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Abstract 

Adsorption of ammonium pyrrolidine dithiocarbamate (PDTC) on copper surface in 

0.2 and 30 g L-1 NaCl media was investigated by different electrochemical methods and 

surface analyses. The results from electrochemical measurements showed that PDTC adsorbs 

rapidly on copper surface and revealed a marked effect of mixed inhibition. Surface analyses 

confirm the adsorption of PDTC on copper and the formation of a Cu-PDTC complex through 

the S atoms of PDTC. At high concentrations PDTC prevents oxides and cuprous chloride 

formation. XPS results showed that PDTC bonds with cuprous species indicating the 

formation of CuI-PDTC complex. 
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1. Introduction 

Formation of insulating and barrier films on copper surface has an importance in the 

corrosion protection of this metal in various environments, namely in the mining industry as 

flotation agents [1] and in the preservation of archaeological and cultural artefacts [2]. 

Moreover, addition of copper as hardener in structural materials such as AA 2000 series 

aluminium alloys makes these materials highly susceptible to localized corrosion due to 

galvanic coupling between the copper-rich intermetallic phase and the aluminium matrix. 

Efficient corrosion inhibitors such as the hexavalent chromates present an environmental 

hazard. Therefore, a need exists for non-hazardous corrosion inhibitors that will specifically 

interact with the Cu-bearing phases. The selective adsorption of some inhibitors on copper-

rich precipitates may enhance corrosion resistance of these alloys [3-8]. In addition, inhibition 

of Cu corrosion by thin adsorbed films plays a crucial role in chemical mechanical 

planarization (CMP) used in fabrication of ultra large scale integration devices [9]. In general, 

copper corrosion and its inhibition have great importance to the electronics industry due to the 

ubiquitous presence of copper metallization. 

Considerable work related to the inhibition of copper corrosion by organic molecules 

dating back to the 1960-1975 time period [10,11] has focused on the interaction between Cu 

and Benzotriazole (BTAH). Finšgar and Milošev have recently provided a review of the 

corrosion inhibition of Cu by BTAH who emphasize a mechanism involving the formation of 

a CuI-BTA complex with additional interaction with Cl- [12]. 

A recent review of organic inhibitors for copper corrosion, by Antonijovic and 

Petrovic [13], points out the importance of heteroatoms such as N, S, or P in organic 

compounds to enable good corrosion inhibition of Cu. Indeed, there are numerous reports on 

the efficiency of sulphur-containing molecules for the corrosion inhibition of Cu in a variety 

of media [14-21] and through the use of self-assembled monolayer [22-25]. Ohsawa and 
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Suëtaka explained that the inhibition of Cu corrosion in 0.1 M Na2SO4 by 

mercaptobenzothiazole (MBT) in terms of the formation of a protective CuI-MBT film [18]. 

Tansuğ et al. concluded also in the study of a methyl mercapto-phenyl amino butanate to the 

corrosion inhibition of Cu in 0.1 M HCl that a CuI-organo metallic film provides the corrosion 

protection [20]. 

Several studies considered the dithio compound, di-mercaptothiadiazole (DMCT), as 

an efficient inhibitor for Cu [26-33]. Qin et al. showed the DMCT self-assembled monolayer 

(SAM) as effective inhibitor film [26]. Others showed that DMCT inhibits the oxygen 

reduction reaction (ORR) on Cu in 0.5 M NaCl to a similar degree to that of Ce3+ ions [32]. 

The detailed interaction of organic sulphur compounds with Cu surfaces remains determining 

in light of the role that Cu plays in the corrosion of the technically important Cu-bearing-AA 

2024 as exemplified by the report of Williams et al. who attribute the corrosion inhibition to 

the formation of an insoluble CuII-precipitate covering the Cu-rich surface [34]. 

An important class of dithio compounds that has both nitrogen and di-thiol 

functionality are the di-alkyl di-thiocarbamates. They are schematically shown in Fig. 1a. 

They were recently shown as good corrosion inhibitors for Cu. For instance, piperidine-

dithiocarbamate as well as its CuII-complex showed good inhibitive efficiency of Cu 

corrosion in 1.5 % NaCl [35]. N,N diethyl di-thiocarbamate compound (where the two R 

moieties in Fig. 1a are ethyl) inhibits pitting corrosion of the Cu-containing alloy AA 2024 

through the formation of a protective film on the Cu-rich intermetallics [32]. These authors 

attribute the corrosion inhibition to the formation of an insoluble CuII-chelate film. Indeed, the 

ability of water soluble dithiocarbamates to chelate transition metal ions to form highly water-

insoluble complexes provides the basis for their use as pre-concentrators for metal extraction 

or flotation for chemical analysis or remediation [36]. 
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The base of pyrrolidine dithiocarbamate (PDTC), usually in the form of the 

ammonium salt, provides a readily available and stable form of the dithiocarbamate structure. 

