0.01 

S2/Cu 0.003 ± 0.001 – 

S/Cu 0.049 ± 0.001 0.44 ± 0.01 

O3/Cu 0.038 ± 0.002 0.017 ± 0.001 

O/Cu 0.164 ± 0.007 0.039 ± 0.002 

Cl/Cu 0.011 ± 0.001 0.24 ± 0.01 

 

For the sample pre-treated with 2-MBI, curve (b), we observe only two peaks – N1 and N2. A 

positive shift of 0.4 ± 0.1 eV for the binding energies is observed, but the relative positions of 

the 2 components with each other remain the same, as observed for the carbon spectra. 

These binding energies for nitrogen, N1 at 400.4 eV and N2 at 399.1 eV, are similar to those 

obtained for 2-MBI adsorption on pre-oxidized copper (3D oxide) under UHV conditions [21]. 

Since the binding energies differ from the previous case, it is suggested that the chemical state 

of the nitrogen on this sample may be altered. Therefore, we propose that the N2 component 

here corresponds to N bonded to Cu(I) ions, which are dissociated by the conversion reaction 

of the oxide during cathodic pre-treatment, while the N1 component corresponds to N in the 

physisorbed multi-layers of the organic layer. It is also seen that the N1 component for curve 

(b) is significantly higher with the N1/Cu ratio of 0.44 versus the N2/Cu ratio of 0.30 (Table 2), 

supporting the presence of multi-layers of 2-MBI and also confirming the presence of a thicker 

organic layer than on the previous sample (curve (a)). 

The S 2p spectra were decomposed by considering their spin orbit doublets of 2p3/2 and 2p1/2 

with a branching ratio of 0.5 and splitting of 1.18 eV. For the sample pre-treated in absence of 

2-MBI (curve (a)), two components were observed – S1 and S2. The S1 component at 162.9 

eV, for the 2p3/2 spin orbit, corresponds to exocyclic sulphur from the 2-MBI molecule that is 

not bonded with metallic copper [21]. The S2 component at 161.7 eV is representative of the 
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interaction between metallic copper and sulphur [43,44], which was observed in previous 

work on adsorption of both 2-MBI and 2-MBT on metallic copper in UHV conditions 

[21,22,50,51]. Moreover, this S2 component is at the same binding energy as that observed 

for copper exposed to H2S gas, resulting in adsorbed atomic sulphur on the surface [54]. The 

S2 component can appear from the entire molecule, its fragments, and/or even free sulphur 

dissociated from the molecule, as discussed in previous works of 2-MBT adsorption on copper 

[43,44,50,51].  

On the other hand, the sample pre-treated with 2-MBI, curve (b), exhibits only one 

component – S1 corresponding to sulphur not bonded to metallic copper. The intensity of the 

S1 peak for curve (b) is significantly greater than that of curve (a), even though curve (a) has 

been increased by a factor of 3 to show the spectrum properly. This is reflected in the S/Cu 

atomic ratio given in Table 2, where the S/Cu ratio for curve (a) is 0.049 and that for curve (b) 

is 0.44, which is a 9-fold increase in S intensity. Since the S2 component, S bonded to metallic 

Cu, generally exhibits low intensity due to the restricted availability of the metallic Cu surface, 

we cannot completely rule out the possibility of a very small S2 component for the sample 

pre-treated with 2-MBI (curve (b)). This also considers the fact that we do in fact have a 

nitrogen component, N2, which bonds directly to metallic Cu in this case. Therefore, sulphur 

bonding with the metallic substrate cannot be excluded here. Moreover, we did observe 

copper-sulphur interaction on this sample from the ToF-SIMS depth profile in Figure 3b at a 

greater sputtering time than copper-nitrogen interaction. Regardless, even if this S2 

component is present for curve (b), its intensity is less than 1% of the total intensity of sulphur 

thus rendering it negligible for quantitative analysis.  

From the C 1s spectra it is suggested that we may have some fragmentation of the 2-MBI 

molecule upon adsorption. In previous works, it was also demonstrated that there is some 

free atomic sulphur due to dissociation of the inhibitor molecule, for both 2-MBI and 2-MBT 

[21,22,43,44,50,51]. To determine this, we calculate the atomic ratios between sulphur, 

nitrogen, and carbon using the intensities obtained from XPS and relate them to the 

stoichiometric ratio of atoms from the 2-MBI molecule. It is observed that for the sample pre-

treated in the absence of 2-MBI, corresponding to spectra (a), we have 1.25 ± 0.06 sulphur 

atoms and 2.17 ± 0.02 nitrogen atoms, assuming the carbon intensity corresponds to the 7 

carbon atoms of the molecule. This confirms that we have an excess of sulphur atoms present 
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here along with some fragmented nitrogen from the 2-MBI molecule. For the ratios 

mentioned above, we have only considered the intensities corresponding to the molecule 

itself, i.e. we have ignored the contributions from the N3, N4, and the C4 components relating 

to the azides, nitrates, and the excess contamination, as discussed earlier.  

Similarly, for the sample pre-treated in the presence of 2-MBI, corresponding to spectra (b) in 

Figure 4, we estimate that we have 1.21 ± 0.06 sulphur atoms and 2.05 ± 0.02 nitrogen atoms 

for the 7 carbon atoms. This indicates that again there is an excess of sulphur atoms here. 

