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Abstract 

Electrochemistry along with advanced surface analyses (X-ray photoelectron spectroscopy 

and time-of-flight secondary ion mass spectrometry) were implemented to investigate 

copper corrosion inhibition by 2-mercaptobenzothiazole (2-MBT) in hydrochloric aqueous 

solution and the effects of electrochemical control on the formation of the inhibiting 

interface. It is shown that reducing the native surface oxide by cathodic reduction prior to 

exposure to the inhibitor drastically decreases the rate of anodic dissolution. Additionally, 

increasing the exposure time of the metal surface to the inhibitor results in even better 

protection against dissolution. 2-MBT adsorbs as multilayers and bonds to both metallic 

copper and residual copper oxide islands via its sulphur atoms. Partial dissociation of the 

molecule, releasing the exocyclic sulphur, which then bonds to metallic Cu, is observed. 

Further dissociation of the molecule, releasing the endocyclic sulphur, is induced by anodic 

polarization, forming defects in the organic layer and thus compromising the barrier 

properties of the organic layer. 
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1. Introduction 

Copper is a widely used metal due to its excellent thermal and electrical conductivity. It is 

corrosion resistant in atmospheric conditions owing to a passive oxide layer, naturally forming 

on the surface, which provides protection against corrosive attack [1]–[3]. However, passivity 

is only maintained in slightly acidic, neutral, and alkaline conditions (pH>5), as predicted by 

the Pourbaix diagram [4]. In more strongly acidic conditions (pH<5), the passive oxide layer 

dissolves easily, leaving the metal unprotected [5], [6]. Additionally, the presence of chlorine 

ions in the environment can have a detrimental effect on the corrosion resistance of the metal 

since it tends to poison the formation of the protective passive oxide layer by competitively 

adsorbing chlorine on the metal and forming a CuCl2- species that can dissolve instead of 

stabilizing the surface [7]–[10]. 

Among organic molecules [11]–[17], 2-mercaptobenzothiazole (2-MBT) is a well-known 

inhibitor that has been shown to efficiently protect metals such as copper, aluminium alloys, 

and stainless steels from corrosive attack [18]–[20]. Its chemical formula is C7H5NS2, with a 

benzene ring (C6H4) bonded to 1 S and 1 N endocyclic atoms, forming another cycle with an 

additional C atom. The C atom in the second ring is bonded to an exocyclic S atom. Depending 

on the conformer of the molecule, the last H atom is bonded to either the endocyclic nitrogen 

or the exocyclic sulphur atom in the molecule [21], [22]. The S and N heteroatoms with high 

electron density are active sites that can coordinatively bond with metal atoms, enabling the 

molecule to strongly adsorb and to form a dense and protective film on the surface of the 

metal [20], [22]–[28]. 

There have been several experimental works addressing the bonding mechanisms of 2-MBT 

with copper surfaces, including the role of the sulphur and nitrogen atoms. Some authors 

concluded that the interaction between the molecule and the metal surface occurs via both 

sulphur atoms of the molecule [24], while others reported that it was only via the exocyclic 

sulphur atom [27]. Additionally, the involvement of the nitrogen atom along with the 

exocyclic sulphur has also been proposed [22], [25]. Density functional theory (DFT) modelling 

has shown that, depending on the thione or thiolate conformer of the molecule, the bonding 

of the 2-MBT molecule differs with the metallic or oxidized copper surface. In the thione form, 

there would be two modes of adsorption for 2-MBT, both in an upright configuration via its S 
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atoms covalently bonded to metallic Cu or via its exocyclic S atom bonded to oxidized Cu and 

H-bonding between the NH group and surface oxygen. In the thiolate form, the N and 

exocyclic S atoms would covalently bond to the surface also in an upright configuration [29], 

[30]. Therefore, the precise mechanism of bonding remains to be determined experimentally, 

although it is well-established from modelling studies that 2-MBT can strongly bonds to 

copper and form a protective barrier layer on the surface [29]–[31].  

Controlling the metallic or oxidized state of the surface is a prerequisite to a better 

understanding of the bonding mechanisms of the molecule. In a work where the interface 

was prepared and controlled under ultra-high vacuum with deposition of the molecule from 

the vapour phase in ultra-low pressure conditions, it was shown that 2-MBT adsorbs on oxide-

free metallic copper surfaces as well as on oxidized copper surfaces by its two sulphur atoms 

along with some free sulphur atoms dissociated from the molecule [24]–[26], [32], and that 

increasing the exposure to the molecule results in the build-up of multilayers of the organic 

film, in agreement with previous work with DFT modelling on metallic copper [30]. In neutral 

aqueous solution, it was also determined that the bonding between the 2-MBT molecule and 

the native oxide-covered copper surface occurred via the two sulphur atoms, forming 

multilayers of the organic film, and inhibiting further oxide growth [28].  

The adsorption mechanisms of the 2-MBT molecule from an aqueous solution can also be 

altered by other factors such as the presence of residual native oxides, the nature of the 

electrolyte and its pH, the inhibitor concentration, and the presence of impurities or 

aggressive species. Therefore, it is not only imperative to study the adsorption of 2-MBT on 

copper and the protection offered by it in different environments, but methods of controlling 

the interface between the substrate and the inhibitor layer must be adapted to improve our 

understanding of the inhibition properties and eventually optimize the protection efficiency 

of the organic barrier layer. 

In the present work, the adsorption and corrosion inhibition of 2-MBT on copper were studied 

in a hydrochloric acidic medium in which copper does not passivate. The formation of the 

inhibitive layer was controlled by applying different cathodic pre-treatment methods in the 

presence or absence of the inhibitor in the solution. Cyclic voltammetry (CV) was applied to 

determine the protection offered by the 2-MBT organic inhibitor layer against the anodic 

dissolution of copper. Electrochemistry along with surface analysis by X-ray photoelectron 
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spectroscopy (XPS) and time of flight – secondary ion mass spectrometry (ToF-SIMS) was used 

to investigate the bonding mechanisms of the 2-MBT molecule to the copper surface, 

including the role of the native oxides in the formation of the organic inhibitor layer, the effect 

of increased exposure time to the inhibitor, and the stability of the organic inhibitor layer 

upon anodic polarisation.  

