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Electrochemical behavior of electrode materials (nickel and stainless steels) for sudomotor dysfunction applications : a review
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This is an overview of the electrochemical characterization of nickel and stainless steel as electrodes in medical devices for the early diagnosis of small fiber neuropathy that originates from type-2 diabetes or cystic fibrosis. The electrical current responses obtained during the clinical tests are related to the amount of chloride present on the sweat. Stainless steel electrodes are now used to replace nickel because this later not only presents problems with chloride sensitivity but its contact with skin can cause possible allergic reactions for some patients. For the above reasons, several types of stainless steels were studied. It was shown that some of them perform well and have lower costs than Ni electrodes. We discuss the state of the art of the electrochemical studies conducted with nickel and steels under physiological or biomimetic conditions and discuss the advantages of a particular steel over the others depending on the conditions, especially chloride concentration.

Introduction

Main Diabetes and cardiovascular diseases have increased significantly over the past 20 years. For instance, in the case of type-2 diabetes, over 130,000 cases were estimated in children between 0 and 14 years in 2013 [1]. In the same year, the International Diabetes Federation Atlas revealed that the proportion of undiagnosed diabetes ranged from 20 to 61% [2][3][4][5][6][7]. Undiagnosed diabetes is considered to account for 40-50% of all kind of diabetes in Europe. Peripheral neuropathy is a frequent complication of diabetes. Such kind of dysfunction is attributed to small fiber neuropathies, that develop early in patients with diabetes [8]. Sweat glands are innervated by small sympathetic fibers and the assessment of sudomotor function has been proposed for evaluating the distribution and severity of these disturbances [9]. Dysfunction of small fiber neuropathy (SFN) can result in autonomic symptoms, sensory symptoms, or a combination of both. SFN with mixed involvement of both sensory and autonomic fibers is the most common form, affecting millions of individuals worldwide and contributing significantly to morbidity [10][11][12][13][14][15]. Among the several causes, cardiovascular autonomic neuropathy caused by diabetes mellitus is a common disorder of SFN [14]. It is present in up to 90% of patients with type 1 and 20 -73% of patients with type 2 diabetes mellitus [14], depending on the diagnostic test. Established objective autonomic function tests are available for the evaluation of sudomotor function among which the quantitative sudomotor axon test, the sympathetic skin response and the thermoregulatory sweat test [START_REF]Autonomic Testing Policy[END_REF].

When cardiovascular autonomic failure is suspected in addition to sudomotor dysfunction, cardiovascular autonomic testing is recommended. Additional methods for evaluating SFN include skin biopsy for the quantification of epidermal nerve fiber density [15] and sudomotor (sweat gland) nerve fiber density [START_REF] Gibbons | [END_REF]. The main difficulty of these techniques arises from the fact that most functional tests quantify the end-organ effect of the autonomic input but not the autonomic nerve function per se.* Electrochemical skin conductance (ESC) was recently introduced as a simple electrophysiological method for the functional evaluation of sweat glands and related sudomotor/small fiber dysfunction [18][19][20]. In a recent review, Nowak reported on a systematic analysis of the input of the ESC based sensing devices « Sudoscan » and « EZSCAN » developed by Impeto Medical LTD which have been introduced as a simple noninvasive and fast method for the detection of sudomotor dysfunction [21]. The review summarized and appraised researches using ESC measurements for sudomotor evaluation in adults. The main advantages and drawbacks of ESC versus established tests for evaluating sudomotor/small fiber function were reported to be used as evidence to inform future guidelines on the assessment of sudomotor function. It clearly appears the fact that ESC measurements expand the arsenal of available tests for the evaluation of sudomotor dysfunction. * The rationale and methodology involving ESC is explained in detail in the review by Nowak [21]. In brief, the measurement of ESC is an active electrophysiological method based on two physical principles [18,20] : (i) lowvoltage electrical activation of sweat glands and (ii) reverse iontophoresis to capture the flow of chloride ions produced by activated sweat glands. ESC measures the flow of chloride ions induced by electric current according to a theoretical model that can be summarized as follow: (i) electric current directly stimulates the sudomotor fibers, innervating the sweat glands ; (ii) subsequently, the glands produce sweat, which contains of chloride ions and (iii) the chloride ions are consumed at the anode, mimicking the corrosion process using principles of reverse electrophoresis. In the present case, chloride ions driven by the electric current can move in an electric field via the sweat adduct pores. * During ESC measurements, patients place both palms and soles on large-area stainless-steel electrodes. An incremental low direct voltage (< 4 V) is applied for 15 s. The voltage applied on skin electrodes generates a current between the anode and the cathode that is measured. For example, the right-foot electrode is used as an anode, and a voltage of 1 V is applied for 1 s. This induces a voltage on the cathode, i.e., the left-foot electrode, and some small current travels through the body towards the cathode. The voltage occurring on the cathode is measured using a voltmeter, and the current between the electrodes is measured using a Wheatstone bridge. The voltage applied on the anode is then increased to 1.2 V for over 1 s, and a new measurement is performed. The voltage continues to be increased in increments of 0.2 V per second until a maximum voltage of 3.8 V is reached (15 steps in all). The same 15 incremental increases in voltage are applied on the left-foot electrode used as anode, while the right-foot electrode is used as cathode. Finally, the same 15 steps are applied twice on the hand electrodes, with each electrode used alternately as an anode or a cathode.* In vitro electrochemical studies were conducted to evaluate the nickel and several stainless-steel electrodes behavior in sweat-mimicking solutions. The results showed that the concentration of chloride had a strong influence on the anodic potential [22][23][24][25][26][27]. In this review we summarize the different studies reporting on the electrochemical analysis of the electrode materials used for the EZSCAN and SUDOSCAN devices.