In the case of PDTC an alkyl ring (Fig. 1b) rather than two separate alkyl moieties (Fig. 1a) 

forms the structure with the dithiocarbamate functionality. This material has a good water 

solubility as the free base, but has low solubility when forming a chelate with a metal cation 

[36]. PDTC is, therefore, expected to provide good inhibition of Cu corrosion in near neutral 

media. Indeed, in a previous work we demonstrated that this compound effectively inhibits 

the corrosion of Cu in 0.5 M NaCl, for concentrations as low as 10-3 M by forming a stable 

Cu-PDTC complex film [28]. Moreover, PDTC is a non-toxic compound for the inhibition of 

steel piping corrosion [37]. 

As mentioned above, PDTC is non-toxic and non-hazardous. In fact, the PDTC base as 

well as its Cu chelate has many biomedical applications primarily as an antioxidant and anti-

inflammatory. PDTC and particularly its complexes with Cu ions inhibits a nuclear factor-

kappa B (NF-B), a protein complex whose incorrect regulation was linked to cancer, 

inflammatory [38], autoimmune diseases, septic shock, viral infection, and lack of immune 

development [39]. 

The present work focuses on the inhibition mechanism of Cu corrosion in 0.2 and 30 

g L-1 NaCl, by the dithiocarbamide base PDTC. These two concentrations represent 

respectively the chloride content in natural soil water and sea waters. By hypothesis, the 

group S=(CN)-S- may react with the Cu surface in some way to form a protective layer which 

hinders the oxygen reduction and slows down the anodic dissolution of Cu [28]. It is not clear, 

however, whether the reaction with Cu is through the S atom, the N atom or both. Besides, 

there is no overall agreement as for the degree of oxidation of the Cu interacting with the 

PDTC base. For various inhibitors as quoted above, many authors consider that the S-

containing inhibitors react to form a CuI complex film. On the other hand, Williams et al. 
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postulate a three dimensional CuII film as providing the corrosion protection in Cu-containing 

Al alloys [34]. It is also crucial to know whether the inhibition is through a three dimensional 

film or two dimensional adsorbed surface layer. These questions can be addressed using a 

number of surface analytical methods including XPS, SEM/EDX, XRD, surface Raman 

micro-spectroscopy, and electrochemical impedance spectroscopy (EIS). Results will 

eventually enable the development of a molecular model for the inhibition process possibly 

leading to identification of additional inhibitors. 

2. Experimental methods 

2.1. Chemicals and materials 

The disk electrode was made of a 5 mm diameter cylinder rod of pure copper 

(Goodfellow, 99.999% of quality). The rod was then embedded into allylic resin or a thermal 

shrinking sheath. Prior to this preparation, the lateral part of the cylinder was coated with a 

cataphoretic paint (PGG W975 + G323) to avoid the electrolyte infiltration in the lateral part 

of the cylinder rod. The electrode surface was then abraded under water flow just before 

experiments, by rotating silicon carbide paper up to 1200 grade, and then rinsed thoroughly 

with deionised water. 

The working electrode was set close to the centre of the cylindrical electrolysis cell 

under stationary conditions without electrolyte stirring. The reference electrode was a calomel 

electrode in saturated KCl (SCE). The counter electrode was a platinum grid of a large surface 

area set close to the cell wall. 

The blank corrosion test solution was 0.2 or 30 g L-1 NaCl, to which 10-2 mol L-1 of 

PDTC (C5H9NS2, M = 147.26 g mol-1, supplied by Sigma®) was added as inhibitor. For each 

experiment, 100 mL of electrolyte was used. The corrosion test was carried out under 

temperature control (20°C) without purging dissolved oxygen. 
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2.2. Electrochemical measurements 

Electrochemical measurements were carried out in a conventional three-electrode cell, 

using a Gamry potentiostat/galvanostat Model FAS-1 or 300C. The working disk electrode 

was faced towards the cell bottom.  

Polarization measurements were performed after 24 hours immersion in the test 

solution with or without PDTC. The curves were plotted from two independent measurements 

in a new test solution for each run: one from the open circuit potential towards about -1.5 V / 

SCE, and another from the open circuit potential to about +1.5 V / SCE at a potential scan rate 

of 10 mV s-1. Three replica experiments were carried out for each experimental condition. 

The impedance measurements were performed with 10 mVrms from 100 kHz to 1 Hz 

or to 10 mHz by 10 points per decade. The EIS measurements were carried out at different 

immersion times in the test solutions with PDTC and after 24 hours immersion in the blank 

solutions. The data were fitted by Simad software, a lab-made software using a simplex 

regression method. 

2.3. Surface analyses 

2.3.1. Scanning Electron Microscopy (SEM) / Energy Dispersive Spectroscopy 

(EDS) 

The surface morphology of the electrodes was observed with a Leica Stereoscan 440 

scanning electron microscopy (SEM), and element analyses were performed with an energy 

dispersive X-ray analyzer (EDX; Princeton Gamma-Tech). 
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2.3.2. X-ray diffraction (XRD) 

XRD spectra of the films formed on copper surface, without or with PDTC, were 

collected with an X-ray diffraction (XRD) (Phillips PANanalytical X’Pert Pro) using Cu Kα 

radiation (λ = 1.54184 Å). 

