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Abstract 

Scanning electrochemical microscopy (SECM) in combined amperometric/potentiometric 

operation was employed to characterize the electrochemical activity of nitinol biomaterial, 

prior and after anodic treatment, in 0.1 M NaCl solution. SECM operation in the feedback 

mode proved that the nitinol surface was homogeneously passive following surface finishing 

and storage in ambient condition, whereas heterogeneous surface characteristics occurred 

after the application of anodic polarization even for a limited time. That is, the development 

of anodic and cathodic sites owing to the onset of localized corrosion processes was detected 

on the metal surface. Hydrogen gas evolution from localized sites was monitored using 

SECM in the substrate generation/tip collection mode (SG/TC), whereas SECM operated in 

potentiometric mode was used to map the pH distribution in the electrolyte volume adjacent 

to the nitinol surface. Local acidification around anodic spots related to Ni2+ discharge, as well 

as alkalization above the cathodic areas were observed. 
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1. Introduction 

Nitinol (NiTi) is a nearly equiatomic alloy of nickel and titanium [1]. Due to its 

anticorrosion character and unique mechanical properties such as shape memory and super-

elasticity, it gained extensive applications especially in different fields of health care. It is 

broadly employed in orthodontic treatments, stents and orthopedic surgery [2-4], because it 

exhibits excellent mechanical compatibility with living tissues [5,6].  

The corrosion resistance of nitinol in aggressive physiological environments arises 

from the protective passive layer formed spontaneously at its surface [7], which is mostly 

composed of TiO2 and NiO [8]. These oxides provide high passivity by inhibiting the electron 

transfer reactions and the release of hazardous metal cations to the physiological environment 

[9,10]. However, the passivity potential range of nitinol is narrower than for pure titanium. 

That is, while the passivity range of titanium can extend up to 10 V vs. SHE [11], the 

passivity breakdown of nitinol may occur between 0.2 and 1.0 VSHE depending on the surface 

preparation, sample size, and electrolyte composition [8,12,13], a feature making nitinol 

susceptible to localized corrosion processes such as pitting corrosion [14].  

In general, biomaterials can suffer localized corrosion when exposed to physiological 

environments with high chloride or fluoride concentration, as well as low pH [15]. In 

addition, it has been reported that positive potentials up to +0.64 VSHE are spontaneously 

developed in the human body [16], thus well into the anodic polarization range of 

biomaterials. Reviews describing the corrosion of nitinol corrosion and the problems 

associated to its onset are available in the scientific literature [17,18]. Recently, in vivo pitting 

corrosion on implanted nitinol stents has been described by Sullivan et al. [19]. In addition, 

localized corrosion damage can also occur as a result of mechanical impacts as in the case of 

fretting corrosion in biomaterials [20-22], and it has been documented for nitinol in particular 

[23].  On the other hand, the release of Ni2+ ionic species from exposed nitinol in acidic and 

even in neutral physiological environment was reported [24,25], which is a matter of concern 

Ni2+ can be a source of allergic reactions and nephro-toxicity in various doses [26-27]. Thus, 

it is necessary to investigate in situ the local electrochemical properties and the corrosion 

mechanisms of nitinol in order to improve its corrosion resistance and stability.   

 Recent works have shown that scanning electrochemical microscopy (SECM) is a very 

powerful in situ tool for the characterization of the metal surfaces with high spatial resolution, 

especially in regards to gathering more detailed views of the processes involved in their 

electrochemical stability as well as the onset of corrosion reactions [29], and the 
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characterization of passive metals in particular [30]. Thus, this technique has been employed 

to investigate the electrochemical reactivity of surface layers [31-34], to detect the nucleation 

sites of pitting corrosion [35-37], and to map heterogeneous distributions of reactive sites and 

the release of different species in titanium and titanium alloys [38-41]. More recently, the 

kinetics of both the self-healing of the passive oxide film of titanium [42,43], and the electron 

transfer reaction on nitinol were monitored [9,44], whereas the release of Ni2+ ions from 