2. Experimental 

Polycrystalline samples obtained from high-purity cast electrolytic tough pitch copper (ETP-

Cu) were used [20], [33], [34]. The samples were mechanically polished using silicon carbide 

papers up to 4000 grit, followed by diamond pastes down to 0.25 µm using an alcohol-based 

lubricant to obtain a mirror finish surface. They were then ultrasonically cleaned for 5 minutes 

in successive baths of acetone, ethanol, and Millipore ultra-pure water (resistivity > 18.2 

MΩ.cm). Electrochemical polishing was then applied in 60% orthophosphoric acid (H3PO4) 

solution at a constant voltage of 1.4 V versus a copper counter-electrode for 4 minutes to 

remove the cold-worked layer and the contaminants that may remain after mechanical 

polishing [35]. Rinsing was performed with a 10% solution of H3PO4, followed by ultra-pure 

water before drying using nitrogen. 

The electrochemical experiments were performed using Kel-F (PCTFE) cells containing 

approximately 350 µl of the electrolyte and equipped with counter and pseudo-reference 

electrodes made of platinum. The cells were cleaned prior to each experiment using a solution 

of sulphuric acid (H2SO4) and hydrogen peroxide (H2O2) in the volume ratio 2:1, then 

concentrated nitric acid (HNO3), and finally rinsed several times in boiling ultra-pure water 

[36]. The Pt pseudo-reference was calibrated before each experiment (+0.75 V vs SHE). The 

working electrode area was 0.16 cm² delimited by an O-ring. The experiments were 

performed using a PicoStat bi-potentiostat and the Picoscan software from Agilent 

Technologies. The electrolytes were a 10 mM HCl aqueous acid solution of pH 2.3 as the 

reference solution without the inhibitor and a 10 mM HCl + 0.1 mM 2-MBT aqueous solution 

of pH 2.6 as the solution with inhibitor. HCl was selected as corrosive electrolyte rather than 

HNO3 or H2SO4 to avoid the interference of N- and S-containing adsorbed species with 2-MBT 

in the elemental surface analysis. The low concentration of 2-MBT used was due to its low 

solubility at low pH. All chemicals used were of analytical grade and supplied by Sigma Aldrich. 
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Cathodic pre-treatment was performed prior to the experiments in order to reduce the air-

formed native oxides (Cu2O). After immersion at the open circuit potential (OCP), the 

potential was swept cathodically to the onset of hydrogen evolution (down to -0.05 V vs SHE) 

and then swept back up to the value of +0.10 V vs SHE with a scan rate of 20 mV/s. This was 

repeated two times. The anodic dissolution tests were performed by sweeping the potential 

until the anodic apex of +0.37 V vs SHE, followed by reverse sweeping to -0.05 V vs SHE, and 

then back to the start point at +0.10 V vs SHE with a scan rate of 20 mV/s. To ensure 

reproducibility, the electrochemical experiments were repeated three times. 

Surface analysis was performed after cathodic pre-treatment, i.e., in the as-obtained 

cathodically reduced metallic state of the interface (reduced state), and after sweeping the 

potential to the anodic apex, i.e., in the anodically polarized state (anodic state). Once the 

electrochemical tests were performed, the cell was disconnected and the samples were 

rinsed with ultra-pure water, dried using nitrogen, and immediately transferred to the UHV 

chambers for analysis with XPS and ToF-SIMS.  

XPS analysis was performed with a Thermo Electron Escalab 250 Xi spectrometer (base 

pressure < 10-10 mbar), using a monochromated Al Kα X-ray source (hv = 1486.6 eV). The 

binding energy was calibrated by referring to the Fermi level of the sample. A 900 µm 

diameter X-ray spot size was used, and the take-off angle of the collected photoelectrons was 

90°. Survey spectra were recorded with a pass energy of 100 eV at a step size of 1 eV and 

high-resolution spectra of the C 1s, O 1s, N 1s, S 2p, Cu 2p, Cl 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 the Thermo Fischer scientific software 

Avantage using an iterative Shirley-type background subtraction. The CasaXPS software was 

used to decompose the Cu Auger spectra. The values of the photoionization cross-sections at 

1486.6 eV were taken from the Scofield database [37], the transmission function of the 

analyser was provided by Thermo Fisher, and the inelastic mean free paths were calculated 

using the TPP-2M formula [38]. 

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

Germany) operating at a pressure of 5 x 10-9 mbar. Data acquisition and post-processing 

analysis were performed using the SurfaceLab software v6.5. Analysis was done in high 

current (HC) bunched mode using Bi+ primary ions of 25 keV energy at a target current of 1.2 
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pA over an area of 100 x 100 µm². Depth profiles were obtained by interlacing analysis with 

sputtering using a Cs+ ion gun of 0.5 keV delivering a 20 nA target current over a 500 x 500 

µm² area. The combined use of Bi+ primary ions and Cs+ sputtering ions enabled us to analyse 

both the organic and inorganic surface layers. Both ion beams were at an incidence angle of 

45° with respect to the sample surface and were well-aligned to ensure analysis at the centre 

of the sputtered crater. Negative secondary ions were recorded. Three measurements were 

recorded from different regions on each sample to ensure reproducibility. 
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3. Results and Discussion 

3.1 Cathodic pre-treatment 

The cathodic pre-treatment curves obtained in the absence and presence of 2-MBT in the 10 

mM HCl aqueous solution are presented in Figure 1, with the current density obtained in 

µA/cm² as the potential is swept cathodically and back. The corresponding cathodic charge 

from each of these curves was calculated by integrating the current density with respect to 

time and are presented in Table 1 along with the equivalent thickness of reduced oxides, δ. 