The case of nickel electrodes

In the EZSCAN device the electrodes are made of nickel, which is a key parameter of the device because of its sensitivity to sweat composition. The nickel electrodes play alternately the role of anode and cathode, which do not undergo any specific pretreatment before each measurement. Thus, the analysis of the temporal evolution of the physico-chemical properties of nickel is of prime importance to ensure the good performance of the biomedical device. Although the electrochemical properties of nickel have been widely examined, through the analysis of its corrosion in aqueous acid or alkaline solution, very few studies have been dedicated to the specific assessment of its behavior in physiological solutions. Ayoub et al. [22,23] thoroughly explored the electrochemical behavior of nickel electrodes (i) in a threeelectrode set-up combining a nickel counter-electrode and a nickel pseudo-reference electrode in order to mimic the whole Ni electrode configuration of the EZSCAN device, (ii) in synthetic buffered phosphate and carbonate solutions (CBS) in which the pH and the concentrations of chloride, lactate and urea were varied to mimic the behavior of the electrodes in contact with sweat and (iii) in different potential windows to evaluate the aging of the electrodes and assess the means of restoring fresh surfaces. These studies constitute a sound approach aimed at understanding the chemical key parameters controlling the origin of the onset signals delivered during the clinical tests, in terms of electrochemical reactions, and ensure their reproducibility.

Figure 1 shows the positive potential going direction of the cyclic voltammograms (potential scan rate starts at -0.3 V vs SCE) recorded on Ni in CBS (36 mM, pH 7) in the presence of different concentrations of chloride ions (30, 60, 90 and 120mM) [23]. In all cases, a nickel oxidation process occurs at low anodic potentials leading to the formation of an oxide film composed probably by an inner NiO layer and an outer Ni(OH)2 layer [23]. At higher anodic potentials, the Cl -attacks lead to the breakdown of the oxide film and then causes a local dissolution of Ni. It can be noticed also that the breakdown potential Eb shifts towards more negative potentials when increasing the chloride ion concentration. This is due to an increase in the concentration ratios [Cl -]/[OH -] or [Cl -]/[HCO3 -] that favors the adsorption of Cl -and weakens the passive layer, leading to its breakdown at lower potential values [23]. Nguyen and Foley [28] and Galvele [29 J have proposed a mechanism for the breakdown of metal passivity by aggressive anions (as chloride) in several steps: (i) preferential competitive adsorption of aggressive anions over species as H2O or OH -; (ii) halide anions penetration through the oxide layer possibly through cracks (flaws) and binding to metal sites; (iii) halide ions diffuse through the metal oxide lattice and bind to metal sites; iv) aggressive anions strongly adsorb on the oxide film and peptize it. According to this model, the following mechanism was proposed [30,31]:

1) Ni + X -⥨ Ni(X -)ads 2) Ni(X -)ads ⥨ NiX + e - 3) NiX + OH-à Ni(X)(OH)aq + e - or 4) NiX + X -àNiX2(aq) + e -
Where X -= F -, Br -or Cl -. As mentioned above, the electrodes in the EZSCAN technology play alternately the role of anode and cathode and they do not undergo a specific pretreatment before each measurement. This led to analyze the technical conditions allowing reproducibility of the clinical tests, notably the influence of the cathodic part of the voltammogram on the anodic one. Figure 2 shows the influence of scanning the electrode potential in the negative direction on the cyclic voltammograms in aerated CBS (36 mM) in presence of Cl -(36 mM). The most important phenomenon that should be emphasized here is that the negative potential going direction scan allows providing a renewed "fresh" nickel surface. Indeed, the negative potential going direction was investigated in aerated CBS (36 mM; pH = 6.5) containing Cl -(36 mM) by recording two consecutive scans in three different potential ranges as follows: 0 → 0.5 → 0 → 0.5 V (Figure 2a); 0 → 0.5 → -0.7 → 0 → 0.5 V (Figure 2b) and 0 → 0.5 → -1 → 0 → 0.5 V (Figure 2c). It clearly appears that the first potential sweep affects strongly the subsequent second voltammogram: no observation of anodic plateau current, related to the formation of the passive layer, was effective during the second successive scan if the negative potential going direction was reversed before reaching -1 V. This means that the dissolution of the passive layer occurs only if the potential scan was extended down to -1 V. In fact, this process merges also with the reduction of the protons from water (2H + + 2e -> H2). Indeed, it is quite evident that upon scanning the potential towards E < -0.8 V, a large cathodic current appears (Figure 2c). The cathodic reaction that renews the electrode surface can be attributed to the reduction of NiCO3 and/or Ni(OH)2, as mentioned above and already suggested [32][33][34][35]. This allows defining the experimental conditions where the Ni electrode can be freshly renewed. For example, in the case of CBS (36 mM; pH = 6) in presence of Cl -(36 mM) and lactate (40 mM), it was found that a renewed Ni electrode can be restored upon one scan of the electrode potential as follows 0 → 0.6 → -1 → 0 → 0.6 V, at a scan rate of 100 mV/s. In order to get a deeper insight on the electrochemical behavior of Ni electrodes and the associated surface modifications of the passive film, after ageing with an increasing number of current-potential cycles in neutral media mimicking sweat composition (i.e. clinical tests), XPS and ToF-SIMS analyses were also performed. Ayoub et al. [24] thoroughly characterized model surfaces of Ni electrodes, after ageing these materials with repeated cyclic voltammograms in carbonate buffer solutions. The solution contained the components of sweat, and the potential scan was conducted at different potential ranges : (i) in a restricted anodic potential range (-0.3 V to 0.5 V and return to -0.3 V), (ii) in a negative extended potential range (-0.3 to 0.5 V and return to -1 V) and (iii) in a larger potential range (-0.3 V to 1 V and return to -1 V), in order to reach anodic potentials higher than the breakdown potential leading to a localized dissolution of nickel. The obtained results allowed concluding that, during the clinical tests, an increase in the thickness of the oxide film
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may take place at the surface of the nickel electrodes with increasing the number of measurements. However, if one takes into account the obtained in vitro electrochemical results in experimental conditions that are much more aggressive (accelerated ageing) than the clinical conditions, then it is possible to consider that during a large number of clinical tests the electrodes tend to keep similar performances. Nevertheless, it was very difficult to estimate the time-life of the electrodes. Further XPS analyses were also performed to assess the surface modifications of Ni materials, by sweeping towards highly anodic potential of 1 V where pitting corrosion of nickel occurs. This situation may occur during real clinical tests when facing unusual conditions. Figure 3a presents an optical view of the pitted sample. XPS data revealed that the effect of changing the anodic potential on the total corrosion layer thickness was not very significant, but the NiO thickness obtained after treatment at 1.0 V has increased, compared to the case of an anodic potential of 0.5 V. The predominant role of the anodic potential on the oxide thickness is also confirmed by the results obtained after treatment at a solution concentration of 36 mM NaCl. Due to the lack of significant information about the surface chloride from XPS measurements, additional analysis was performed by ToF-SIMS, the detection limit of which being much lower (about ppb to ppm, depending on the ion yield). Summarizing this study, it appeared that below pitting potentials, surface chloride was hardly detected by XPS, and the surface composition of the nickel samples was similar after treatments in chloride or chloride-free buffered solutions. In a larger potential range enabling to reach anodic potentials higher than the breakdown potentials, localized dissolution of nickel was observed. The highly chemically sensitive ToF-SIMS surface characterization pointed that the surface concentration of adsorbed chloride was higher in pits than elsewhere on the surface sample. Thus, the combination of electrochemical measurements and surface characterizations gave fruitful complementary results on the surface behavior of nickel electrodes, polarized in corrosive conditions. These systematic observations, in different potential ranges, show that alternating the polarity of electrodes ensures the reproducibility of measurements for a large number of clinical tests and explain why, during the routine use of such biomedical set-ups, the metal/sweat interaction may reduce the lifetime of the anodic and/or cathodic electrodes. A new series of one-voltammetric cycle experiments was also performed by changing the anodic potential to 1.0 V instead of 0.5 V, in a 120 mM NaCl buffer solution (and 36 mM NaCl for another experiment), and the sample surfaces were characterized by XPS.