NiTi/Steel joints was visualized using alternating current scanning electrochemical 

microscopy (AC-SECM) [45,46]. In all the reported investigations, the impact of anodic 

polarization and the eventual breakdown of the passive layer on nitinol were investigated 

while this metallic material was polarized. Thus, transferring the cathodic process from the 

surface of the alloy to an auxiliary electrode placed inside the electrochemical cell. However, 

to the best of our knowledge, the SECM has not been employed to visualize the anodic and 

cathodic sites developed on the corroding nitinol surface, as well as to identify the chemical 

reactions at those places as a result of the surface modification produced during the 

application of a temporary anodic polarization. Although the oxide layer formed on titanium 

is known to repair from eventual breakdown for anodic polarizations even higher than those 

experienced in the human body [9,47], the eventual self-healing ability of nitinol has not been 

ascertained accordingly.  

In this work we report the in situ electrochemical characterizations of nitinol, before 

and after anodic polarization experiments, by means of SECM operated using a versatile 

combination of amperometric and potentiometric operation modes.  

 

2. Experimental 

2.1. Materials 

  Nitinol wire with 0.8 mm diameter and 2 cm length was supplied by Goodfellow 

(Cambridge, UK). It was embedded vertically into epoxy resin (Struers, Ballerup, Denmark) 

using a cylindrical mold. The upper surface of the resulting cylinder was abraded to expose 

the nitinol surface exposed on the planar base. The upside face of the sample was the actual 

surface to be investigated. Prior to each experiment, the sample was abraded with silicon 

carbide paper down to 4000 grit, and subsequently polished using alumina slurries (diameter 

of 1, 0.2, and 0.05 µm). 

The electrochemical cell was built by wrapping cellulose tape around the cylindrical 

plastic body creating a cell with an internal volume of 4 mL. The experiments were performed 

in naturally aerated 0.1 M NaCl (Sigma-Aldrich, St. Louis, MO, USA) as test electrolyte 
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(initial pH, 6.6). In selected SECM experiments, ferrocene-methanol (FcMeOH; Aldrich) was 

added to the test electrolyte to serve as an electrochemical redox mediator.  

 

2.2. Methods 

Energy dispersive X-ray spectroscopy (EDX, Ametek, USA) was employed to 

characterize the chemical composition of the nitinol surface. Figure 1A illustrates the EDX 

spectrum obtained by scanning an arbitrarily selected nitinol area of 250 µm × 250 µm. 

Titanium, nickel, and oxygen were detected with 43.43, 48.38 and 8.48 wt.% ratios, 

respectively. The elemental distribution on the nitinol surface is shown in Figures 1B, C and 

D. The occurrence of oxygen is due to the surface oxide layer present on the metallic material. 

Mostly the nitinol surface is covered by NiO and TiO2 as proved by the XPS reported in [8]. 

Electrochemical characterization of nitinol in the test environment using averaging 

electrochemical techniques was performed using a CHI604E type electrochemical workstation 

build by CH Instruments (Houston, TX, USA). Before each experiment, the target was 

abraded with silicon carbide paper down to 4000 grit, and subsequently polished with a 

sequence of alumina slurries (diameter of 1, 0.2, and 0.05 µm). Afterwards, the sample was 

kept dry at room temperature. All the experiments were done at ambient temperature. The 

embedded nitinol sample was connected as the working electrode, and the 3-electrode 

configuration was attained with Ag/AgCl/ (3 M) KCl reference and platinum auxiliary 

electrodes. The experiments were performed in naturally aerated 0.1 M NaCl (Sigma-Aldrich) 

as test electrolyte, which exhibited a pH of 6.6. 

The SECM experiments were performed with a Uniscan model 370 SECM (BioLogic, 

Seyssinet-Pariset, France) using a PG580R bipotentiostat (Biologic, Seyssinet-Pariset, France) 

as electrochemical interface. Amperometric operation was ensured with an Ag/AgCl/(3 M) 

KCl reference electrode, a platinum counter electrode, and a platinum disk of 15 µm diameter 

and RG value of 10 as primary working electrode. For the application of a controlled anodic 

polarization to the nitinol sample, the second working electrode connection was employed. 