The latter was calculated using the formula: 

𝛿 =  
𝑞 𝑉𝑚

𝑧 𝐹
                                               Equation 1 

where, q is the charge density (in C/cm2), Vm the molar volume of reacting material (23.9 

cm3/mol for Cu2O), z the number of electrons exchanged (2 per Cu2O molecule), and F the 

Faraday’s constant (96500 C/mol). 

 

Figure 1: Cyclic voltammograms showing the three cathodic pre-treatment curves of copper 
obtained with a scan rate of 20 mV/s in (a) 10 mM HCl solution (without inhibitor), and (b) 10 
mM HCl + 0.1 mM 2-MBT solution (with inhibitor).  

It is observed that for both cases, the first cycle of the cathodic pre-treatment reduces a 

significant amount of Cu2O, i.e., more than 2 nm in equivalent thickness. For the pre-

treatment in the absence of 2-MBT, the amount of copper oxide reduced in the second cycle 

is much lower, and nearly negligible in the third cycle reaching an equivalent thickness 
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markedly less than that of a monolayer of Cu2O (0.208 nm from the bulk structure). This 

suggests that all native copper oxide initially present has been reduced, which is supported 

by the current density value of 0 µA/cm² measured at the end of the third cycle. In these 

experimental conditions, dissolution of the native oxide is initiated immediately upon 

immersion in the 10 mM HCl solution, before the first cycle, due to the instability of copper 

oxide in the low pH of the solution. Therefore, it is likely that the total equivalent thickness of 

the native oxide is larger than that measured by cathodic pre-treatment. Thus, after the third 

cycle, a fully metallic state of the copper surface seems achieved in these pre-treatment 

conditions, although the presence of remaining traces of copper oxide, most likely formed 

during transfer of the samples in air, is indicated by surface analysis as shown further on.  

Table 1: Cathodic charge density (q) and equivalent thickness (δ) of copper oxide reduced 
during the three cathodic pre-treatment cycles of copper in 10 mM HCl solution (without 
inhibitor), and in 10 mM HCl + 0.1 mM 2-MBT solution (with inhibitor).  

 Pre-treatment in HCl Pre-treatment in HCl + 2-MBT 

 
Charge density 

q 
(µC/cm²) 

Reduced Cu2O  
δ 

(nm) 

Charge density 
q 

(µC/cm²) 

Reduced Cu2O 
δ 

(nm) 

Cycle 1 1697 ± 38 2.10 ± 0.04 1907 ± 78 2.36 ± 0.10 

Cycle 2 165 ± 9 0.20 ± 0.01 295 ± 29 0.37 ± 0.04 

Cycle 3 32 ± 5 0.04 ± 0.01 185 ± 11 0.23 ± 0.01 

 

The same cannot be said for the cathodic pre-treatment in the presence of the inhibitor. In 

this case, the total equivalent thickness of Cu2O reduced in all three cycles is larger, which we 

assign to less oxide being dissolved upon immersion at OCP in the 2-MBT-containing HCl 

solution, due to the inhibitive effect 2-MBT molecules adsorbed on the native oxide-covered 

surface. The third cycle still reduces approximately a monolayer thickness of the native 

oxides. Additionally, the current density value at the end of the third cycle is slightly negative, 

which suggests that there were still oxides being reduced at this stage. This lower efficiency 

of the cathodic pre-treatment in reducing the native oxide within the three cycles is assigned 

to 2-MBT forming an inhibitor film covering the native oxide surface and poisoning the 

electrochemical reduction reaction. As a result, oxide islands, protected by the 2-MBT layer, 

could remain on the metallic substrate. Copper atoms, possibly unreduced, could also be 
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trapped in the organic layer and form complexes with the 2-MBT molecules, as suggested by 

previous works reporting the possibility of forming Cu-MBT metal-organic complexes 

although in different conditions [39], [40]. 

3.2 Anodic dissolution tests 

Figure 2 shows the cyclic voltammograms of anodic dissolution performed for 4 different 

conditions: (i) in 10 mM HCl without inhibitor, (ii) in 10 mM HCl + 0.1 mM 2-MBT after cathodic 

pre-treatment in presence of the inhibitor, and (iii) and (iv) also in 10 mM HCl + 0.1 mM 2-

MBT but after cathodic pre-treatment in the absence of the inhibitor; (iii) was obtained 

immediately (2 min) after replacing the 2-MBT-free solution by the 2-MBT-containing solution 

while (iv) was obtained after 1 hour of exposure to the inhibitor solution.  

 

Figure 2:  Cyclic voltammograms of copper showing anodic dissolution in the absence or 
presence of 2-MBT in different pre-treatment conditions (scan rate of 20 mV/s). The inset 
shows the enlarged cyclic voltammograms of the two experiments performed after pre-
treatment without 2-MBT. 
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For the inhibitor-free reference solution, a very high anodic current density is measured, 

continuously increasing from approximately +0.15 V vs SHE and indicating the dissolution of 

copper. CuCl- or CuCl2 form on the surface of the metal due to the adsorption of chloride ions 

in these conditions, and the Cu(I) ions dissolve as CuCl2
-, as reported previously [7], [8]. The 

cathodic sweep exhibits a peak at approximately +0.10V vs SHE, indicating re-deposition of 

the dissolved copper. 

For the CV performed in 10 mM HCl + 0.1 mM 2-MBT after pre-treatment in the presence of 

2-MBT, we observe an anodic shift in the initiation of dissolution to about +0.25 V vs SHE, and 

a lower rise of the anodic current density. This indicates protection of the copper metal 

surface against anodic dissolution by the organic film of 2-MBT molecules formed at the 

surface, as previously observed and discussed [20]. 

Table 2: Anodic and cathodic charge densities determined from the anodic dissolution tests 
along with the equivalent thickness of copper metal reacting and irreversibly dissolved during 
the test and calculated from Eq. 1.  