Regarding the nitrogen atoms, the ratio determined is very close to the stoichiometric ratio of 

the molecule. Therefore, using this pre-treatment method (with 2-MBI) results in 

fragmentation of the molecule too, but mostly sulphur dissociation and very little nitrogen 

dissociation, unlike for pre-treatment without 2-MBI followed by 1 hour exposure to 2-MBI. 

This would also explain why we have a strong intensity for the CuS– ion profile for a longer 

sputtering time compared to the CuN2
– ion profile, from the depth profiles in Figure 3b. The 

partial decomposition of the 2-MBI molecule was also observed in the work of Whelan et al. 

[55] on 2-MBI adsorption on a gold (Au(111)) surface. They concluded that when 2-MBI 

interacts directly with metallic Au, partial decomposition of the molecule occurs resulting in 

the formation of atomic sulphur. However, they did not note any excess nitrogen from partial 

decomposition, unlike our case, possibly due to differing experimental conditions. 

The Cl 2p spectra, decomposed by their spin-orbit doublets 2p3/2 – 2p1/2 with a branching ratio 

of 0.5 and splitting of 1.6 eV, exhibit only one component (Cl1) at a binding energy of 198.2 

eV. This Cl1 component has been assigned to adsorbed chloride [53], as seen and discussed in 

previous works [43,45]. Although we cannot rule out the formation of CuCl/CuCl2 due to 

decomposition limitations arising from the low intensity of the spectra, the absence of a 

distinct peak is rather interpretative in itself. It suggests that despite the aggressive nature of 

the electrolyte, strongly acidic with chloride ions, the 2-MBI organic inhibitor is always 

preferably bonded to the substrate over chloride ions, despite the variations in the bonding 

mechanisms or the structure of the film. Nevertheless, the atomic ratio of adsorbed chloride 

is 0.011 for the sample pre-treated in absence of 2-MBI compared to 0.24 for the sample pre-

treated in presence of 2-MBI, as seen in Table 2. This suggests that the former pre-treatment 

is more effective in protecting the surface from chloride ions, despite the lower thickness of 

the 2-MBI organic layer formed on the substrate as suggested by the N 1s and S 2p scans of 
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spectra (a). This interpretation was also obtained from the ToF-SIMS depth profiles earlier, 

Figure 3, where we saw deeper penetration of chloride ions for sample (b) compared to 

sample (a) in terms of sputtering time. 

The O 1s spectra of the two pre-treated surfaces are shown in Figure 4. For the sample pre-

treated in absence of 2-MBI, curve (a), the spectrum was decomposed into 3 peak 

components. The O1 component at 532.9 eV corresponding to adsorbed water, O2 at 532 eV 

indicative of hydroxides, and O3 at 530.1 eV corresponding to metal oxide (Cu2O) [43,44,54]. 

The O3/Cu atomic ratio obtained for this sample is 0.038, indicating a low quantity of oxides 

present here due to the efficiency of the pre-treatment used. This was also observed in 

previous work of 2-MBT adsorption of Cu in acidic conditions using a similar pre-treatment 

method [43]. The low quantity of oxides was also corroborated by the low intensity of the 

CuO- ion in the ToF-SIMS depth profiles seen in Figure 3a. The overall O/Cu atomic ratio is 

0.164, thereby demonstrating that the metal oxide component is only 1/4th of the total oxygen 

present.  

For the sample pre-treated in presence of 2-MBI, curve (b), the spectrum was decomposed 

using similar parameters as that for curve (a) and is increased threefold to make the 

decomposition and the components visible in the graph. We observe three components for 

this spectrum too. The O1 relates to water adsorbed while the O2 to hydroxides, as mentioned 

above. These components are found at the same binding energies as those for the previous 

case. However, we observe a shift of the O3 component to a higher binding energy by 

approximately 1 eV. This large shift suggests that there is a change in the chemical state of the 

O3 component here and it is not the same as the O3 component (Cu2O metal oxide) found in 

the previous case. The O3/Cu atomic ratio is 0.017 for this sample (pre-treated with 2-MBI), 

which is half of that observed for the previous case. We also observe that the overall O/Cu 

atomic ratio is very low compared to the previous case, with a value of 0.039 compared to 

0.164 for the previous sample.  

Since we know that the pre-treatment method with 2-MBI is not as effective in reducing the 

native oxides, as indicated from the CVs in Figure 2, it is proposed that the initial copper oxides 

present on the surface undergo a conversion reaction during cathodic pre-treatment of the 

surface, resulting in the consumption/release of oxygen from the copper oxides. This reaction 

then leaves Cu(I) ions free from the oxides which allows them to interact with 2-MBI molecules 
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to form metal-organic complexes. Therefore, we obtain a much lower intensity for the O 1s 

spectrum for the sample pre-treated in presence of 2-MBI. The reduced intensity of oxygen 

for this sample was also observed in the ToF-SIMS depth profiles in Figure 3.  

To understand the effect of oxides more clearly, we decomposed the Cu LMM Auger spectra 

obtained from the XPS analysis for the two experiments (Figure 5). The sample pre-treated in 

absence of 2-MBI followed by 1 hour exposure to 2-MBI (Figure 5a) exhibits a relatively low 

Cu(I) intensity, with a ratio of 0.26 ± 0.01 between Cu(I) and Cu(0) components. This is in line 

with the observations from the O 1s spectrum of this sample where we observed a low 

quantity of oxides remaining at the interface due to the efficiency of the pre-treatment used.  

 

Figure 5: Cu LMM Auger spectra for 2-MBI films formed on copper surfaces at the reduced 
state in 10 mM HCl solution after cathodic pre-treatment (a) in the absence of 2-MBI followed 
by 1 hour exposure to 2-MBI, and (b) in the presence of 2-MBI. 