Unless otherwise indicated, all potential values given here are reported to the Ag/AgCl/(3 M) 

KCl reference electrode. Potentiometric operation was accomplished using an antimony 

microelectrode fabricated from high purity antimony powder (Aldrich, St. Louis, MO, USA) 

according to the procedure reported in [48]. Calibration of the pH-sensitive Sb/Sb2O3 

microelectrode was carried out in a series of Britton-Robinson buffers in the 4 ≤ pH ≤ 10 

range. The pH of the Britton-Robinson buffers was checked with a conventional pH-meter 
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using a combined glass pH electrode. Figure 2 shows a linear behavior with the slope of 

-50.65 mV decade-1 in good agreement with previous reports [48,49].  

  

 

3. Results and discussion 

Electrochemical characterization of nitinol in the test environment was first performed 

using averaging electrochemical techniques. The potentiodynamic polarization measurement 

was recorded on a nitinol sample that was exposed to 0.1 M NaCl solution for 1.5 h, and the 

recorded curve is shown in Figure 3. Inspection of the polarization curve allows to establish 

that the passivity range of nitinol in this environment extended up to 0.49 V vs. Ag/AgCl/(3 

M) KCl from the observation of a passivation plateau in the current-potential curve. This 

feature supports that a rather stable passive oxide layer was formed on the nitinol surface. 

Nevertheless, when the potential scan reaches more positive potential values, an abrupt 

current increase occurred at 0.50 V vs. Ag/AgCl/(3 M) KCl, in good agreement with previous 

reports [13]. This means that over this potential the integrity of the passive oxide film fails 

leading to the initiation of localized pitting corrosion, as proved by the cyclic polarization 

results reported in ref. [9], where the observation of a positive hysteresis loop in the plot 

evidenced the susceptibility of nitinol to pitting corrosion. 

Electrochemical impedance spectroscopy (EIS) measurements were performed in 

order to characterize the surface layers formed on the surface of a nitinol surface immersed in 

0.1 M NaCl solution, either spontaneously at its corresponding open circuit potential, or as 

result of an anodic polarization procedure. Firstly, EIS data were recorded on the unbiased 

nitinol after 1.5 h exposure to the aerated test solution. Subsequently, nitinol was anodically 

polarized at 1.00 V vs. Ag/AgCl/(3 M) KCl for 15 min, and then the electrochemical 

impedance spectra was recorded on the biased material. The amplitude of the sinusoidal 

voltage perturbation was 10 mV in the frequency range extending from 100 kHz to100 mHz. 

The measured spectra are shown in Figure 4, displayed in the form of Bode diagrams. From 

the comparison of the two spectra (namely before and after anodic polarization at 1.00 V vs. 

Ag/AgCl/(3 M) KCl), it is clear that the electrochemical characteristics of the nitinol surface 

considerably changed due to anodic polarization. 

The Bode diagrams of the unbiased material displayed two overlapping time constants, 

one at higher frequencies and the other in the low frequency range. At the high-frequency 

range, the bode modulus plot shows a narrow frequency interval constant log ǀZǀ with a phase 
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angle close to 0° due to the electrolyte resistance developed between the reference electrode 

and the testing sample, similarly to what it is observed in the impedance spectrum of the 

anodically polarized nitinol. At intermediate frequencies, the Bode diagram related to 

unbiased nitinol presents a linear region with slope ca. -1 and a phase angle about 80°, which 

are characteristic features of a capacitive behaviour by the passive films [50,51]. It implies 

that nickel and titanium passive oxides were spontaneously formed over the nitinol surface 

upon immersion in the test electrolyte.  