The case of stainless steel electrodes

In the SUDOSCAN device, the electrodes are made of stainless steels. Indeed, skin contact with nickel used in the EZSCAN may result in possible allergic reactions for some patients. This led to study the replacement of nickel electrodes by another material and several stainless steels were examined as potential substitute material, already used in surgical instruments for example and cheaper than nickel. Several studies have been conducted to assess the electrochemical behavior of stainless steels in neutral or slightly acid and alkaline solutions [36][37][38][39][40][41][42][43][44][45][46][47][48][49], but very few studies have been devoted to the specific assessment of their behavior in physiological or biomimetic solutions [50][51][52]. Furthermore, there are few published studies related to deeper insight on the effect of some sweat parameters (as urea and lactate) on the electrochemical behavior of stainless steels. Ayoub et al. [25] implemented the electrochemical studies of stainless steel 304L with additional analysis in synthetic buffer carbonate solutions (CBS), in which the pH and the concentrations of chloride, lactate and urea were modified in order to mimic the behavior of the electrodes in contact with sweat. The electrochemical measurements were performed in a threeelectrode set up combining a stainless steel 304L counter electrode in order to mimic the two active electrodes configuration (the same material is used for the anode and the cathode) of the SUDOSCAN TM device. The authors studied the influence of pH, chloride ions, carbonate buffer concentration and the presence of urea and lactate. In most cases, within the expected concentration range in sweat at rest, it was shown that the concentration of Cl -is high enough to cause the breakdown of the passive film formed on the surface of SS 304L. Furthermore, the breakdown potential Eb of SS 304L is highly affected by the variation of Cl -concentration (Figure 4). It was also shown that the variation of pH, buffer concentration and lactate concentration affect the electrochemical behavior of SS 304L by displacing Eb towards less or higher anodic potentials. As the variation range of these parameters in sweat is low compared to that of Cl -, and as the breakdown potential is highly shifted by varying Cl -concentration, the currents obtained during the clinical tests are likely to be controlled by the variation of Cl -concentration. These results tend to prove that SS 304L is suitable to the SUDOSCAN TM application due to its high capacity to detect the deviation in the ionic balance and notably the deviation in Cl -concentration; thus, allowing the clinical assessment of sudomotor dysfunction observed in early diabetes stages. Furthermore, when comparing the electrochemical behavior of SS 304L to that of nickel, it clearly appears that the sensitivity of SS 304L to the variation of Cl -concentration, the main parameter of sweat, is much higher than that of nickel electrode confirming that it is a potential substitute material for nickel. Despite stainless steel 304L affords excellent characteristics, it is interesting to screen other biocompatible stainless steels to get improved sensitivity for the medical device. In a recent work, Calmet et al. [26] have thus chosen different biocompatible stainless steels, more precisely AISI 304L, AISI 430, AISI 430T and D2205 and analyzed