 

The CVs performed after pre-treatment in absence of 2-MBT, enlarged in the inset of Figure 

2, show even better protection performance for the inhibitor on copper in acidic chloride 

conditions. The 2 CVs exhibit much flatter curves as well as larger anodic shifts compared both 

to the reference solution (10 mM HCl) and the CV performed after pre-treatment in presence 

of inhibitor (10 mM HCl + 0.1 mM 2-MBT). This indicates that the absence of inhibitor during 

cathodic pre-treatment results in the formation of a less defective and consequently more 

protective organic barrier layer. The even flatter curve of the CV obtained after 1 hour 

exposure to 2-MBT before anodic polarization indicates optimization of the barrier properties 

Electrolyte, 
pre-treatment 

Anodic charge 
 qa (µC/cm²) 

Cathodic charge 
qc (µC/cm²) 

Cu reacting  
(nm) 

Cu dissolved  
(nm) 

HCl ref 
w/o 2-MBT 

7032 ± 13 4503 ± 55 5.17 ± 0.01 1.86 ± 0.03 

HCl + 2-MBT 
with 2-MBT 

733 ± 24 704 ± 31 0.54 ± 0.02 0.02 ± 0.01 

HCl + 2-MBT 
w/o 2-MBT 

52 ± 7 28 ± 2 0.04 ± 0.01 0.02 ± 0.01 

HCl + 2-MBT 
w/o 2-MBT, 1 hr 

38 ± 1 28 ± 4 0.03 ± 0.01 0.01 ± 0.01 
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with increased exposure time. Complementary measurements (Erreur ! Source du renvoi 

introuvable. in Supplementary Information) show that the barrier properties are already 

optimized after 15 minutes of exposure to 2-MBT after cathodic pre-treatment in the 

inhibitor-free solution.  

The anodic and cathodic charges for each curve were calculated by integrating the anodic and 

cathodic current densities, respectively, with respect to time, and the equivalent thicknesses 

of Cu metal reacting and dissolved during the cycle were determined using Equation 1. Results 

are compiled in Table 2. The amount (equivalent thickness) of Cu dissolved was deduced from 

the difference between anodic and cathodic charge densities (qa – qc). For each experiment 

with 2-MBT, the anodic charge and therefore the equivalent thickness of reacting copper 

decrease markedly, by a factor of 10 between the test in reference solution and the test 

performed after pre-treatment with inhibitor, by another factor of 14 after pre-treatment 

without inhibitor, and finally by an additional factor of 1.4 after pre-treatment without 

inhibitor followed by 1 hour exposure to the inhibitor. This evidences that controlling the 

conditions of formation of the inhibiting barrier layer by electrochemical means and 

minimizing the presence of native oxides does play an important role in the mitigation of the 

dissolution of copper and is instrumental for optimizing the barrier properties of the 

interfacial organic film.  

ToF-SIMS depth profiling of the inhibiting interface 

Surface analysis by ToF-SIMS and XPS was applied to the inhibiting interfaces formed in the 

2-MBT-free HCl reference solution and those formed in the 2-MBT-containing HCl solution 

after cathodic pre-treatment in presence or absence of the inhibitor. In the latter case of pre-

treatment in absence of 2-MBT, the interface was optimized by 1 hour exposure to 2-MBT 

after performing the cathodic pre-treatment in the inhibitor-free solution. Hereafter, we 

discuss the ToF-SIMS depth profiling data shown in Figure 3 for the inhibiting interfaces 

obtained in the cathodically reduced metallic state. Those obtained after anodic polarization 

are shown in Supplementary Information (Erreur ! Source du renvoi introuvable.). The 

differences, quantified by XPS analysis, are discussed in the next section. 

The ToF-SIMS depth profiles in Figure 3 display the intensity of the selected secondary ions 

plotted in logarithmic scale vs the sputtering time, the latter being related to the depth from 
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the initial topmost surface. The selected ions were C7H4NS2
-, C2N-, C2S-, and 34S- ions, 

characteristic of the 2-MBT molecule, its fragments of nitrogen, its fragments of sulphur, and  

the overall sulphur, respectively. Additionally, Cu-, O-, Cu2O-, 37Cl- ions were selected as they 

are characteristic of the metallic substrate, the oxides, and the chlorine adsorbed on the 

surface. The positions of each interface or layer was defined by the maximum intensity of the 

corresponding ions with an uncertainty of 5%.  

 

Figure 3: ToF-SIMS depth profiles of the inhibiting interface obtained in reduced state (a) after 
cathodic pre-treatment with 2-MBT, and in reduced state (b) after cathodic pre-treatment 
without 2-MBT followed by 1 hour of exposure to the inhibitor.  

Cu- being more characteristic of metallic Cu, was used to define the position where the 

metallic Cu substrate is reached. It corresponds to 7 and 10 seconds of sputtering time after 



 

14 
 

pre-treatment with and without 2-MBT, respectively. On both depth profiles, the organic 

layer, characterized by the C7H4NS2
-, C2N- and C2S- ions, covers the metallic substrate, which 

confirms that 2-MBT is adsorbed on the metallic substrate. However, it can be noticed that 

the intensity of the C7H4NS2
- ions is maximum at the topmost surface, whereas those of the 

C2N- and C2S- ions are maximum in the inner part of the organic layer. This indicates, that 2-

MBT forms multilayers with an inner chemisorbed layer (yellow regions on the profiles) and 

an outer physisorbed multilayer (pink regions on the profiles), as observed previously for 

adsorption of the molecule from the gas phase [22], [24], [26], [32] and in neutral aqueous 

solution [28]. The position of the C2S- intensity maximum is closer to the substrate than that 

of the C2N- intensity maximum, which indicates that 2-MBT bonds to the surface via the two 

S atoms, in agreement with the work of Vernack et al. [28]. 