In a new series of experiments, the nitinol sample was anodically polarized at +1.00 V 

for 15 min while immersed in the test electrolyte. This anodic potential value was selected as 

to be slightly more positive than the highest anodic polarization recorded in the human body 

until now [16]. After the anodic polarization was ceased, and ensuing a stable open circuit 

potential value was attained, electrochemical impedance spectra were recorded using the same 

experimental parameters than for recording the EIS data prior to polarization. In this case, the 

Bode diagrams recorded after the nitinol sample was,of anodically-biased nitinol showed two-

time constants, clearly manifested by the observation of two well-separated peaks in the 

Bode-phase plot, one occurring in the frequency range 4 ≥ log f ≥ 1.5 Hz, while the other peak 

showed up between 1.5 ≥ log f ≥ -1 Hz. In this case, no region of linear behaviour could be 

observed in the log Z vs. log f plot at intermediate frequencies. This behavior could be the 

result of either a bilayer oxide structure [52,53], or the case of localized corrosion occurring 

on the metal surface [54,55]. Since the nitinol sample was polarized at +1.00 V, a potential 

value well beyond the passive region observed in the potentiodynamic polarization curve of 

Figure 3, the impedance spectrum describes the breakdown of the oxide film on the nitinol 

surface 

In the sake to model the corrosion processes at the nitinol/electrolyte interface, two 

equivalent electric circuits (EEC) were proposed based on the above results, as shown in 

Figure 5. As it can be seen, a very good correlation was obtained between the simulated data 

and the experimental impedance spectra. The Bode diagram of unbiased nitinol was simulated 

using the EEC shown in Figure 5A. Composed by the electrolyte resistance Rsol in series with 

two parallel RQ elements. The high frequency, Rct and Qdl describe the properties of the 

reactions at nitinol passive oxide/electrolyte interface, respectively the charge transfer 

resistance and the double layer capacitance [56]. Whereas, at low frequency, Rox and Qox 

define the properties of the passive nitinol oxide layer correspondingly to, the resistance and 

capacitance of the barrier native oxide film [56]. The barrier characteristics of the oxide film 
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formed on nitinol accounts for the high corrosion resistance of the material as it hindered the 

release of the hazardous metal cations to the electrolyte [43]. 

The EEC displayed in Figure 5B was employed to simulate the Bode diagrams of 

nitinol after anodic polarization at +1.00 V for 15 min. It was considered the most adequate 

circuit to analyze the electrochemical heterogeneity and the localized corrosion of the 

material. The first-time constant observed at high frequencies was composed by the 

electrolyte resistance in the pores of the oxide film (Rpo) and the capacitance of the passivated 

area (intact) Qox. On the other hand, the second time constant -observed at lower frequency 

values- takes into account the corrosion reaction at the nitinol substrate, characterized by the 

charge transfer resistance (Rct) and the electrical double layer capacitance (Qdl) inside the 

pores developed through the passive film [54,55]. 

Secondly, he electrochemical reactivity of the nitinol surface, before and after the 

application of anodic polarization, was investigated using SECM. In these experiments, the 

technique was first operated in the feedback mode employing a 15 µm diameter platinum 

microelectrode as SECM probe. Ferrocene-methanol (FcMeOH) was added to the 0.1 M NaCl 

test electrolyte as reversible electrochemical mediator, and the platinum probe was polarized 

at +0.60 V to monitor the current arising from the oxidation of FcMeOH [57]. 2D-mapping of 

the nitinol surface was performed using the meander pattern for data collection with a scan 

rate of 20 µm s-1. The tip-sample distance was set to 10 µm after recording a Z-approach 

curve above the insulating resin in the proximity of the nitinol sample. Fitting the measured 

negative feedback plot to theoretical one helped to determine distance and to set the needed 

10 µm value. Subsequently, the probe moved in an XY plane parallel to the sample.  

SECM mapping of unbiased nitinol recorded a homogenous current distribution all 

over the system, thus effectively producing the same response above the nitinol sample and 

the surrounding resin (namely 1.8 nA; the corresponding SECM map is shown as Figure 6). 