For the sample pre-treated in presence of 2-MBI (Figure 5b), the Cu LMM Auger scan shows a 

drastically different profile. The Cu(I) component has a much higher relative intensity here, 

resulting in a Cu(I)/Cu(0) intensity ratio of 6.11 ± 0.22. Since we did not observe Cu2O metal 

oxide in the O 1s spectrum for this sample, Figure 4, it is suggested that the Cu(I) component 

here is mostly due to the presence of complexes which are formed by the conversion reaction 

of the copper native oxide during cathodic pre-treatment of the surface in presence of 2-MBI. 

The Cu(I) ions, released from the initial copper oxides present, interact with the 2-MBI 

molecules to form the complexes. This inference is in line with the observations from the ToF-

SIMS depth profile of this sample seen in Figure 3b, where we observed an initial decrease in 
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intensity of the Cu–, O–, and C7H4N2S– ion profiles which was attributed to the presence of 

complexes on the surface. 

The metal organic complexes formed by 2-MBI and copper are quite different than those 

formed by 2-MBT and copper. As seen in previous works [44,45], the Cu-2-MBT complexes are 

only formed in neutral and alkaline media, not in acidic media, despite both inhibitors utilizing 

Cu(I) ions for the formation of the complexes. This was attributed to the dominant conformer 

of the 2-MBT molecule in each environment. Only the thiolate form of the molecule enabled 

the formation of the complexes, most likely due to the absence of a hydrogen atom in the 

molecule thus leaving an extra reactive site for the interaction with the Cu(I) ions. However, 

in the present case, even though the dominant form of 2-MBI in acidic media is the thione 

conformer, significant quantities of the metal organic complexes are formed, as evidenced by 

the Cu LMM Auger spectrum. There can be two possibilities for this occurrence. The first is 

that the Cu(I) ions replace the hydrogen atoms attached to the nitrogen atoms of the molecule 

due to stronger affinity between them, thus forming the complexes. The second possibility is 

that due to some fragmentation of the molecule, there is a new reactive site in the molecule 

for the Cu(I) ions to interact with, thus forming the complexes. However, we cannot confirm 

or rule out either hypothesis at this point. 

Corrosion tests and inhibition by 2-MBI organic inhibitor 

To investigate the corrosion behaviour of copper in the acidic chloride environment and the 

inhibition offered by the 2-MBI molecule on various pre-treated surfaces, cyclic voltammetry 

tests were performed. The CVs are shown in Figure 6 and the corresponding anodic and 

cathodic charge densities along with equivalent thickness of copper reacting are given in Table 

3.  

For the sample polarised in the reference 10 mM HCl solution, we observe a sharp increase in 

current density initiating at approximately 0.15 V vs SHE, corresponding to anodic dissolution 

of copper metal. The measured charge density for the anodic branch of the polarisation is 

7032 ± 13 μC/cm² and the estimated equivalent thickness of reacting copper is 5.17 ± 0.02 

nm, also given in Table 3. Subsequently, a cathodic peak corresponding to copper redeposition 

is observed during reverse sweeping at a potential of 0.08 V vs SHE. The measured cathodic 

charge density was 4503 ± 55 μC/cm². The large difference between the anodic and cathodic 
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charge densities indicates a considerable quantity of copper metal irreversibly dissolved 

during the cyclic voltammetry test, which is estimated to be approximately 1.86 ± 0.03 nm of 

equivalent thickness. 

The copper surfaces with the 2-MBI inhibitor exhibited significantly lower rises in the current 

density during the anodic branch compared to the reference substrate. To examine the CVs 

clearly, they are enlarged in Figure 6b. The sample pre-treated in the absence of 2-MBI 

followed by 2 minutes of exposure to 2-MBI shows an increase in current density initiating at 

0.23 V vs SHE, a positive shift of 0.07 V compared to the reference substrate. This indicates a 

delayed corrosion initiation on the 2-MBI covered surface along with a slower corrosion rate 

as expressed by the slower rise of current density. When the exposure time was increased to 

1 hour for a similarly pre-treated sample, we observed a further positive shift of 0.05 V for 

corrosion initiation to 0.28 V vs SHE, indicating that the extended exposure time to the 

inhibitor results in a better protection of the substrate. The positive shifts observed for the 

two samples also result in progressively lower amounts of copper reacting, as seen in Table 3, 

due to the inhibitive effect of the 2-MBI molecule. 

Lastly, the sample pre-treated in presence of 2-MBI also exhibits a rise in current density 

starting at 0.28 V vs SHE. However, the increase is much less here than for the previous two 

samples (pre-treatment without 2-MBI followed by exposure to 2-MBI), with an equivalent 

thickness of 0.40 ± 0.02 nm of reacting copper estimated from the anodic branch of the CV. 

This suggests that the sample pre-treated with 2-MBI results in the most protective barrier 

layer/interface of the three inhibited samples. This is most likely due to the copper oxide–2–

MBI interaction resulting in the formation of a conversion layer of protective complexes which 

further restricts the electrolyte from accessing the metal substrate.  
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Figure 6: (a) CV tests of copper anodic dissolution in 10 mM HCl solution in (i) the absence of 
2-MBI, and (ii-iv) the presence of 2-MBI, after the various cathodic pre-treatment methods of 
the interface. (b) Enlarged CVs of the copper surfaces polarised in the presence of 2-MBI. 
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Table 3: Anodic and cathodic charge densities (μC/cm²) determined from the cyclic 
voltammetry anodic dissolution tests by integrating the current densities measured with time, 
and equivalent thickness (nm) of copper metal reacting estimated using Faraday’s law. 