Interestingly, the Cu2O- signal exhibits a maximum intensity slightly before reaching the 

metallic Cu region (Cu-). This indicates that, although the reduction pre-treatment was 

applied, Cu oxide islands (marked in blue on the profiles) remain locally on the surface, in 

agreement with the electrochemical analysis above. The 34S- secondary ions, characteristic of 

sulphur atoms from the intact and/or dissociated molecules, peak at a larger depth than the 

C2S- ions, characteristic of the intact molecule, and concomitantly with the CuO2
- ions, 

indicating that sulphur atoms are also bonded to the metal surface. Since the C2S- ions curve 

remains behind the C2N- curve, there is no indication of the nitrogen atoms bonding to copper. 

Looking at the Cl- signal, one observes that it exhibits its maximum intensity in the outer 

region (marked in pink), assigned to the physisorbed MBT layer. However, the intensity of Cl- 

signal decreases strongly in the inner chemisorbed MBT layer (marked in yellow). This is 

consistent with the chemisorbed MBT layer drastically reducing the interaction of chlorine 

with the copper substrate by acting as a physical barrier between them. 

The differences in the depth profiles of both experiments relate to the thickness of the 

interface. A thicker 2-MBT organic layer is observed in the case of pre-treatment without 2-

MBT followed by 1 hour exposure to the inhibitor (Figure 3(b)) than in the case of pre-

treatment with 2-MBT (Figure 3(a)), which would enhance the efficiency of the protection 

against dissolution as revealed by the anodic polarization tests.  
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3.4 XPS analysis of interfacial bonding and thickness 

Figure 4 shows the XPS Cu 2p, Cl 2p, S 2p, C 1s, N 1s and O 1s core level spectra obtained in 

this work, in this case after exposure to the solution of 10 mM HCl + 0.1 mM 2-MBT in reduced 

state, after pre-treatment in the presence of 2-MBT. A summary of the elemental 

components observed in this work with their binding energies (BE), full widths at half 

maximum (FWHM), and assignments is given in Table 3. The assignment of the components 

from the 2-MBT molecule are depicted in Figure 5. 

 

 

Figure 4: XPS Cu 2p, Cl 2p, S 2p, N 1s, C1s, and O 1s core level spectra after exposure to the 
solution of 10 mM HCl + 0.1 mM 2-MBT in reduced state, after pre-treatment in the presence 
of 2-MBT. 



 

16 
 

The copper Cu 2p spectrum showed the 2p3/2 - 2p1/2 spin-orbit doublet at 932.8 - 952.6 eV BE. 

The 2p3/2 component can correspond to three states that are too close to be resolved: the 

Cu(0) metallic state at 932.6 eV, the Cu(I) oxidized state at 932.7 eV, and Cu2S at 932.9 eV [41], 

[42]. Cu(II) oxide is not observed in this spectrum; it would appear at 933.5 eV along with 

satellite peaks, which are characteristic of the Cu(II) oxide [41], [42]. Analysis of the Cu 

composition using the Cu LMM Auger spectrum is discussed below. 

Table 3: Elemental core levels and Auger transition components observed in XPS analysis from 
this work with their Binding Energies (BE) / Kinetic Energies (KE), Full Width at Half Maximum 
(FWHM) and their assigned chemical states. Uncertainty ranges are derived from the 
uncertainty of the curve fitting procedure. 

Peak component BE 

(± 0.1 eV) 

FWHM 

(± 0.2 eV) 

Assignment 

Cu 2p3/2 

932.8 1.0 Cu 2p3/2 

932.6  Cu(0) metal [41], [42] 

932.7  Cu(I) oxide [41], [42] 

932.9  Cu(I) sulphide [41], [42] 

N 1s 399.4 1.1 N not bonded to metallic Cu 

S 2p3/2 

S1 164.2 1.0 Endocyclic S not bonded to metallic Cu (2-MBT) 

S2 162.8 1.0 Exocyclic S not bonded to metallic Cu (2-MBT) 

S3 161.9 1.0 S bonded to metallic Cu  

C 1s 

C1 286.4 1.1 C=S, residual contamination 

C2 285.5 1.1 C-N, C-S  

C3 284.8 1.1 C-C, C-H  

O 1s 

O1 532.9 1.6 H2O adsorbed  

O2 531.4 1.4 OH  

O3 530.2 1.4 O from metal oxide (Cu2O) 

Cl 2p3/2 
Cl1 198.3 1.1 Adsorbed chlorine 

Cl2 199.0 0.9 Copper chloride (CuCl) 

Cu LMM 
Cu (0) 918.4 (KE)  Cu metal 

Cu (I) 916.6 (KE)  Cu oxide 

 

The Cl 2p spectrum was decomposed in 2p1/2 - 2p3/2 spin-orbit doublets with a branching ratio 

of 0.5 and splitting of 1.60 eV. The Cl 2p3/2 (Cl1) component at 198.3 eV corresponds to 

chlorine adsorbed on the surface [43], [44]. Another Cl 2p3/2 component (Cl2), at a binding 
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energy of 199.0 eV and corresponding to CuCl [44], was only observed after anodic 

polarization in the 2-MBT-free HCl reference solution, as shown in Erreur ! Source du renvoi 

introuvable. given in Supplementary Information. This is consistent with the inhibition 

properties of 2-MBT blocking the access of chloride ions to the copper substrate surface and 

thus preventing the formation of CuCl surface species. 

2p1/2 - 2p3/2 spin-orbit doublets, with a branching ratio of 0.5 and splitting of 1.18 eV, were 

also considered for peak fitting the S 2p spectrum. Three components/chemical states, 

labelled S1, S2, and S3, were observed in agreement with previous work [24]. The S1 

component at 164.2 eV corresponds to the endocyclic sulphur from the 2-MBT molecule not 

bonded to metallic copper. The S2 component at 162.8 eV corresponds to the exocyclic 

sulphur from the molecule, also not bonded to metallic copper. These two components can 

also correspond to the S atoms of the molecules bonded to copper oxides and/or forming 

multilayers physically adsorbed on the surface [13], [24], [28], [32]. The S3 component at 

161.9 eV is sulphur bonded directly to metallic copper, which was also observed when 

exposing a clean metallic Cu surface to H2S [41]. This component can originate from either of 

the two sulphur atoms, endocyclic or exocyclic, from the intact molecules bonded to metallic 

copper. It can also be free sulphur atoms that have dissociated from the molecule and then 

bonded to metallic Cu [22], [24], [32]. 