This feature implies that the scanned surface exhibited negative feedback character 

corresponding to a non-reactive surface towards electron transfer, effectively acting as an 

insulator towards the regeneration of the redox mediator. The close vicinity of the sample 

surface hindered the diffusion of the mediator to the measuring tip resulting in smaller current 

at the tip that in the bulk of the electrolyte (i.e., negative feedback response [58]). Therefore, 

besides the insulating characteristics of the resin, the passive oxide layer grown at the NiTi 

surface must be acting as a barrier film for the metal. This feature is in good agreement with 

the data supplied by conventional electrochemical characterization using EIS (cf. Figure 4). In 

addition, the surface must exhibit a high level of chemical homogeneity when immersed in the 



8 
 

test electrolyte at its OCP, a feature that was supported by the ex situ characterization of the 

retrieved samples using scanning electron microscopy combined with energy dispersive X-ray 

analysis (SEM-EDS; see Figure 1). As result, the close vicinity of the sample surface to the 

scanning tip hinders the diffusion of the mediator to the Pt microelectrode resulting in the 

measurement of a smaller faradaic current than in the bulk of the electrolyte, a fact that is 

characteristic for a negative feedback mechanism [31]. 

The effect of anodic polarization on the passive state of nitinol immersed in the test 

electrolyte was investigated by applying a constant potential of +1.00 V for 15 min. The 

potential value was selected as to be slightly more positive than the highest anodic 

polarization recorded in the human body [16], and this value has often been selected as a 

potential safety threshold value for the in vitro testing of metallic biomaterials 

[32,33,53,36,59]. Unlike other titanium alloys, for which this anodic polarization value is well 

below the onset of pitting potential in simulated physiological solutions, passivity breakdown 

of the oxide layer formed on nitinol occurs at potential values negative to +1.00 V [9] (cf. the 

potentiodynamic polarization plot given in Figure 3). In fact, the electrochemical impedance 

spectroscopy characterization of a nitinol sample after the anodic polarization at +1.00 V was 

ceased, showed that the metal surface behaved as a complex electrochemical system where 

oxide covered and bare metal areas coexisted on the same material (see Figure 4). 

SECM imaging in the feedback mode was performed above the nitinol sample after 

the anodic polarization at +1.00 V was finished after 15 min. A very chemically-

heterogeneous surface was found as shown in Figure 7A. In this case, tip currents greater than 

1.8 nA were recorded when the tip scanned locations close to the edges of the metal sample, 

whereas the tip currents measured above the remaining nitinol surface were eventually 

smaller than those recorded over the insulating resin. The heterogeneous distribution of the 

electrochemical activity over the metal surface towards the redox conversion of ferrocene-

methanol is more easily observed from the inspection of the line scan depicted in Figure 7B 

that shows a distribution of regions of different electrochemical activity as the tip moved from 

left to right. First, a current plateau was observed over the resin until the tip was moved to the 

nitinol surface, and this electrochemical response is characteristic for an insulator originating 

a negative feedback response. Next, an abrupt increase of the current recorded at the tip 

occurred over nitinol leading to the observation of a current peak of ca. 150 µm width, 

subsequently followed by a region of small faradaic currents, effectively smaller than those 

previously recorded as the tip scanned over the resin. Further excursion of the tip led to the 

observation of another region of greater electrochemical activity that extended over a longer 
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distance and led to the measurement of even higher tip currents. Finally, the current 

progressively decayed to values corresponding to the stationary negative feedback behavior 

occurring over the resin.  

The occurrence of regions near the edges of the nitinol sample originating high tip 

currents in both the map and the line scan in Figure 7 must be explained in terms of the 

regeneration of the electrochemical mediator. That is, regions with greater surface 

conductivity resulted from the local breakdown of the barrier oxide layer naturally existing on 

nitinol during the polarization step at +1.00 V, and therefore electron exchange reactions 

involving redox species in the electrolytic phase can be sustained at them. The redox species 

to be considered are the ferrocene-methanol added as mediator to the electrolyte, and the 

oxidized species FcMeOH+ that is formed at the tip polarized at +0.60 V. The 

electroreduction of FcMeOH+ occurs at the cathodic sites formed on the actively corroding 