 Electrolyte,  

Anodic 
charge 
density 

 

Cathodic 
charge 
density 

 

Equivalent 
thickness of 

copper reacting 
 

 Pre-treatment method (μC/cm²) (μC/cm²) (nm) 

i 
10 mM HCl reference solution,  
Pre-treatment without 2-MBI 

7032 ± 13 4503 ± 55 5.17 ± 0.02 

ii 
1 mM 2-MBI + 10 mM HCl, 
Pre-treatment without 2-MBI, 
2 minutes exposure to 2-MBI 

1101 ± 4 282 ± 21 0.81 ± 0.01 

iii 
1 mM 2-MBI + 10 mM HCl, 
Pre-treatment without 2-MBI, 
1 hour exposure to 2-MBI 

839 ± 5 216 ± 6 0.62 ± 0.01 

iv 
1 mM 2-MBI + 10 mM HCl, 
Pre-treatment with 2-MBI 

541 ± 7 296 ± 22 0.40 ± 0.02 

 

To understand this effect further, cyclic voltammetry was carried out on the sample pre-

treated without 2-MBI followed by 1 hour exposure to 2-MBI and on the sample pre-treated 

with 2-MBI, with an anodic branch extended up to 0.75 V vs SHE (Figure 7). We observe that 

for the sample pre-treated without 2-MBI followed by 1 hour exposure to 2-MBI, the anodic 

current density increase, seen earlier in Figure 6, corresponds to a peak at 0.38 V vs SHE with 

a subsequent decrease until 0.45 V vs SHE. This suggests that the rise in current density relates 

to a reaction preceding corrosion initiation. Since this peak is absent for the CV obtained for 

the sample pre-treated with 2-MBI, it is likely that the reaction responsible for this effect has 

already occurred on this latter sample during cathodic pre-treatment of the surface, i.e. by 

consuming the oxygen atoms from the native oxide thus leaving the Cu(I) ions to interact with 

2-MBI to form Cu(I)-2-MBI complexes.  

Therefore, we propose that the peak observed for the sample pre-treated without 2-MBI 

followed by 1 hour exposure to 2-MBI at 0.38 V vs SHE is associated with the interaction 

between Cu(I) ions, formed during anodic polarisation in this case, and 2-MBI molecules, 

resulting in the formation of a metal-organic complex that prolongs the corrosion inhibition 
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up until a slightly higher potential. The main distinction in the formation of the complexes for 

the two samples is that on the sample pre-treated with 2-MBI, the Cu(I) ions originate from 

the native oxide film and are released during the cathodic pre-treatment cycles while for the 

sample pre-treated without 2-MBI, the Cu(I) ions are formed by anodic oxidation of copper 

metal and thus the complexes are formed at a later stage. 

 

Figure 7: CV tests of copper anodic dissolution with extended anodic range in 10 mM HCl + 1 
mM 2-MBI in (i) the absence of 2-MBI, and (ii-iii) the presence of 2-MBI, after the various 
cathodic pre-treatment methods of the interface. 

The corrosion initiation, on the other hand, occurs later at a potential of 0.45 V vs SHE, 

indicated by a sharp rise in current density, while that of the sample pre-treated in 2-MBI was 

observed at 0.28 V vs SHE. Therefore, the sample pre-treated without 2-MBI followed by 1 

hour exposure to 2-MBI does in fact protect the substrate for a greater potential range, 

indicating that the inner chemisorbed layer formed is more restrictive against the electrolyte 

for this sample. This is in agreement with the work on 2-MBT adsorption on copper [43,45], 

where the samples pre-treated in absence of the inhibitor followed by exposure to the 
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inhibitor also yielded superior barrier layers in terms of protection against corrosion compared 

to the samples pre-treated in presence of the inhibitor. 

In previous work where 2-MBT was used as an inhibitor for copper in acidic chloride media 

[43], it was established that the 2-MBT organic molecule is exceptionally effective for 

corrosion inhibition of copper. Since the present work was carried out in similar conditions, 

we can make comparisons between the corrosion inhibition effectiveness of the two different 

organic molecules on copper. In the present work, we observe that the sample pre-treated in 

presence of 2-MBI exhibits a reduction in anodic current density of approximately 92.25% at 

0.37 V vs SHE (anodic peak), whereas the sample pre-treated in absence of 2-MBI followed by 

1 hour exposure to 2-MBI exhibits a reduction of approximately 83.87%. Although we have 

seen and discussed the effects of the conversion peak in the latter sample, we are considering 

the anodic current density values at 0.37 V vs SHE for ease of comparison. On the other hand, 

for the 2-MBT molecule on copper in acidic chloride media, the sample pre-treated with 2-

MBT obtains a 74.20% reduction while the sample pre-treated without 2-MBT followed by 1 

hour exposure to 2-MBT obtains an astonishing 99.75% reduction in anodic current density at 

the same potential (0.37 V vs SHE)[43].  

The above figures demonstrate that with a better control of the surface and/or interface of 

the copper sample, 2-MBT achieves a better result on the protection of copper metal from 

corrosive attack in an acidic chloride media. Additionally, the concentration of 2-MBT used 

was 0.1 mM due to its very low solubility in acidic media, whereas the concentration of 2-MBI 

used in the present work was 1 mM, an increase by a factor of 10. This in turn shows that even 

in lower concentrations, 2-MBT is more effective on copper than 2-MBI as an inhibitor.  