2.3.3. Raman micro-spectroscopy 

Raman micro-spectroscopy analyses were carried out with a Labram-Jobin-Yvon 

spectrometer. The samples were irradiated with a He-Ne laser at  = 632.8 nm. The laser 

power was varied between 0.1 and 1 mW to avoid any thermal effect on sample during the 

analyses. A confocal microscope was used and the investigated area was limited to 5 µm2 

using an Olympus 80 Ultra Long Working Distance (ULWD) objective lens. 

2.3.4 X-ray photoelectron spectroscopy (XPS) 

XPS experiments were performed with an ESCA + Omicron. An Al K anode (1486.6 

eV) was used, operated at 300 W. The spectrometer was calibrated against C1s at 284.7  0.1 

eV. Data were acquired with 0.1 eV steps. The detection angle was generally normal to the 

surface. The pressure in the UHV analysis chamber was less than 10-7 Pa. 

3. Results and discussion 

3.1. Electrochemical measurements  

3.1.1. Potentiodynamic polarization 

Fig. 2a compares the corrosion potential (Ecorr) values as a function of immersion time 

of the copper electrode in presence or not of 10-2 mol L-1 (10 mM) PDTC in 0.2 or 30 g L-1 

NaCl. It is seen that without PDTC Ecorr varies a few tens mV during the whole immersion 

time. In contrast, the corrosion potential of Cu in presence of PDTC decreases significantly 

during the first immersion times, as can be seen in the insert, then increases progressively. 
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This suggests that PDTC adsorbs readily on the copper surface thereby lowering the potential 

to more cathodic values by decreasing the partial cathodic current density. 

The results of potentiondynamic measurements are given in Fig. 2b for copper in 0.2 

or 30 g L-1 NaCl in the absence and the presence of 10 mM PDTC. The anodic and cathodic 

characteristics were collected by independent cathodic and anodic scan experiments as stated 

above. 

In inhibitor free solution, current densities are much higher in the 30 g L-1 solution. 

Such a curve is typical of copper electrode in highly concentrated chloride media. It shows a 

cathodic peak around -0.9 V / SCE superimposed to the diffusion-limited current of oxygen 

reduction reaction (ORR). The potential of this peak is in agreement with the reduction of 

Cu2O [28, 40] formed by hydrolysis of the cuprous corrosion products. The anodic behaviour 

is largely described in the literature [41-43]: the Tafel region at lower over-potentials 

extending to a peak current density (jpeak, located around -0.05 V / SCE) due to the dissolution 

of copper into Cu+, then a region of decreasing currents until a minimum value (jmin) due to 

CuCl formation and finally, there appears a region of sudden increase in current density 

leading to a limiting value (jlim), as a result of CuCl2
- formation. 

In low chloride concentration (0.2 g L-1), no peak appears in the anodic branch 

because of the absence or minimal quantity of CuCl formed. However, Cu2O forms during 

immersion since its reduction peak during the cathodic scan is observed at nearly the same 

potential (-0.9 V/SCE). On the other hand, Ecorr is located at more anodic potentials due to the 

low aggressiveness of this solution towards copper [42]. 

Addition of 10 mM PDTC to 0.2 or 30 g L-1 NaCl solution significantly decreases both 

the anodic and cathodic current densities. The anodic current peak disappears and broad 

current plateaus are obtained mainly for the low chloride concentrations. It is likely that the 
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PDTC molecules have adsorbed onto the copper surface, which could decrease the anodic 

reaction rate of the initial step making difficult further corrosion propagation. Moreover, no 

Cu2O reduction peak appears for the 30 g L-1 NaCl + 10 mM PDTC likely due to the rapid 

adsorption of PDTC which prevents oxide formation. In contrast, Cu2O forms in the presence 

of PDTC in 0.2 g L-1 NaCl and may correspond to the Ecorr peak observed in Fig. 2a after 2 

hours of immersion. In any case, PDTC adsorbs on Cu surface in chloride media and slows 

down the kinetics of both cathodic and anodic processes.  

Corrosion parameters; jcorr, Ecorr, ba and bc respectively the corrosion current density, 

corrosion potential, the Tafel slope of anodic and cathodic process are evaluated from Stern-

Geary relationship [44] using non-linear least-square regression method at Ecorr ± 50 mV. 

Table 1 summarizes the results. jcorr values decrease significantly in the presence of PDTC for 

both high and low chloride concentrations. At the same time, ba values substantially increase 

when PDTC is present in both chloride media. In contrast, bc is not affected by addition of 

PDTC to 0.2 g L-1 NaCl and only slightly increases (in absolute value) in 30 g L-1NaCl 

containing PDTC. 

Polarization resistance Rp values are related to the corrosion current density jcorr, through the 

Stern-Geary equation: 

  pac

ca
corr Rbb

bb
j
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where ba and bc are respectively the anodic and cathodic Tafel slopes. 

The higher values of Rp (table 1) are obtained in the presence of PDTC suggesting the 

formation of a protective layer on the copper surface. 