 

Figure 5: 2-MBT chemical structure (thione form) and the assigned chemical states of the 
components obtained from their respective binding energies during XPS analysis. 

The N 1s spectrum was fitted with one peak component observed at 399.4 eV and originating 

from the nitrogen atoms of the molecules that are not bonded to copper [13], [24]. From 
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previous work, we know that the N bonded to Cu is expected at 399.8 eV [24]. The slight shift 

observed in the BE (+0.3 eV) compared to other in situ XPS studies is most likely due to the 

influence of the exposure to air during transfer to XPS [22], [25]. 

The carbon C 1s spectrum was decomposed into three peaks/chemical states. The C1 

component at 286.4 eV corresponds to C=S bonds in the molecule, the C2 component at 285.5 

eV to C-N and C-S bonds, and the C3 component at 284.8 eV to C-C and C-H bonds in the 

benzene ring [13], [24]. Since the carbon atoms in these chemical states are in the ratio 1:2:4 

in the 2-MBT molecule, the experimental observation of this intensity ratio is indicative of the 

adsorption of most of the 2-MBT molecules in the intact form, like in previous experiments of 

adsorption from the gas phase [24]. 

Table 4: Normalized intensities (NI) (±3%) and relative intensities (RI) of the elemental core 
level components and Auger transition highlighting the changes between the two pre-
treatment methods and their respective reduced and anodic states. 

Peak 

component 

Pre-treatment with 2-MBT Pre-treatment without 2-MBT 

Reduced state Anodic state Reduced state Anodic state 

NI 

(a.u.) 

RI 

(%) 

NI 

(a.u.) 

RI 

(%) 

NI 

(a.u.) 

RI 

(%) 

NI 

(a.u.) 

RI 

(%) 

N 1s 0.27 100 0.26 100 0.44 100 0.39 100 

S 2p3/2 

S1 0.31 50 0.30 49 0.50 49 0.46 48 

S2 0.29 45 0.27 45 0.46 45 0.39 41 

S3 0.03 5 0.04 6 0.06 6 0.11 11 

C 1s 

C1 0.34 14 0.44 14 0.51 14 0.48 14 

C2 0.68 29 0.88 29 1.03 29 0.96 29 

C3 1.35 57 1.76 57 2.06 57 1.92 57 

O 1s 

O1 0.04 5 0.14 15 0.15 44 0.08 13 

O2 0.13 15 0.32 33 0.07 20 0.21 35 

O3 0.70 80 0.50 52 0.12 36 0.32 52 

Cu 

LMM 

Cu(0) 12.39 84 12.20 89 10.27 95 10.56 89 

Cu(I) 1.93 16 1.19 11 0.40 5 1.09 11 
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The oxygen O 1s spectrum was decomposed into three components: O1 at 532.9 eV 

corresponding to oxygen adsorbed on the surface from water and/or from exposure to air, 

O2 at 531.4 eV from hydroxides formed on the surface, and O3 at 530.2 eV from the oxygen 

atoms of the copper oxide matrix, Cu2O in this case [22], [32], [41], [42]. From the XPS survey 

spectra (not shown), it was also determined that there was essentially no presence of residual 

phosphorous from the electrochemical polishing process indicating no interference of this 

procedure on the experiments.  

Table 4 compiles the normalized intensities (±3%) and the relative intensities of the elemental 

components according to the electrochemical conditions of formation and treatment of the 

interface. It is observed that the relative intensities of the C 1s components always remain in 

the molecular ratio mentioned above. The N 1s component also remains unchanged owing to 

the presence of only one chemical state, i.e. N not bonded to Cu. However, we do observe a 

change in the relative intensities of the O 1s, Cu LMM, and S 2p components. The O3 

component assigned to metal oxide (Cu2O) has a similar trend to the Cu(I) component from 

the Cu LMM spectrum discussed next. The changes observed in the relative intensities of the 

S 2p components are discussed subsequently. 

Since the Cu(I) oxide component is indistinguishable from the Cu(0) metal component in the 

Cu 2p spectrum, we also recorded and decomposed the Cu LMM Auger spectrum in order to 

discriminate the contributions of copper oxide and copper metal. The Cu LMM Auger 

spectrum obtained in different interfacial conditions are shown in Figure 6. They were 

decomposed by peak fitting using the line-shapes of Cu(0) and Cu(I) obtained from reference 

spectra measured on metallic Cu and oxidized samples in the same analytical conditions, as 

done by others [32], [41], [45].  

We can observe in Figure 6(a) that, although the intensity of Cu(I) is quite weak compared to 

that of Cu(0) , it is markedly higher than that in Figure 6(c) where the cathodic pre-treatment 

was done in absence of the inhibitor. This agrees with the electrochemical analysis from which 

we deduced more efficient reduction of the native oxides by cathodic pre-treatment in 

absence of the inhibitor. In Figure 6(b), we observe a decrease in the Cu(I) intensity after 

anodic polarization (anodic state) compared to that measured after cathodic pre-treatment 

(reduced state) in Figure 6(a). This is indicative of dissolution of the oxide remnants during 

polarization followed by additional adsorption of 2-MBT molecules, as observed by the slight 
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increase in relative intensity of the S3 component (S bonded to metallic Cu) in Table 4. In 

Figure 6(c), the almost negligible Cu(I) intensity is consistent with the lower intensity O3 

component in the O 1s spectrum (Table 4). It cannot be fully excluded that these oxide traces 

result from re-oxidation of the surface during air transfer due to the imperfections in the 

organic barrier film formed by 2-MBT after electrochemical preparation. After anodic 

polarization (Figure 6(d)), we observe an increase in the Cu(I) intensity. It is proposed that 

during polarization, defects are formed on the organic barrier layer. These unprotected 

regions would re-oxidize during air transfer after the experiment.  