Effects of anodic polarisation on the 2-MBI barrier layer by surface analysis 

The ToF-SIMS depth profiles obtained at the anodic state of the sample, i.e. anodically 

polarised to 0.37 V vs SHE, are shown in Figure 8. The plotted ion profiles and the defining 

position of each interface/layer is consistent with the depth profiles at the reduced state, 

presented above in Figure 3.  

Using the same criteria based of maximum peak intensity of the Cu– ion profile, it is observed 

that the sputtering time taken to reach the Cu substrate for either sample has immensely 

increased compared to the reduced state. For the sample pre-treated in absence of 2-MBI 
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(Figure 8a), the increase is approximately 6 times, reaching the metallic copper substrate at 

716 seconds of sputtering time. For the sample pre-treated in presence of 2-MBI (Figure 8b), 

the increase is approximately 3.6 times, reaching the substrate at 2403 seconds of sputtering. 

The sequence of intensity maxima from the surface to the copper substrate remains the same 

for either sample with copper–sulphur interaction found at a greater sputtering time than 

copper–nitrogen interaction. Additionally, the coincidence of the maxima of the copper oxides 

and copper–sulphur interaction peaks are also seen here. 
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Figure 8: ToF-SIMS depth profiles obtained after anodic polarisation to 0.37 V vs SHE (anodic 
state) in 10 mM HCl + 1 mM 2-MBI solution for copper surfaces pre-treated (a) in the 
absence of 2-MBI followed by 1 hour exposure to 2-MBI, and (b) in the presence of 2-MBI. 
Intensity in counts (logarithmic scale) vs sputtering time in seconds. 

An interesting feature observed for the sample pre-treated with 2-MBI is that for most ion 

profiles we observe an initial peak within the range of the first 500 seconds of sputtering (at 

330 seconds for the Cu– ion profile), followed by an inner wave of higher intensity in the range 

of 1800 – 2500 seconds of sputtering time. Although surface roughness could play a role here, 

the effect it has is generally on the shape of the ion profile, i.e. slow and creeping instead of 

sharp profiles. Here, we observe on both samples that the depth profiles exhibit a rather slow 

decrease in their ion intensities, indicating surface roughness is prevalent. From the extended 

anodic CVs in Figure 7, we have deduced that corrosion has initiated on the sample pre-treated 

with 2-MBI but not on the sample pre-treated in the absence of 2-MBI. Therefore, we propose 

that the outer peaks correspond to the non-homogeneously attacked depth of the sample, 

where the locally attacked and not yet attacked regions coexist, while the inner waves relate 

to a greater depth from the surface, beyond the depth of the non-homogeneous corrosive 

attack. Such an effect of an outer peak and an inner wave in the depth profiles has also been 

observed by Seyeux et al. [56] where they used ToF-SIMS to characterize the interface 

between the oxide film of stainless steel and non-homogeneously covering bacteria on the 

surface.  

Another notable feature, this time for the sample pre-treated in absence of 2-MBI (Figure 8a), 

is the decrease in intensity for the CuO– ion profile from the reduced state to the anodic state. 

This is consistent with the fact that the residual copper oxides trapped between the organic 

layer and the copper substrate are converted by reaction with the 2-MBI molecules and its 

fragments to form metal-organic complexes leaving only traces of copper oxides. However, we 

know that this is not the primary mechanism of complex formation for this pre-treatment 

method. Most of the complexes formed for the sample pre-treated in absence of 2-MBI result 

from anodic polarisation when the copper metal is oxidized to form Cu(I) ions which then 

interact with the 2-MBI molecules. Lastly, we observe that the chloride ions, represented by 

the 37Cl– ion profile, has penetrated considerably into the substrate for both experiments, 

although this effect is much larger for the sample pre-treated with 2-MBI (Figure 8b). 
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The XPS spectra obtained for the two surfaces at the anodic state are shown in Figure 9. Like 

for Figure 4, curve (a) of the spectra relates to the sample pre-treated in absence of 2-MBI 

followed by 1-hour exposure to 2-MBI, whereas curve (b) corresponds to the sample pre-

treated in presence of 2-MBI. The intensities of the Cl 2p spectrum of curve (a) and O 1s 

spectrum of curve (b) have been increased threefold for better visibility of the decomposition 

and the components. The decompositions of the spectra have also been detailed earlier.  

The Cu 2p spectra exhibits their 2p3/2 peaks at 932.9 eV for both samples, like for the reduced 

state. However, the FWHM of the 2p3/2 peak for the sample pre-treated in absence of 2-MBI 

followed by 1 hour exposure to 2-MBI (curve (a)) has increased from 1 eV to 1.4 eV, which is 

similar to that of the sample pre-treated with 2-MBI at the reduced and anodic state, 

indicating that there is a change in the components upon polarisation. This was also attested 

by the change in ToF-SIMS depth profiles before and after polarisation, as seen in Figure 3a 

and Figure 8a. Additionally, a reduction in intensity of the Cu 2p3/2 peak is observed here, 

assigned to the increased thickness of organic surface layers, as confirmed by the depth 

profiles, resulting in a larger attenuation of the substrate signal. For the sample pre-treated in 

presence of 2-MBI (curve (b)), there is almost no difference observed in terms of BE or FWHM 

for the Cu 2p spectra before and after anodic polarisation, signifying that the induced changes 

are either insignificant or that they transpire at a depth greater than the probing depth of the 

XPS. 