The inhibitor efficiency E in percent was determined from the following relationship: 

0
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where 0
corrj  and corrj  denote the corrosion currents densities in absence and in 

presence of PDTC, respectively. The inhibiting efficiency is significant particularly in the low 

chloride concentrated medium.  

Clearly, PDTC serves as a good mixed inhibitor on copper surface in neutral chloride 

media, meaning that it slows down both the rate of the oxidation reaction and that of the 

cathodic reaction, typically oxygen reduction. In low chloride environments, it adsorbs 

rapidly on Cu surfaces to limit the growth of a non protective oxide. The change in the anodic 

process is evidenced by an increase in the apparent Tafel slope. 

3.1.2. EIS measurements 

An interaction between PDTC and Cu surface takes place throughout the first minutes 

of immersion as can be seen in the insert in Fig. 2a. Ecorr shifts significantly and sharply 

towards more cathodic values returning then, markedly, towards anodic direction. PDTC may 

thus adsorb on the cathodic sites first at the immersion. The increase of Ecorr may be explained 

as well by PDTC desorption from the cathodic sites or by its adsorption on the anodic ones. 

For bring to light about the PDTC adsorption on copper, EIS experiments were carried out 

during the first hours of immersion in 0.2 or 30 g L-1 NaCl containing 10 mM PDTC. 

Changes of the charge transfer resistance during the very early moments of immersion may 

help understanding PDTC interaction with Cu surface. For the former, jcorr increases whereas 

the latter makes jcorr smaller. The frequency domain was limited to high and medium values 

(10 kHz to 1Hz) to carry out measurements in short intervals of time. The measurements were 

performed every 100 seconds within the first hour and every 10 minutes during the following 

hours. 

Examples of the obtained Nyquist diagrams are shown in Fig. 3, where symbols 

represent experimental data and crosses the fitted data. The diagrams present a flattened semi-
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circle typical for copper or copper alloy electrode in chloride media in the presence of an 

inhibitor, a CuCl or a patina layer [28,45,46]. Though only one capacitive loop can be seen 

clearly, two capacitive contributions are necessary to reproduce suitably the experimental 

spectra. Therefore, the equivalent circuit model illustrated in Fig. 4 was used to analyze the 

impedance characteristics. 

 The physical nature of the circuit elements is allocated as follows. 

a- Rs: Solution resistance. 

b- The high frequency loop Rf -Cf: 

 Rf: Film resistance representing the resistance against the access of aggressive ions 

through the pores of the surface film. 

 Cf: Film capacitance due to the dielectric nature of the surface film. 

c- The medium frequency loop Rt-Cd: 

 Rt: Charge transfer resistance describing the sum of all charge transfer processes taking 

place at the electrode interface. 

 Cd: Double layer capacitance at the electronic conducting and ionic conducting 

interface. 

d- nf, nd: coefficients representing the depressed feature of the capacitive loops in Nyquist 

diagrams [47,48]. 

Results of the fitted parameters for the highest (Rf, Cf) and the medium (Rt, Cd) 

frequency loops are presented in Fig. 5 and Fig. 6, respectively.  

Note that during the entire immersion time studied and whatever Cl- ions 

concentration, Rf  increases in agreement with the formation of a protective film on Cu 

surface. Besides, the decrease of Cf with immersion time indicates thickening of the surface 

film. Similar changes are observed for Rt and Cd suggesting that during immersion, the charge 

transfer process becomes slower and the surface area in contact with conducting species 
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smaller. These results corroborate and explain Ecorr variation during the immersion time 

studied (Fig. 1a). Indeed, all along the initial decreasing step of Ecorr, Rt values increase 

progressively indicating that a protective film forms on the electrode, likely due to PDTC 

adsorption on the cathodic sites, as Ecorr shifts towards more negative values. During the 

second step, in which Ecorr switches towards anodic potentials, Rt values still increase 

suggesting that the protective film continue to form but on the anodic sites. It could be then 

concluded that PDTC is first adsorbed on the cathodic sites then on the anodic ones to form 

protective layers on Cu. 

To assess the corrosion resistance brought by such formed films, impedance spectra 

were recorded on Cu after 24 hours of immersion in the two chloride media, without and with 

PDTC, and in a large frequency domain (10 kHz to 10 mHz). The obtained data are shown as 

Bode and Nyquist plots in Fig. 7 and Fig. 8 respectively. Fitted curves represented by crosses 

(for Nyquist diagrams) or lines (for Bode diagrams) are shown together with experimental 

data represented by symbols.  

Bode plots show that the impedance modulus over the whole frequency range 

increases markedly when the electrode was left in the solution containing PDTC and 

demonstrates a good protection performance whatever Cl- ions concentration. 