 

 

Figure 6: Cu LMM Auger spectra obtained for experiments done in 10 mM HCl + 0.1 mM 2-
MBT at (a) reduced state, pre-treatment with MBT, (b) anodic state, pre-treatment with MBT, 
(c) reduced state, pre-treatment w/o MBT, 1 h MBT exposure, (d) anodic state, pre-treatment 
w/o MBT, 1 h MBT exposure. 

Using the intensities of the Cu 2p, O 1s, N 1s, S 2p spectra, we performed quantitative analysis 

applying a bi-layer model of attenuation of the photoelectron intensity in order to estimate 

the thickness of the organic inhibitor layer and the coverage and thickness of the residual 

oxide islands present at the interface. A schematic of the bi-layer model used is shown in 
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Figure 7. This model, taking oxide islands into consideration, as deduced from the ToF-SIMS 

and XPS measurements indicating the presence of islands of oxides and sulphur bonding to 

metallic Cu, allows us to further discuss the effects of the electrochemically controlled 

conditions of formation of the interface on its inhibition properties. 

 

Figure 7: Schematic showing the model used to determine the thickness and coverage of the 
oxide islands, the thickness of the 2-MBT layer above the oxide islands and above the metallic 
copper. 

The oxide islands, above the copper substrate of infinite thickness (“infinite” meaning much 

thicker than the escape depth of the analysed photoelectrons), were assumed to have 

uniform thickness. The 2-MBT organic layer covers both the oxide islands and the metallic 

copper surface in-between, as indicated by the Tof-SIMS depth profiles. The 2-MBT organic 

layer surface has the same flatness as the substrate surface. From this model, we can extract 

the coverage (x) and thickness (y) of the oxide islands, and the thickness of the 2-MBT layer 

above the oxide islands (z) and above the metallic copper (y+z). The equations used in this 

modelling method are given in Supplementary Information. Although this model results in 

high uncertainties for the extracted values, the results are comparable between the 

experiments, and in conjunction with the intensities (normalized and relative intensities) of 

the components reported in Table 4. For the sake of easier comparison, the equivalent 

thickness of the oxide and 2-MBT layers were calculated by weighting the thickness with the 

coverage of each layer. Table 5 compiles the obtained values. A graphical display of the results 

is presented schematically in Figure 8. 

It is observed that whatever the pre-treatment conditions, with 2-MBT or without 2-MBT (and 

subsequent 1 hour exposure to 2-MBT), the coverage of oxide islands is high, and their 

thickness relatively low (less than 0.5 nm), the latter even reaching 0.14 nm in the reduced 

state of the interface after pre-treatment without 2-MBT which is less than a monolayer 

(0.208 nm). In these optimized conditions of formation of the interface (Figure 8 c-d), the 

equivalent thickness of the remaining oxide is 0.11 nm, also lower than that of a monolayer, 
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suggesting that the actual coverage of remaining oxide islands is overestimated with our 

model, possibly due to inhomogeneous thickness of the oxide islands. This significant 

decrease in the amount of oxide remaining at the interface agrees with the electrochemical 

data presented above and with the variation of the Cu LMM Auger line-shape measured by 

XPS in Figure 6 c-d. It supports our explanation that, when present during pre-treatment, the 

2-MBT molecules, pre-adsorbed on the oxide surface, poison the electrochemical reduction 

reaction which results in significantly more oxide trapped at the interface.  

Table 5 : Coverage and thickness values of the copper oxide islands and 2-MBT organic 

inhibitor layer determined from quantitative analysis of the XPS results using the bi-layer 

model. The uncertainty on the coverage was estimated to be ± 10%, and the uncertainty on 

the thicknesses were estimated to be ± 0.2 nm. 

Exp. 
no. 

Electrochemical  
conditions 

Coverage 
of Cu2O 
islands 

(%) 

Thickness 
of Cu2O 
islands 
(nm) 

Equivalent 
thickness 
of Cu2O  

(nm) 

Thickness of  
2-MBT layer 
above oxides 

(nm) 

Thickness of  
2-MBT layer 

above 
metallic Cu 

(nm) 

Equivalent 
thickness of 
2-MBT layer 

(nm) 

1 
Pre-treatment with MBT,  

reduced state 
90 0.47 0.42 0.97 1.44 1.02 

2 
Pre-treatment with MBT, 

anodic state 
87 0.36 0.31 0.98 1.34 1.03 

3 
Pre-treatment w/o MBT, 

 1 h MBT exposure, 
 reduced state 

78 0.14 0.11 2.19 2.33 2.22 

4 
Pre-treatment w/o MBT,  

1h MBT exposure, 
 anodic state 

62 0.38 0.24 1.94 2.32 2.08 

  

The oxide traces observed after pre-treatment without 2-MBT in the solution could result 

from incomplete efficiency of the applied conditions despite the absence of remaining oxide 

indicated by the electrochemical data. As stated above, re-oxidation of the 2MBT-protected 

surface during air-transfer for surface analysis cannot be fully excluded. Additionally, Table 5 

(Figure 8) also shows that the 2-MBT layer is significantly thicker in the case of pre-treatment 

without the inhibitor with subsequent 1 hour exposure to 2-MBT. This indicates that lower 

quantities, including lower coverage, of remaining interfacial oxide on the surface, possibly 

along with the increased exposure time to the inhibitor molecule, enhance the deposition of 
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multilayers of the organic molecule on the surface, resulting in thicker and better protective 

barrier layers.  

 

Figure 8: Schematic showing the differences in coverage and thickness of the oxide islands and 
thickness of the 2-MBT layer as determined from XPS surface analysis for (a) reduced state, 
pre-treatment with MBT, (b) anodic state, pre-treatment with MBT, (c) reduced state, pre-
treatment w/o MBT, 1 h MBT exposure, (d) anodic state, pre-treatment w/o MBT, 1 h MBT 
exposure. 