Regarding the C 1s spectra, we observe that there is a positive shift in the binding energies of 

all the components of 0.5 ± 0.2 eV compared to that at the reduced state for both the samples. 

Additionally, the ratio between the components has been slightly altered. The relative 

intensity of the C1 component corresponding to the C=S bond has decreased for both samples 

at the anodic state possibly due to cleavage of the C=S bond induced by anodic polarisation. 

Therefore, we see a slight relative gain in the intensities of the C2 and C3 components of the 

C 1s spectra. Although we do not know the exact reason for the shift in binding energies of 

the carbon components, it is likely that it occurs due to the increased thickness of the 2-MBI 

organic layer from the formation of complexes upon polarisation, thus causing a positive shift 

in the binding energies due to bad conductivity between the surface layers corresponding to 

carbon and the XPS analyser. 
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Figure 9: XPS Cu 2p, C 1s, N 1s, S 2p, Cl 2p, and O 1s core level spectra obtained after anodic 
polarisation to 0.37 V vs SHE (anodic state) in 10 mM HCl +1 mM 2-MBI solution with for 
copper surfaces pre-treated (a) in the absence of 2-MBI followed by 1 hour exposure to 2-MBI 
(blue curves), and (b) in the presence of 2-MBI (red curves). The symbols represent the 
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experimental data and the corresponding coloured lines represent the fit. Intensities are 
normalised to the background at the lower binding energy side. 

The N 1s spectra of the two samples exhibit 2 peak components here, N1 corresponding to 

nitrogen not bonded to metallic copper and N2 corresponding to nitrogen bonded to metallic 

copper. We do not observe the N3 and N4 components here for the sample pre-treated in 

absence of 2-MBI (curve (a)), unlike at the reduced state. This is in line with the absence of 

the C4 peak in the C 1s spectrum for the corresponding sample. An increase in the binding 

energies is noted for the two nitrogen components for both samples. For the sample pre-

treated with 2-MBI, the increase in BE is a mere 0.1 eV, which is within the uncertainty range. 

However, for the sample pre-treated without 2-MBI, the increase in BE is 0.2 eV, suggesting a 

possible change in the chemical state. We also observe an increase in FWHM of 0.2 eV for the 

N1 and N2 components for this sample. This increase in BE and FWHM is most likely due to 

the formation of the metal-organic complexes which alters the chemical state of the nitrogen, 

from the initial interaction with metallic Cu at the reduced state to the subsequent interaction 

with Cu(I) ions at the anodic state. For the sample pre-treated with 2-MBI, the interaction 

between copper and nitrogen at the reduced state was already due to the Cu(I) ions released 

from the oxides, thus the change is negligible. Lastly, an increase in the intensities of the N1 

and N2 components relative to the Cu intensity is observed for both samples, as seen in Table 

4. This indicates that we have increased bonding between nitrogen and metallic Cu and/or 

Cu(I) ions (N2 component), and thicker multilayers of physisorbed 2-MBI not bonded to Cu 

(N1 component).  

In the S 2p spectrum of the sample pre-treated in presence of 2-MBI (curve (b)), we observe 

only one component, S1 corresponding to sulphur not bonded to metallic copper. The ratio of 

this component relative to Cu has increased from 0.44 at the reduced state to 0.51 at the 

anodic state, confirming the presence of a thicker physisorbed layer. Meanwhile, for the 

sample pre-treated in absence of 2-MBI (curve (a)), we observe that the S2 component at 

161.7 eV related to sulphur bonded to metallic copper is absent. Instead, another component, 

S3, is found at a binding energy of 163.5 eV (2p3/2 peak). It is proposed that this S3 component 

is possibly due to a change in the oxidation state of sulphur from the S2 component seen at 

the reduced state, and thus results in a change of the binding energy of the species. However, 

the true nature of this species is not known to us. The S1 peak for curve (a) exhibits an 
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increased intensity with respect to the Cu intensity, from 0.046 at the reduced state (Table 2) 

to 0.34 at the anodic state (Table 4). A decrease of 0.3 eV in the BE is also seen for this sample. 

These observations are in line with that of the nitrogen spectra for the same sample 

suggesting a change in the chemical state of the molecule and the thicker chemisorbed inner 

layer after anodic polarisation.  

Table 4: Atomic ratios obtained by quantitative analysis of the XPS measurements at the 
anodic state using the photoelectron intensities, normalised by the photoionization cross-
sections, the inelastic mean free paths, and the transmission function of the analyser. 

Component 
Pre-treatment without 2-MBI, 

1 hour exposure to 2-MBI 
Pre-treatment with 2-MBI 

N1/Cu 0.30 ± 0.01 0.65 ±0.03 

N2/Cu 0.41 ± 0.02 0.21 ± 0.01 

N/Cu 0.71 ± 0.03 0.86 ± 0.03 

S1/Cu 0.34 ± 0.01 0.51 ± 0.02 

S3/Cu 0.057 ± 0.002 - 

S/Cu 0.40 ± 0.01 0.51 ± 0.02 

O3/Cu 0.045 ± 0.002 0.011 ± 0.001 

O/Cu 0.164 ± 0.007 0.025 ± 0.001 

Cl/Cu 0.11 ± 0.01 0.53 ± 0.02 

 