nitinol surface, thus effectively increasing the local concentration of the FcMeOH mediator 

that was found by the tip while scanning above them. This positive feedback effect is 

sketched in Figure 8 [57,58]. From the inspection of Figure 7 it is observed that cathodic sites 

were preferentially located near the edges of the nitinol sample, and they led to the 

measurement of faradaic tip currents significantly higher than those recorded over the 

surrounding resin. On the other hand, the local measurement of tip currents smaller than the 

values recorded over the surrounding resin can also be seen over certain areas of the sample 

surface (cf. Figure 7). This observation cannot be explained exclusively in terms of a negative 

feedback effect, because this would require the tip currents to match those recorded over the 

surrounding resin instead of even smaller values. An explanation for this feature could be 

provided by the eventual rebuilding of the passive oxide layer on the bare metal surface and 

its subsequent thickening [60,61], because they would produce a decrease in the tip-sample 

distance, and thus increase the geometric shielding to the diffusion transport of the redox 

mediator towards the tip. However, growth of the oxide film thickness in the micrometer scale 

cannot be expected for NiTi. In fact, the thickness of the oxide layers formed on surface of 

titanium and its alloys typically comprise a few nanometers, even if they were formed under 

anodic polarization procedures [11]. Accordingly, any eventual change in thickness cannot 

noticeably affect the tip current when compared to the 10 µm tip-sample gap. On the contrary, 

the occurrence of a redox-competition between the sample and the tip can provide a 

reasonable explanation for the observation of otherwise unexpected small current over certain 

areas of the investigated sample. The formation of active sites on the sample surface due to 

anodic polarization will lead to the development of areas with a local electric potential high 
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enough to oxidize the FcMeOH mediator (see the process sketched in Figure 8). Then, the 

concentration of the reduced species of the redox mediator will be smaller in the regions close 

to the center of the sample due to competition with the tip for the same species, whereas this 

effect will be compensated by the increased transport of the mediator due to the spherical 

diffusion regime at regions closer to the sample boundaries, thus effectively reducing the 

impact of the redox competition mechanism. In fact, the redox competition mode of SECM 

has been reported to operate for various spontaneously corroding systems [29,30], even when 

redox mediators were not added into the environment [62-64]. 

Therefore, the polarization of nitinol at +1.00 V, even for a short time (namely 15 

min), compromised the integrity of the passive surface layer leading to its localized 

breakdown, and the previously homogenous nitinol surface developed regions of different 

electrochemical activity. As result, certain localized regions were imaged by SECM 

displaying a redox competition behavior and they can be assigned to anodic sites developed 

on the surface that was mostly located at the center of the nitinol sample. On the other hand, 

positive feedback behavior was observed at the edges of the nitinol sample, as displayed in 

Figure 7, due to the development of cathodic sites. Hence, the most likely corrosion processes 

occurring in the actively corroding nitinol system following an anodic polarization stage can 

be described using a set of chemical reactions. At the anodic sites, the ionic release of the 

metals, mostly as Ti4+ and Ni2+ ions, occurs through reactions (1) and (2).   

Ti  ⇌  Ti4+ + 4 e- (1) 

Ni  ⇌  Ni2+ + 2 e- (2) 

The release of Ti4+ and Ni2+ ions from a nitinol sample soaked in 0.1 M NaCl solution 

acidified to pH=3.0 was documented using atomic absorption spectroscopy [10,25]. Although 

local acidification at the anodic sites in the neutral 0.1 M NaCl cannot be expected to reach 

pH values as low as 3 (vide infra), the formation of these species can be regarded feasible at 

this stage. On the other hand, the cathodic reactions consuming the electrons liberated in the 

anodic sites should be either the hydrolysis of water or the reduction of dissolved oxygen 

[65]: 

H2O + 2 e- ⇌ 2 OH- + ↑ H2 (3) 

O2 + 2 H2O + 4 e- ⇌ 4 OH- (4) 

 