their electrochemical behaviors in comparison to that of nickel. The steels were selected on the basis of their known biocompatibility and on their different chemical composition and microstructure. AISI 304L and D2205 present different levels of nickel, AISI 304L being austenitic and D2205 duplex, while AISI 430 and 430T are ferritic (exempt of nickel). The resistance of such materials at the pitting corrosion in sweat mimicking electrolyte, at pH 7, was investigated. The corrosion behavior of these materials was studied in carbonate buffer at physiological pH (pH=7) containing NaCl at different concentrations, ranging . from 36 to 120 mM, which corresponds to the concentration found in natural sweat [23]. Figure 5 shows the typical polarization curve (j-E) obtained on AISI 304L electrode, in absence and in presence of chloride. In absence of NaCl (curve 1), the shape of the curve presents two main features: an oxidation peak around 0.75 V and a sharp rise at 1.1 V. The peak around 0.75 V was attributed to trans-passivity process associated to the chromium oxidation of the passive layer, and the second process at 1.1 V is linked to oxygen evolution process. An extra test at a lower chloride content (5 mM) was performed (curve 2) and the electrochemical behavior is similar to that in absence of chloride ions. However, when the chloride concentration increases up to values close to the lower sweat content of chloride ions (36 5) 120 mM. Scan rate: 1 mV/s. Adapted from [26] Similar experiments were performed with the different steels. A summary of the corrosion parameters for nickel (used as reference material), AISI 304L and AISI 430 are presented in Table 1 (= Table 2 of [26]). The ferritic steel AISI 430T, presents the lower values of Eb at a chloride content of 36 mM, indicating the high sensibility of this steel. However, the reproducibility in Eb values was poor and present high dispersion (in the order of ± 300mV), which makes this steel unsuitable for the use as biomedical sensor. The electrochemical tests performed with duplex steel D2205 obtained in presence or in absence of chloride ions (from 36 to 120 mM) did not show any pitting corrosion process in all the chloride range studied. Thus, D2205 is not suitable as "chloride sensor" due to the absence of sensitivity to the sweat chloride range. However, the ferritic steel AISI 430 presents pitting corrosion process in the range of chloride studied with good reproducibility. The Ecorr values are very close at both concentrations (» -0.3 V/SCE), whatever the electrode material. The current at the passivity plateau (jstep) at 36 mM of chloride is lower than that observed in the solution with 120 mM NaCl for both Ni and AISI 304L. A lower jstep is indicative of a more protective passive layer. It can be noticed that the passivity plateau current obtained on stainless steels (AISI 304L and AISI 430) is almost identical at both 36 and 120 mM NaCl concentrations. The value of Eb is shifted to lower values with the increase in chloride concentration, whatever the stainless steel. Indeed, as expected, the pitting corrosion potential decreases with the increase in chloride concentration. These results are in concordance with those reported in the literature on the corrosion of low nickel content stainless steels by several studies that also showed that the extent of the passive range decreased with the addition of chloride ions [25,37,53].