Likewise, Nyquist plots exhibit similar characteristics as convex arcs in the high and 

middle frequency range, which are depressed capacitive loops involving two time constants 

though not clearly separated and ascribed respectively to the surface film and the double layer 

properties [28,45,46,49]. Note that the arc diameters increase obviously in presence of the 

inhibitor indicating the formation of an adsorbed and protective layer. For the blank solutions, 

the Warburg impedance in a low frequency region is attributed either to transport of dissolved 

oxygen to the electrode surface [22] or to the transport of chloro-copper complexes such as 

CuCl2
- and CuCl4

2- diffusion to the solution bulk [49,50]. In the presence of PDTC, the 
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corrosion process is not completely hindered despite the high barrier efficiency of the layer 

formed on the Cu surface. Diffusion of corrosive species may happen through this coating but 

the effect of diffusion limitation may not be dominant in collected data. A Warburg 

impedance element (ZW in  cm²) for the low frequency range, induced by the diffusion of 

soluble copper species from electrode surface to bulk solution [49], completes the previous 

circuit. Figure 9 illustrates the model used for parameter regression calculation. 



j

ZW    (3) 

with 

CDz

R
2/122F

T
   (4) 

where R, T and F denote the universal gas constant (8.314 J mol-1 K-1), the temperature 

(K) and the Faraday (96 485 C mol-1), respectively. z, C and D stand for the number of 

electron involved, the concentration and the diffusion coefficient of the diffusing species 

through the surface film, respectively. ω is the angular frequency (rad s-1) defined by the 

frequency of the AC signal f: f  2 (f in Hz). 

Fitted curves are shown together with experimental data in Fig. 7 and Fig. 8 and 

calculation results are listed in table 2. 

Note that the surface film capacitance value decreases significantly in the presence of 

PDTC. For instance, in the low concentrated chloride medium Cf  decreases from 7.44 to 

about 0.07 µF cm-2. This shows that the film formed on Cu is thick and three-dimensional. In 

the same way, the film resistance Rf increases significantly when the film is formed in PDTC 

containing solutions, thus this film exhibits a marked barrier efficiency. Moreover, addition of 

PDTC increases the Rt values whatever the chloride concentration of the aggressive solution. 

This situation indicates that the charge transfer process as well as chloride ions migration 
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were inhibited. Besides, the double layer capacitance value decreases significantly in the 

presence of PDTC, showing that the corroding surface area is smaller. This is consistent with 

the low values obtained for the coefficient nd indicating the heterogeneity of the 

electrochemical processes on the active sites. On the other hand, the diffusion through the 

film becomes difficult, which is in accordance with the high values obtained for the  

parameter. 

3.2. Surface analyses 

3.2.1. SEM and EDS analyses 

Surface observations and the corresponding EDX profile analysis, were performed on 

the copper electrode after 24 hours immersion in 0.2 or 30 g L-1 NaCl without or with 10 mM 

PDTC. 

An oxides film forms on copper surface in 0.2 g L-1 NaCl as shown in Fig. 10a while a 

crystalline structure in scales is observed (Fig. 10b) in the presence of PDTC. The formation 

of an adsorbed PDTC layer on copper is verified by S atom in the EDX analysis (Fig. 10c). In 

30 g L-1 NaCl similar results are obtained (Fig. 11). However, the oxide layer formed in 

inhibitor free solution is thicker in the more concentrated chloride medium (Table 3). Fig. 11a 

shows, indeed, a more oxidized surface in comparison with that of Fig. 10a. Furthermore, in 

the presence of PDTC, the SEM image shows a surface appearance essentially covered with 

an organic layer unlike that observed in Fig. 10a. These observations are consistent with EDX 

analysis according to which, the layer formed in 0.2 g L-1 is composed of oxides and PDTC 

while no oxide forms in the presence of in 30g L-1 NaCl. Moreover, as shown in the EDX 

spectra and table 3, on the oxidized surface a significant amount of PDTC molecules is 

present on the surface, whereas a thin layer of adsorbed PDTC forms on the free oxygen 

surface. This is in agreement with electrochemical results. 
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3.2.2. XRD analysis 

X-ray diffractograms recorded on copper surface after 24 hours immersion in 0.2 or 30 

g L-1 NaCl, without or with 10 mM PDTC, are shown in Fig. 12. In inhibitor free solution and 

whatever the chloride content, the X-ray diffraction pattern is typical of those of Cu and 

Cu2O. However, the peaks of Cu2O disappear in the case of the PDTC containing solution, in 

the two chloride media, suggesting the absence of oxides. Only remain Cu peaks with higher 

intensity. This is in agreement with electrochemical and EDX / SEM results, which showed 

that PDTC readily adsorbs on Cu and prevents oxides formation mainly in the more chloride 

concentrated medium. The oxide formed in the presence of PDTC in 0.2 g L-1 NaCl is likely 

not sufficiently crystallized to be detected. Besides, the absence of new peaks in the XRD 

spectra of the PDTC treated electrodes does not disprove the formation of a three-dimensional 

PDTC layer but reveals its amorphous character. 

3.2.3. Raman micro-spectroscopy analyses 

Raman micro-spectroscopy characterization of the copper surface after 24 hours 

exposure to 0.2 or 30 g L-1 NaCl solution, without or with addition of PDTC, was performed 

in order to investigate the interactions of PDTC with the surface. Fig. 13 shows the spectra 

collected in addition to those of the pure PDTC molecule in powder state and a CuI-PDTC 

complex formed in solution. Attributions of the main bands are given in table 4 on the basis of 

literature data [51]. 