Hydrogen evolution monitoring over actively corroding nitinol as described by 

reaction (3) can be performed using SECM. In this case, the platinum microprobe is polarized 
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at 0.00 V for the amperometric detection of hydrogen gas, and the SECM is effectively 

operated in the substrate generation-tip collection (SG/TC) mode [58]. This procedure has 

been successfully employed to monitor hydrogen evolving from corroding iron- and 

magnesium-based materials [66-71], although it has not been employed for the 

characterization of titanium and its alloys until now. In a new set of experiments, local 

hydrogen concentration was mapped over the nitinol sample immersed in 0.1 M NaCl 

solution after cessation of anodic polarization at +1.00 V for 15 min. The tip sample-distance 

was determined by setting the potential of the 15 µm platinum probe set to -0.60 V to monitor 

the oxygen reduction reaction. The precise positioning of the Pt tip with regards to the sample 

was accomplished by recording a Z-approach curve over the insulating resin surrounding the 

nitinol sample in order to monitor the negative feedback behavior of an electrical insulator. 

Next, the tip was retrieved to 10 µm vertical distance from the surface, and the tip was moved 

parallel to the surface across the surface of nitinol while it was biased at 0.0 V for the 

detection of hydrogen gas evolving from the metal. The corresponding SECM map is shown 

in Figure 9A. Although a very small stationary tip current was measured while scanning over 

the epoxy resin, heterogeneously distributed high current values were detected over extensive 

regions of the samples near the edges, with the current maximum amounting to 96 pA. This 

feature evidences the evolution of hydrogen according to reaction (3). Furthermore, this 

finding strongly correlates with the observations raised from the experiments using the 

feedback mode that revealed the development of cathodic areas close to the edges of the 

nitinol sample as a result of previous anodic polarization. The various electrochemical 

activities observed on the nitinol surface using the SG/TC mode of SECM are sketched in 

Figure 9B. 

In addition, the pH distributions developed in the solution adjacent to the corroding 

nitinol surface were monitored by SECM operated in the potentiometric mode using an 

antimony microelectrode tip as pH-sensitive probe [49]. Prior to potentiometric operation, 

precise determination of the tip-sample distance was achieved from the Z-approach curve 

recorded above the surrounding resin while the antimony tip was polarized at -0.60 V for the 

reduction of dissolved oxygen in the electrolyte. Next, the tip was retrieved a controlled 

distance from the sample into the liquid phase to form the pH-sensitive oxide layer on the 

antimony tip under potentiostatic control. Finally, the tip-sample distance was set at 20 µm for 

SECM imaging to record a 4000 µm long line scan over the nitinol sample exposed to 0.1 M 

NaCl solution following an anodic polarization step at +1.00 V for 15 min. In recording the 

pH – distance line scan along the X axis, the Sb/Sb2O3 microelectrode probe crossed 
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approximately above the center of the nitinol sample, whereas the potential of the tip with 

respect to the Ag/AgCl/(3 M) KCl reference electrode was monitored at each point. Using the 

calibration curve, the potentials sensed at the tip could be transformed into local pH values as 

shown in Figure 10. When the probe was moved above the insulating resin, the recorded pH 

values closely matched those in the bulk of the solution, namely, pH = 6.5. Conversely, 

acidification of the electrolyte adjacent to the nitinol surface was found when the probe 

traveled over the nitinol surface, although distributed in a heterogeneous way. Thus, the 

lowest pH value of 5.6 was observed on the nitinol surface at locations close to the metal edge 

on the left side, and this acidification occurred very abruptly following an initial although 

small alkalization very close to the edge of the sample, which is more clearly observable in 

the inset of Figure 10. Further excursion of the tip to the right side was accompanied by a 

progressive rise of the pH reaching an almost stationary value around 6.1 over the majority of 

the sample. Finally, the pH values increased towards the values typical of the bulk electrolyte 

as the opposite edge of the metal sample was approached, as it could be expected from mass 

transport under diffusion conditions. The slight alkalization observed at the edge of the nitinol 

sample at the left must result from the reduction of water at a cathodic site according to 

reaction (3), whereas the subsequent acidification over most of the exposed metal surface can 

be explained considering the dissolution of metal cations from anodic areas. In corrosion 

mechanisms, the hydrolysis of the hydrated metal cations according to the general equation 

(5) must be taken into account [72]: 

Mn+ + x H2O  ⇌   M(OH  + x H+ (5) 

 

So far, Ni2+ and Ti4+ were assumed to be the cations released from the actively corroding 

metal surface, although Ni(OH)2 and Ti(OH)4 are the more stable metal hydroxides [73,74]. 