Table 1. Values of Ecorr, Jstep, and Eb on Ni, AISI 304 L; AISI 430 in carbonated buffer solution (pH=7, 25°C) in 36 and 120 mM chloride (mean value ± RSD). (Results deduced from polarization curves at 1 mV/s). Adapted from [26] The histograms of Figure 6 show the variation of jstep and Eb as a function of electrode materials and NaCl concentration (Ecorr was not presented, because no significant variations were observed in the concentration range studied). jstep (Figure 6a) was lower on stainless steels than on nickel, showing that on stainless steels the passive layer is more protective than on pure nickel in the experimental conditions of this study. On nickel, jstep decreases with increasing NaCl concentrations, while no variations in jstep were observed on AISI 430. The results concerning Eb are summarized on Figure 6b. Eb decreases with the increase in NaCl concentration whatever the electrode material. Since the alloys show about the same Ecorr value, a higher Eb value is indicative of a higher resistance to pitting corrosion. The value of Eb depends on the chemical composition of the sample. The largest Eb values at 120 mM and 36 mM of NaCl were obtained for AISI 304 L and the smallest for AISI 430. It is noticeable that the sample with the most resistant passive film layer is AISI 430, but it is the less resistant to pitting corrosion.

The most important feature for our study and medical applications is that the pitting potential varies significantly with chloride concentration, and that the pitting phenomenon occurs at lower potentials meaning that lower energy is required. The obtained results show that most of the corrosion parameters depend on chloride concentration. In the literature, it is generally accepted that, for a given material, Eb in the presence of halides (i.e. chloride ion) evolves as a function of the halide concentration ([X -]), according to the following equation:

Eb = A + B log([X -] [25]
), where A and B are constants depending on the stainless-steel composition [54]. In order to verify if such linear correlation was obtained, a study of Eb with NaCl concentration was performed for both AISI 304L and AISI 430, in the physiological concentration range, i.e. 36 to 120 mM. Figure 7 shows the evolution of Eb with the log of chloride concentration. These curves confirm the linearity between Eb and log[Cl -] for AISI 304L and AISI 430 in a carbonated solution. The slopes are similar for both steels, showing that AISI 430 is as sensitive towards chloride ions as AISI 304 L.

Finally, impedance electrochemical spectroscopy, combined with surface analysis, was used to compare in details the oxide film properties of AISI 430 with respect to AISI 304L, in a sweat mimicking electrolyte at physiological pH (pH 6.5). The electrochemical impedance responses of SS AISI 304L and SS AISI 430 exposed to a buffered carbonate solution (pH= 6.5) as a function of sodium chloride concentration were obtained at two different potentials: open circuit potential OCP vs SCE and passive potential such as shown in the Nyquist diagrams presented in Fig. 8 (= Fig. 2 of [27]). These diagrams can be attributed to a film made of wüstite (FeO), magnetite (Fe3O4) and hematite (Fe2O3) [55] formed on the stainless-steel surfaces [38]. Higher values of impedance are observed for AISI 430 with respect to AISI 304L in the passive potential zone, which might indicate the formation of a more protective film. When comparing the diagrams obtained at OCP and in the passive zone, a significant increase in the impedance values can be noted; this resistive effect is easily explained by the accelerated formation of the oxide film. In the case of AISI 430, the impedance values tend to decrease slightly with the concentration of chlorides indicating an attenuation of the passive effect. Conversely, for AISI 304L, when increasing the concentration of chlorides, a re-passivation of the surface is likely to occur. AISI 304L and AISI 430 have a rather similar electrochemical behavior in the conditions used in SUDOSCAN technology, but some interesting features can be noted in favor of AISI 430. In particular, EIS analysis reveals that the modulus of the impedance at HF range is slightly higher for AISI 430 than AISI 304L, which may be related to a more protective character and/or thicker oxide layer formed on the surface. Furthermore, EIS analysis shows that the modulus of the impedance at LF range is more sensitive to chloride concentration for AISI 430 than AISI 304L. C∞ values obtained from Cole-Cole representations reveal no significant differences at open circuit potential. However, in passivity zone, the values obtained for AISI 430 are significantly lower than for AISI 304L and more sensitive to the variation of chloride concentrations.

Conclusion

The response of Ni electrodes is different from that of stainless steels which seems to be more adequate for measurements done under real conditions. For example, the sensitivity of Ni electrodes to chloride is pH dependent. Reaction order in chloride ions changes from around 2, for pH 7, to around 1, for pH values between 6 and 5 indicating that measurements in sweat can lead to errors if the pH of the samples varies in the range indicated. The higher order in chloride ions at neutral pH is surprising since at higher pH the activity of OH -ions is obviously higher and OH -and Cl -compete for binding to Ni sites. In real samples, when using Ni electrodes as sensors, small variations in pH are expected so this change in sensitivity can add significant errors in chloride determination. For this reason, stainless steel electrodes seem to be more adequate for chloride determination from sweat from patients. However, the corrosion parameters of different types of steels depend on chloride concentration. AISI 304L and AISI 430 present similar electrochemical behavior under the conditions used in Sudoscan technology. However some AISI 430 present some advantages. For example the EIS analysis indicates that the modulus of the impedance in the HF range is slightly higher for AISI 430 than that for AISI 304L, which seems to suggest a more protective character and/or thicker oxide layer formed on the surface. Furthermore, EIS analysis indicates that the modulus of the impedance in the LF the capacitive behavior can be described by a one-time constant, attributed to the oxide film formed on the surface, which might be made by an external and an inner oxide layer [START_REF] Gibbons | [END_REF]18].