When the film is formed without PDTC, the main feature of the spectrum is a doublet 

at 500 and 630 cm-1 attributed to Cu2O formation [52]. This band still appears in the spectrum 

of the film formed in 0.1 mM PDTC, but disappears for 10 mM PDTC, which corroborates 

the above results. Moreover, whatever PDTC concentration, the same main bands are 

observed in the Raman spectra. The band at 450 cm-1, corresponding to the molecule and 

assigned to the SCS vibration, also appears at the copper surface. This confirms the 
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presence of a PDTC layer on the Cu electrode. In addition, the bands observed at 290 and 330 

cm-1 and attributed to CuS stretching [51], are suggesting that PDTC adsorbs on Cu by 

binding with its S atoms. Furthermore, the similarity between the complex spectrum and those 

of the surface films shows that the three-dimensional film formed on Cu surface in the 

presence of PDTC consist of a CuI-PDTC complex. 

Note that the spectra relative to the surface films in Fig. 13 are obtained in 0.2 g L-1 

NaCl. Similar spectra were collected in 30 g L-1 NaCl. 

3.2.4. XPS analysis 

XPS measurements were performed on Copper electrodes after 24 hours immersion in 

0.2 or 30 g L-1 NaCl solution without or with 10 mM PDTC. The spectra obtained are 

presented in Fig. 14. For both chloride concentrations, quite similar spectra with the same 

main features were recorded for the blank and 10 mM PDTC. 

The survey spectrum for Cu in presence of PDTC shows peaks representing species 

containing C, N and S elements indicating that PDTC was adsorbed on the surface. The C1s 

signal could also arise from contamination by adsorbed carbonaceous species as in the case of 

the blank. Moreover, no peaks for Cl compounds appear around 200 eV as it could be 

expected since the samples were treated in chloride media. Similar result was found by 

Finšgar et al. [53-56] for MBIH-, BTAH-, TRZ- and MBOH- treated Cu in chloride solutions. 

Therefore, chloride species are not involved in the PDTC layer which is consistent with a 

rapid adsorption of PDTC on Cu surface. 

The O1s peak mainly corresponds to the oxidized copper. Traces of oxygen on the 

surface could also result from atmospheric oxidized species during sample preparation or 

remaining H2O molecules after sample drying [53]. With these remarks, Fig. 15 shows 

sharper peak of O1s for the blank at 530.7 eV indicating the presence of Cu2O [57, 58] and 
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corroborating EDX, DRX and Raman results. According to Roberts [58], the high binding 

energy shoulder around 533 eV is probably due to small amounts of adsorbed H2O. As for 

PDTC treated Cu, O1s peak intensity is extremely low which is in agreement with the above 

results revealing the lack of oxides in PDTC layer. Moreover, this peak appears at higher 

binding energies and may be then assigned to adsorbed H2O molecules [58]. 

Fig. 16 shows Cu2p and Cu LMM peaks obtained from the films formed without and 

with PDTC. Clearly, the sharpness of the Cu2p peaks and the absence of satellites at the high 

energy side of the Cu2p3/2 indicate that the valence state of copper in the surface bond may be 

either Cu0 or CuI [59]. Moreover, the kinetic energy of the Cu LMM auger peak is around 916 

eV. These are the characteristics of CuI compounds [58-62], indicating that copper in the 

blank and the inhibitive film is cuprous state. This behaviour is in agreement with the results 

reported by other workers, where no significant shifts in the binding energy and line-shape 

variation were detected for Cu, Cu2O and Cu2S [63-67]. Besides, according to Zucchi et al. 

[66], the shift of Cu LMM peak to lower kinetic energies for the PDTC treated Cu can be 

ascribed to CuI-S species. 

Thus, XPS experiments together with Raman results indicate that in chloride media 

PDTC interacts with Cu+ ions through its S atom to form CuI-PDTC complex. 

4. Discussion of Results 

Electrochemical measurements carried out in this study revealed that PDTC reacts 

strongly with the copper surface thereby decreasing significantly the kinetics of both cathodic 

and anodic processes regardless of the chloride concentration. In the presence of PDTC, broad 

passivity plateaus were obtained as shown in Fig. 2b. In the presence of 0.2 g L-1 NaCl + 

10 mM PDTC Cu remains passive with a current density of 0.1 µA cm-2 up to 0.5 V/SCE. 

Copper is entirely passive in 10 mM PDTC in a lower 0.2 g L-1 NaCl. This clearly shows a 
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strong interaction of PDTC with Cu surface with the most dramatic effects being to that of the 

anodic reaction although significant slowing of the cathodic reaction also occurs. 

To get a better idea of the nature of the electrochemical reaction, EIS measurements 

not only confirm the role of PDTC in slowing down the electrode kinetics, but also provide 

insight into the nature of the surface species formed. Specifically, EIS measurements show 

that PDTC decreases the copper active surface area and raises the charge transfer resistance of 

the surface film. PDTC adsorbs first on the cathodic sites then on the anodic ones. Moreover, 

the large increase of the impedance in the capacitive region by more than two orders of 

magnitude and the exhibition of a nearly ideal capacitance demonstrate that a three 

dimensional film has formed in the presence of the PDTC. 