Similar to the reduced state Cl 2p spectra (Figure 4), the anodic state Cl 2p spectra for the two 

samples (Figure 9) exhibit one component, Cl1 at 198.2 ± 0.2 eV, corresponding to adsorbed 

chlorine. However, there is a substantial increase in the Cl intensity from the reduced state to 

the anodic state for both the samples with respect to the Cu intensity, from 0.011 to 0.11 for 

the sample pre-treated in absence of 2-MBI (curve (a)), and from 0.24 to 0.53 for the sample 

pre-treated in presence of 2-MBI (curve (b)). This is in agreement with the ToF-SIMS depth 

profiles (Figure 8) that show increased intensity of the 37Cl– ion profile for a larger sputtering 

time compared to that at the reduced state (Figure 3) for both samples. The increased 

intensity of chlorine insinuates that the 2-MBI organic layer, which consists of the 

chemisorbed layer including the metal-organic complexes and the physisorbed layer, is not 

entirely protective. Chloride ions do penetrate the organic layer to interact with the residual 

oxides and the metallic copper substrate, which can lead to attack. Although the acidic pH of 

the solution also plays a role in this attack, we have found that under the same conditions of 
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organic layer formation in a similar media [43], 2-MBT is a more effective inhibitor against 

copper corrosive attack than 2-MBI. 

Lastly, the O 1s spectrum for the sample pre-treated in absence of 2-MBI (curve (a)) exhibits 

a similar intensity for the overall oxygen content (Table 4) as that at the reduced state (Table 

2) with respect to the copper intensity. However, there is a change in intensities among the 

three components of the O 1s spectrum, with a large increase in the O2 component 

(hydroxides) and a decrease in the O1 component (water adsorbed). The O3 peak has 

increased only slightly from 0.038 to 0.045, however, there is a large positive shift of 1 eV in 

the binding energy of this component from 530.1 eV to 531.1 eV. This component is at the 

same binding energy as the O3 component for the sample pre-treated in presence of 2-MBI 

at the reduced state, seen earlier in Figure 4, suggesting that the metal oxide initially present 

has undergone a change in its chemical state.  

Meanwhile, for the sample pre-treated in presence of 2-MBI (curve (b)), we observe that there 

is a slight reduction in the intensity of the oxygen peaks with respect to copper intensity at 

the anodic state, both individually and overall, compared to the reduced state. However, we 

did not observe any change in the binding energies of the three components from the reduced 

state. To deliberate on these observations further, we examine the Cu LMM Auger spectra for 

both samples (Figure 10).  

 

Figure 10: Cu LMM Auger spectra obtained for 2-MBI films formed on copper surfaces at the 
anodic state in 10 mM HCl solution after cathodic pre-treatment (a) in the absence of 2-MBI 
followed by 1 hour exposure to 2-MBI, and (b) in the presence of 2-MBI. 
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For the sample pre-treated in absence of 2-MBI followed by 1 hour exposure to 2-MBI (Figure 

10a), the Cu(0) component intensity has profoundly decreased while the Cu(I) component is 

now the major component with a Cu(I)/Cu(0) ratio of 4.86 ± 0.18. However, we did not observe 

an increase in the oxygen intensity (O 1s) upon polarisation, as discussed above. This suggests 

that there is an increased formation of metal-organic complexes upon anodic polarisation of 

the sample, which is also most likely the reason for the shift in BE of the O3 component from 

the O 1s spectra for this sample. This Cu LMM Auger profile is quite similar to that of the 

sample pre-treated with 2-MBI at the reduced state (Figure 5b). Additionally, the shifts in BE, 

increased FWHMs, and the change in atomic ratios observed from the XPS core level spectra 

for this sample (pre-treated in absence of 2-MBI followed by 1 hour exposure to 2-MBI) 

suggest that the structure of the organic layer on the sample has changed drastically on anodic 

polarisation and is likely similar to that of the converted organic layer formed on the sample 

pre-treated in presence of 2-MBI at the reduced state. This is also consistent with the change 

of the ToF-SIMS depth profile from the reduced state to the anodic state.  

The change in structure of the organic layer of the sample pre-treated in absence of 2-MBI 

followed by 1 hour exposure to 2-MBI is most likely due to the formation of the complexes on 

anodic polarisation. Since the sample was pre-treated in absence of 2-MBI, there was no 

interaction between the molecule and the released Cu(I) ions. Upon anodic polarisation, 

copper metal is oxidized to Cu(I), which then allows for interactions between the newly 

produced Cu(I) ions and the 2-MBI molecules. Thus, we obtain a structure similar to that of 

the sample which was already pre-treated in presence of 2-MBI and formed the metal-organic 

complex-containing organic layer right at the first cycle of cathodic pre-treatment. 

For the sample pre-treated with 2-MBI (Figure 10b), we observe only the Cu(I) component. 

The absence of Cu(0) from the profile shows that the metallic copper substrate on this sample 

is below the probing depth of the XPS, although the presence of Cu(0) cannot be completely 

excluded. This means that the organic layer on this sample, which mostly consists of the 

complexes, is of a thickness greater than 10 nm as estimated from the TPP-2M formula [48], 

far greater than the organic layer thickness of 2-MBT adsorbed on copper [43]. This inference 

also gives validation to our ToF-SIMS results in Figure 8b, where we proposed that the copper 

substrate is found at a larger sputtering time and the initial peak of the Cu– ion profile 

corresponds to the initial top surface of the sample which was non-homogeneously attacked.  
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The proposed models of the layered structure of the 2-MBI inhibiting interfaces formed at the 

reduced state and their alteration at the anodic state on both pre-treated Cu substrates are 

shown in Figure 11. Additionally, the depth of the penetration of the chloride ions on each 

sample, based on the analysis of the depth profiles obtained by ToF-SIMS, is also shown in the 

figure. For the sample pre-treated without 2-MBI and subsequently exposed to the inhibitor 

at the reduced state, the 2-MBI film is bi-layered with inner chemisorbed and outer 

physisorbed layers and Cu2O oxide islands trapped at the interface (Figure 11a). The chloride 

ions have penetrated the outer physisorbed layer, but not the inner chemisorbed layer in this 

case.  