For all cases, no significant differences are observed in the modulus of the impedance (|Z|) in the low (LF), between 10 -2 and 10 -1 Hz, and medium (MF) frequency (F), between 10 -1 and 10 Hz. However, the |Z| at high (HF) frequency is modified by the chloride concentration, which might be associated to a change in the electrolyte conductivity. The phase values ( ) range is more chloride-sensitive for AISI 430 than compared to 304L.
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 1 Fig.1. Cyclic voltammograms of Ni electrode in aerated CBS (36 mM, pH 7) in presence of NaCl (curve 1: 30 mM; curve 2: 60 mM; curve 3: 90 mM and curve 4: 120 mM). Only the forward scans are shown. Scan rate = 100mV/s. Adapted from[23] 

Fig. 2 .

 2 Fig. 2. Successive cyclic voltammograms of Ni electrode in CBS (pH = 6.5) in presence of 36 mM NaCl at different potential range (a): 0 → 0.5 → 0 → 0.5V; (b); 0 → 0.5 → -0.7 → 0 → 0.5 V; (c) and 0 → 0.5 → -1 → 0 → 0.5 V. Curves 1: 1 st scan; curves 2 : 2 nd scan. Scan rate = 100 mv/s. Adapted from[22] 
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 3325 Fig. 3. One-cycle experiment of a Ni electrode immersed in carbonate buffer saline solution (pH 6.4), in presence of 120 mM NaCl, in the potential range of -0.3 V ® 1.0 V ® -0.3 V, (a) optical image, (b) Cl 2p core level peak region (XPS). Adapted from[24] 

Fig. 4 .

 4 Fig. 4. Cyclic voltammograms of SS 304L electrode in aerated carbonate solutions (36 mM) in presence of 120 mM NaCl (curve 1: pH = 2; curve 2: pH = 4; curve 3: pH = 12; curve 4: pH = 6; curve 6: pH 7 and curve 6: pH 8). Scan rate = 100 mV/s. Only the forward scans are shown. Adapted from[25] 

  a clear increase in current density is observed and attributed to a pitting corrosion process. The Eb appears at 0.75 V just in range of the transpassivity process of the Cr passive layer, indicating that the passive layer developed is more susceptible to pitting corrosion. As it can be observed on this figure, when the chloride content increases (60 and 120 mM, curves 4 and 5, respectively) Eb decreases as expected.

Fig. 5 .

 5 Fig. 5. (a) Polarization curve on austenitic stainless steel in presence of NaCl. The straight line corresponds to the forward scan and the dotted line to the backward scan. (b) Evolution of polarization curve obtained at AISI 304L in carbonate buffer solution (pH=7, 25°C) with increased amount of NaCl: (1) 0 mM (2) 5 mM (3) 36 mM (4) 60 mM and (5) 120 mM. Scan rate: 1 mV/s. Adapted from[26] 

Fig. 6 .

 6 Fig. 6. (a) Histogram showing the evolution of jstep as a function of the material electrode and NaCl concentration. Grey: 120 mM, white : 36 mM. (b) Histogram showing the evolution of Epit as a function of the electrode material and NaCl concentration. Grey: 120 mM, white : 36 mM. Adapted from[26] 

Fig. 7 .

 7 Fig.7. Pitting potential (Epit) as a function of the log of chloride concentration for (a) AISI 304L and (b) AISI 430 in a carbonated solution (pH=7, 25°C). Adapted from[26] 

Fig. 8 .

 8 Fig. 8. Nyquist plots of (a,b) AISI 304L and (c,d) AISI 430 at (a,b) open circuit potential and (c,d) passive potential zone in a buffered carbonate solution (pH= 6.5) as a function of the log of chloride concentration: (■) 0 mM, (○) 20 mM, (D) 60 mM and (x) 120 mM. Scan rate: 20 mV/s. Adapted from[27] 

Figure 2 -

 2 Figure 2-Nyquist plots of (a,b) AISI 304L and (c,d) AISI 430 at (a,b) open circuit potential and (c,d) passive potential zone in a buffered carbonate solution (pH= 6.5) as a function of the log of chloride concentration: (■) 0 mM, (○) 20 mM, ( ) 60 mM and (x) 120 mM. Scan rate: 20 mV/s.
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