PDTC or moieties of PDTC incorporate into the surface film as confirmed by SEM 

and EDX studies. These analyses show that the structure of the layer formed on Cu in the 

presence of PDTC differs from that formed with no PDTC. In the blank test solutions, oxides 

film forms on the copper surface and the surface is more oxidized in 30 g L-1 NaCl. However, 

in the presence of PDTC, a structure with scales is observed. This structure is composed of 

oxides and PDTC in low Cl- content whereas no oxide and a lower quantity of PDTC forms 

on copper at higher chloride concentration. On the other hand, EDX analyses confirm the 

presence of S in the film while the XRD analyses demonstrates the amorphous nature of this 

film. Note that EDX would be unable to detect the presence of PDTC N in the film. As 

presented further on, N of PDTC was detected by XPS. More information on the exact 

structure of the inhibiting film is provided by Raman spectroscopy. 

At low concentration of PDTC (0.1 mM), the Raman spectrum shows both the 

characteristic bands of Cu2O and a complex (Cu-PDTC) resulting from the interaction of 

PDTC with the copper surface (Cu-S stretching). On the other hand, the spectrum of the film 

formed at high concentration (10 mM PDTC) shows only the Cu-PDTC complex bands. This 
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corroborates the fact that PDTC prevents oxide formation on the copper surface. Furthermore, 

PDTC interacts with CuI species as the spectra of the surface film and that of CuI-PDTC 

complex formed in solution were similar. It is entirely possible that a linear metallo-organic 

polymer comprised of tetrahedral di-aquo CuI bridged at the corners of the tetrahedrum by the 

bidentate PDTC to the next unit in the form represented by [- Cu(H2O)2 – S – N – S -]n. 

Along with the structural information provided by Raman spectroscopy, XPS confirms the 

presence of the PDTC moiety in the film but also provides evidence on the nature of the Cu 

PDTC bond. Specifically XPS spectra contain peaks of the S2p, C1s and N1s which 

establishes the presence of PDTC molecules on the copper surface. Furthermore, the shape 

and binding energy of the XPS Cu2p peak indicates that the copper in the surface has a CuI 

oxidation state. This confirms the formation of CuI-PDTC complex on copper surface. 

5. Conclusion 

The results of this study show clearly that PDTC is a good mixed inhibitor for copper 

corrosion, in neutral chloride media as a result of a strong and fast interaction of PDTC with 

copper surface to form a stable and protective film. 

PDTC inhibits the growth of an oxide layer on the copper while forming a three 

dimensional amorphous film composed of a CuI-PDTC complex. This complex forms, on 

copper surface in chloride media, as a result of PDTC interaction with Cu through its S atoms.  
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Tables  

Table 1: Corrosion parameters of copper obtained from polarization curves 

 in 0.2 and 30 g L-1 NaCl without and with 10 mM PDTC 

Parameters 0.2 g L-1 NaCl 0.2 g L-1 NaCl 

 + 10 mMPDTC 

30 g L-1 NaCl 30 g L-1 NaCl 

 + 10 mMPDTC 

Ecorr (V / SCE) -0.120 -0.296 -0.224 -0.203 

jcorr (nA /cm²) 195.1 1.82 2073 83.68 

ba (V dec-1 ) 0.057 0.512 0.058 0.277 

bc (V dec-1) -0.205 -0.208 -0.170 -0.324 

Rp (k.cm²) 99.26 35.30103 9.06 774.9 

E% - 99.06 - 95.96 

 

 

 



Table 2: Electrochemical impedance parameters for copper in 0.2 and 30 g L-1 NaCl without and with 10 mM PDTC 

Solutions 
Rs 

( cm²) 

Cf 

(µF cm-2) 
nf 

Rf 

(k cm²) 

Cd 

(µF cm-2) 
nd 

Rt 

(k cm²) 

 

( s-1/2) 

0.2 g L-1 NaCl 145 7.44 0.76 23.1 22.36 0.89 5.65 1714 

30 g L-1 NaCl 1.51 168.2 0.51 0.018 133.3 0.91 5.43 509.5 

0.2 g L-1 NaCl 

+ 10 mM PDTC 
129 0.069 0.97 3.68104 0.0368 0.35 7.88104 69104 

30 g L-1 NaCl 

+ 10 mM PDTC 
0.59 0.058 0.96 1.4103 0.167 0.37 3.4103 6.4104 



Table 3: EDX analysis of copper surface after 24 hours immersion in 0.2 and 30 g L-1 NaCl without and with 10 mM PDTC 

Element 

at % 
0.2 g L-1 NaCl 

0.2 g L-1 NaCl 

 + 10 mMPDTC 
30 g L-1 NaCl 

30 g L-1 NaCl 

 + 10 mMPDTC 

Cu 91.11 18.96 76.97 92.31 

O 8.89 8.81 22.66 - 

S - 72.23 - 7.69 



Table 4: Vibrational wavenumbers and assignments for PDTC molecule, CuI-PDTC complex and surface film 