After anodic polarization of the interface with more remaining oxide, i.e., cathodically pre-

treated with 2-MBT (Figure 8 a-b), it is observed that the oxide islands thickness slightly 

decreases whereas their coverage remains nearly unchanged. It is proposed that, due to the 

formation of defects in the 2-MBT barrier layer upon anodic polarization, the acidic 

electrolyte (pH = 2.6) may penetrate the barrier layer, access the oxide surface, and thus at 

least partially dissolve the interfacial oxide layer. This alteration of the barrier properties of 

the 2-MBT layer is reflected by a slight decrease in thickness of the interfacial oxide (Table 5). 

In the experiment where the interface is cathodically pre-treated in the absence of 2-MBT 

(Figure 8 c-d), the quantities of the remaining oxides are extremely low to begin with. After 

anodic polarization, defects are formed in the 2-MBT layer but there is little to no oxide 

beneath to dissolve. Once the sample is removed from the cell and transferred in air for 

analysis, the defective areas formed in the 2-MBT barrier layer do not protect the surface 

from re-oxidation, and thus thicker islands of oxides are locally formed (Table 5, Figure 8).  
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Figure 9: Atomic ratios of (a) S : N, and (b) S1 : S2+S3, determined from the component 
intensities of the XPS S 2p and N 1s spectra. (Exp. 1) Pre-treatment with MBT, reduced state, 
(Exp. 2) Pre-treatment with MBT, anodic state, (Exp. 3) Pre-treatment w/o MBT, 1 h MBT 
exposure, reduced state, (Exp. 4) Pre-treatment w/o MBT, 1 h MBT exposure, anodic state. 

In previous work on 2-MBT deposited from the gas phase, it has been shown that sulphur 

could dissociate from the molecule and bond with metallic copper in the form of free atomic 

sulphur detected as part of the S3 component in the XPS S 2p core level spectrum [24]. In 

order to determine if this is also the case in the present experiments, atomic ratios between 

sulphur and nitrogen were calculated. In the 2-MBT molecule, the stoichiometric ratio 

between these elements is 2:1. However, from quantitative analysis of the XPS data, we 

determine that we always have an excess of sulphur, as shown in Figure 9, confirming that, in 

our case, we also have free sulphur atoms that are bonded to the metal. Therefore, the S3 

component in the S 2p spectrum corresponds to both the molecule bonded to metallic copper 

via its S atoms as well as to free sulphur atoms bonded to the metallic copper surface. We 

also observe in Figure 9(a) that there is a trend to an increase in sulphur in the anodic state 

compared to the cathodically reduced state in either case of pre-treatment. Hence, it is 

suggested that during anodic polarization some of the 2-MBT molecules tend to dissociate 

resulting in free sulphur atoms bonded to the metallic copper surface. This alteration appears 

consistent with formation defects of the protective 2-MBT layer, compromising its barrier 

properties. 

The origin of the S3 component was determined by analysing the atomic ratio between the 

S1, S2 and S3 components (Figure 9(b)). It was determined that the ratio between S1 and the 

combination of S2 and S3 components result in a value close to 1, which is the proper ratio 

between the endocyclic S1 and exocyclic S2 sulphur. Therefore, it is suggested that the S3 

component mainly comes from S2, the exocyclic sulphur from the 2-MBT molecule. We 
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observe in Figure 9(b) that after anodic polarization in either pre-treatment condition of the 

interface, there is a slight decrease in this ratio, indicating that the quantity of S1 has 

decreased. This suggests that during anodic polarization, this is the endocyclic sulphur (S1 

component) in some of the 2-MBT molecules that tends to dissociate to give free sulphur 

bonded to metallic copper (along with dissociated S2 exocyclic sulphur) in the defective 

regions of the barrier layer. This is also observed in Table 4 by the relative intensities of the 

sulphur components where we also observe a decrease in the S1 and S2 components but an 

increase in the S3 component after anodic polarisation for both the experiments. This results 

in an increased coverage in the bonding between the 2-MBT molecule/sulphur atoms and the 

metallic copper substrate after anodic polarisation, as seen in Table 5, Figure 8. 

 

4. Conclusions 

The formation of the 2-MBT inhibiting interface by electrochemical cathodic control and how 

it enhances the corrosion resistance of copper in an acidic environment was investigated by 

applying electrochemistry and advanced surface analysis. The barrier properties of the 2-MBT 

organic protective layer are highly influenced by the cathodic pre-treatment protocol applied 

to reduce the native oxide initially present on the copper surface. Advanced elimination of 

the native oxide, as confirmed by ToF-SIMS and XPS, promotes the formation of a thicker, and 

likely less defective, inhibitor multilayer, more protective in the anodic dissolution regime of 

copper. Enhanced inhibition is obtained when the cathodic pre-treatment is performed in the 

inhibitor-free solution prior to time optimization of 2-MBT adsorption under cathodic control 

of the interface. When performed in an inhibitor-containing solution, the cathodic pre-

treatment is less effective in fully reducing the native oxide, owing to mitigation of the 

reduction reaction by pre-adsorption of 2-MBT on the oxidized surface. 

In an acidic environment, the 2-MBT molecules (thione conformer) bond to both metallic 

copper and residual copper oxide islands via their sulphur atoms. No signature of bonding via 

the nitrogen atom was found from XPS, in agreement with ToF-SIMS. An excess of sulphur 

was observed from XPS (S3 component from S 2p spectrum), indicating partial dissociation of 

the molecules to release atomic sulphur, mostly originating from the exocyclic S atoms and 
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bonded to metallic copper exposed in between the residual oxide islands. Upon anodic 

polarisation, a trend of further dissociation of the inhibitor molecule was observed, which 

was reflected by increased coverage of sulphur bonded to metallic copper, now mostly 

originating from the endocyclic S atoms. This anodic alteration of the protective 2-MBT layer 

would induce the formation of defects, thus compromising the barrier properties, as 

suggested by the ex-situ in-air reactivity of the interface. 
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