 

Figure 11: Bi-layered interfacial structure of the 2-MBI organic films formed on copper in (a,c) 
reduced and (b,d) anodic states in 10 mM HCl solution for pre-treatment (a,b) in the absence 
of 2-MBI followed by 1 hour exposure to 2-MBI, and (c,d) in the presence of 2-MBI. The green 
disks represent the chloride ions that have penetrated the organic film layers, as shown by 
ToF-SIMS. 

Upon anodic polarisation (Figure 11b), the Cu(I) oxide islands are converted into complexes, 

as evidenced by the shift in the O3 component binding energy in Figure 9 (curve (a) of O 1s 

spectrum). Further complexes are formed when Cu(I) ions are produced by anodic oxidation 

of the metallic Cu substrate, as indicated by the extended CVs in Figure 7 and confirmed by 

the large intensity of Cu(I) ions from the Cu LMM Auger spectra in Figure 10a. We have also 
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seen from the ToF-SIMS depth profile in Figure 8a that the chloride ions are found even in the 

inner chemisorbed layer on this sample, signifying that the chloride ions have penetrated 

regions of this organic barrier layer. 

For the sample pre-treated with 2-MBI and at the reduced state (Figure 11c), a conversion 

layer of 2-MBI complexes was already formed upon cathodic polarisation by the release of 

Cu(I) from the native oxide, thus also forming a bi-layered inhibiting interface but oxide-free 

and thicker than after pre-treatment without 2-MBI. The formation of complexes was verified 

by the low intensity of the O 1s spectrum of curve (b) in Figure 4 and the high intensity of the 

Cu(I) ions in the Cu LMM Auger spectra in Figure 5b. At the reduced state, we already observed 

the presence of the chloride ions in the inner chemisorbed layer with the complexes 

suggesting that there are defects in the organic layer, thus rendering the organic layer not as 

protective as that on the sample pre-treated in absence of 2-MBI. 

At the anodic state (Figure 11d), the interface is non-homogeneously attacked, with regions 

of the un-attacked Cu substrate and regions of the attacked substrate both covered by the 

organic bilayer, as seen from the ToF-SIMS depth profile in Figure 8b. The ion profile 

representing the chloride ions exhibits a very high intensity up until the inner copper substrate 

is reached, as shown in the model. The non-homogeneous attack of the substrate suggests an 

uneven protection offered by the 2-MBI organic bilayer, with the barrier properties of the 

inner chemisorbed layer possibly depending on the conversion reactions and local formation 

of Cu(I)-2-MBI complexes.  
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Conclusion 

The 2-MBI inhibiting interfaces formed on copper surfaces in an acidic chloride media along 

with its corrosion protection capabilities of the organic layer were investigated in the present 

work. The main conclusions are as follows: 

  Pre-treatment of the copper surfaces by cathodic reduction in the absence of 2-MBI results 

in a near oxide free surface, while that in the presence of 2-MBI results in the formation of 

a conversion layer of Cu(I)-2-MBI metal organic complexes by the consumption of oxygen 

and release of Cu(I) ions from the native copper oxide film. This was confirmed by the low 

intensity of oxygen observed from XPS and ToF-SIMS for the sample pre-treated in presence 

of 2-MBI, but an unusually high intensity for Cu(I) ions from the Cu LMM Auger spectrum.  

 The bonding between copper and 2-MBI occurs primarily by the nitrogen atoms of the 

molecule. For the surface pre-treated in absence of 2-MBI, sulphur bonding to metallic Cu 

was also observed by XPS analysis.  

 Depth profiling by ToF-SIMS revealed the formation of an inner chemisorbed layer and an 

outer physisorbed layer of the organic 2-MBI film.  

 CV corrosion tests confirmed that 2-MBI does protect the metal from corrosive attack, as 

seen by a positive shift in the potential for the onset of anodic dissolution and a slower 

increasing anodic current density. However, the protection offered to the metal varied 

depending on the pre-treatment used.  

 For the sample pre-treated in absence of 2-MBI followed by 1 hour exposure to 2-MBI, 

which exhibited the highest resistance to corrosion initiation, a small anodic peak was 

observed prior to the initiation of anodic dissolution indicating a side protection reaction. 

This reaction corresponds to the formation of complexes resulting from the anodic 

oxidation of Cu metal to Cu(I) ions.  

 Upon anodic polarisation, a thicker organic layer was formed on both substrates, seen by 

both XPS and ToF-SIMS, due to further formation of metal organic complexes.  

 On the sample pre-treated with 2-MBI, the top-most substrate surface was non-

homogeneously attacked by chloride ions, as evidenced by the shape of the ToF-SIMS 

depth profiles and the chlorine intensity from XPS analysis. The sample pre-treated in 

absence of 2-MBI followed by 1 hour exposure to 2-MBI exhibited better protection at the 

same anodic potential and a much lower chlorine intensity from XPS analysis, 
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demonstrating that electrochemical control of formation of the interface is instrumental 

for optimizing the inhibition properties.  
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