Raman wavenumber (cm-1) 

Surface film CuI-PDTC complex PDTC molecule Assignment 

225 225   

285 288  CuS stretching 

  300 
NCS in plane 

bending 

330 336  CuS stretching 

448 459 445 SCS stretching 

595 600 571 
Ring in plane 

bending 

706 700 700 
SCS anti 

symmetric stretching 

 



 

 

(a) 

N

S SNH4

 

(b) 

Figure 1: Structures of dialkyl dithiocarbamate (a) and ammonium pyrrolidine 

dithiocarbamate (b). 
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Figure 2: Open circuit potential plots (a) for copper during 24 h exposure time in 0.2 or 30 

g L-1 NaCl without or with 10 mM PDTC and polarization plots (b) after exposure; stationary 

electrode at 20 °C. 



0 2 4 6 8 10 12 14 16 18 20 22
0

2

4

6

8

10

1Hz
10Hz

100kHz
100Hz

10Hz

 0.2 g L-1 NaCl + 10 mM PDTC
 30 g L-1 NaCl + 10 mM PDTC

Real part / kcm2

 

 

- 
Im

ag
in

ar
y 

p
ar

t 
/ k


 c

m
²

1Hz

 

Figure 3: Nyquist diagrams of copper after 100 seconds exposure time in 0.2 g L-1 + 10 mM 

PDTC or 30 g L-1 + 10 mM PDTC; stationary electrode at 20°C. 

Symbols = experimental data; and crosses = calculated data. 
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Figure 4: Electrical equivalent circuit to reproduce experimental impedance spectra 

for Cu electrode in 0.2 or 30 g L-1 NaCl without or with 10 mM PDTC for high and medium 

frequencies. 
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Figure 5: Rf and Cf change as a function of immersion period for Cu / 0.2 g L-1 NaCl + 10 

mM PDTC (a) and Cu / 30 g L-1 NaCl + 10 mM PDTC (b); stationary electrode at 20°C. 

 



0 1 2 3 4 5 6 7 8
0

200

400

600

800

1000

1200

1400
(a)

 

Immersion time, t / h

 C
h

ar
ge

 t
ra

n
sf

er
 r

es
is

ta
n

ce
, R

t 
/ k


c

m
²

Rt

Cd

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0  D
ou

b
le layer cap

acitan
ce, C

d  /  µ
F

 cm
-²

 

0 1 2 3 4 5 6 7 8
0

50

100

150

200

250

300

350

400
(b)

 C
h

ar
ge

 t
ra

n
sf

er
 r

es
is

ta
n

ce
, R

t 
/ k


 c

m
²  D

ou
b

le layer cap
acitan

ce, C
d  /  µ

F
 cm

-²

Immersion time, t / h

 

0

5

10

15

20

25

Cd

Rt

 

Figure 6: Rt and Cd change as a function of immersion period for Cu / 0.2 g L-1 NaCl + 10 

mM PDTC (a) and Cu / 30 g L-1 NaCl + 10 mM PDTC (b); stationary electrode at 20°C. 
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Figure 7: Bode diagrams of copper after 24 h exposure time in 0.2 or 30 g L-1 without or with 

10 mM PDTC; stationary electrode at 20°C. 

Symbols = experimental data; and lines = calculated data. 
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Figure 8: Nyquist diagrams of copper after 24 h exposure time in 0.2 g L-1 (a) or 30 g L-1 (b) 

without or with 10 mM PDTC; stationary electrode at 20°C. 

Symbols = experimental data; and crosses = calculated data. 
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Figure 9: Electrical equivalent circuit to reproduce experimental impedance spectra  

for Cu electrode in NaCl solution without or with PDTC. 
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Figure 10: SEM images of copper surface after 24 h immersion time in 0.2 g L-1 NaCl 

 without (a) and with 10 mM PDTC (b) and the corresponding EDX analysis (c). 
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Figure 11: SEM images of copper surface after 24 h immersion time in 30 g L-1 NaCl  

without (a) and with 10 mM PDTC (b) and the corresponding EDX analysis (c). 
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Figure 12: XRD pattern recorded on the copper surface after 24 h immersion in 0.2 or 30 g L-1 

NaCl without or with 10 mM PDTC. 
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Figure 13: Raman spectra collected on the PDTC molecule, CuI-PDTC complex and on the 

copper electrode after 24 h immersion in 0.2 g L-1 NaCl without or with 0.1 mM or 10 mM 

PDTC. 
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Figure 14: Survey XPS spectra of copper electrode after 24 h immersion in 0.2 g L-1 NaCl 

without or with 0.1 mM or 10 mM PDTC. 
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Figure 15: O1s spectra of Cu electrode after 24 h immersion in 0.2 g L-1 NaCl without or with 

0.1 mM or 10 mM PDTC. 
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Figure 16: Cu2p and CuLMM spectra of Cu electrode after 24 h immersion in 0.2 g L-1 NaCl 

without or with 0.1 mM or 10 mM PDTC. 