By taking into account the solubility products, Ksp, of Ni(OH)2 and Ti(OH)4 in aqueous 

solution (respectively, 5.7×10-16 and 7.24×10-30 [74,75]), it should be considered that Ni2+ will 

be released preferentially from the corroding nitinol surface due to the very small solubility of 

Ti(IV) species. This feature has been confirmed in previous studies [24,25,76], including the 

localized detection of Ni2+ from activated NiTi using a stripping mode in SECM by Ruhlig et 

al. [46]. Therefore, the relatively large pH change produced over a rather small distance 

should originate from a high metal dissolution rate as the anodic and cathodic sites were 

located close to each other. Similar trends were previously observed for Mg/steel galvanic 

couple [77]. 
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Finally, the eventual reduction of dissolved oxygen at the cathodic sites developed on 

the corroding nitinol surface could not be investigated in this work using scanning 

electrochemical microscopy. Although this reaction is usually investigated by SECM in 

amperometric operation with the Pt tip polarized to a potential equal or slightly more negative 

than -0.50 V [78], such measurement was not feasible this time due to the interference of both 

the eventual reduction of hydrogen ions [64], and the reduction of dissolved Ni(II) species 

(e.g., = -0.25 VSHE, [75]).  

  

4. Conclusion 

In this study, the electrochemical characterization of nitinol both before and after the 

application of an anodic treatment were investigated using a combination of operation modes 

in SECM. In this way, the corrosion processes accounting for the degradation of nitinol 

exposed to a saline solution as result of its electrochemical activation following anodic 

polarization were identified, and they are sketched in Figure 11. 

Operation of the SECM in the amperometric mode evidenced that unbiased nitinol 

immersed in 0.1 M NaCl solution exhibits a homogeneous insulating surface character. The 

oxide layer naturally developed on the surface of the material hinders electron transfer 

reactions to occur with redox mediators present in the aqueous phase. Conversely, an 

electrochemically heterogeneous surface results after the application of an anodic polarization 

treatment to nitinol, due to passive layer breakdown and the onset of active corrosion 

reactions. A heterogeneous distribution of anodic and cathodic reaction sites is observed to 

develop extending over different active areas on the surface of the material.  

By operating the SECM in the SG/TC mode, the evolution of hydrogen gas from the 

cathodic sites was demonstrated. In addition, pH distribution in the adjacent electrolyte was 

also mapped using SECM in the potentiometric mode. Local acidification was detected 

around the anodic spots accompanying the release of Ni2+ ionic species, whereas alkalization 

occurred next to the cathodic sites due to the release of hydroxide ions.  

As result, it has been demonstrated that nitinol exhibits feeble corrosion resistance 

after undergoing an oxidative anodic polarization stage at potential values that can be 

encountered in the human body. These findings, considered as a new contribution towards the 

mechanistic characterization of nitinol corrosion through the visualization of the anodic and 

cathodic areas and the identification of the corrosion reactions occurring in the active sites, 
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are regarded to have a high interest regarding the potential use of nitinol as biomaterial for 

implantation due to the harmful health effects of nickel.      
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Figure 1 

EDX analysis of the nitinol surface taken on an arbitrarily selected area of 250 µm × 250 µm. (A) 

EDX spectra, and elemental mapping of (B) titanium, (C) nickel, and (D) oxygen. 
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Figure 2 

Calibration of the Sb/Sb2O3 microelectrode. 
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Figure 3 

Potentiodynamic polarization curve recorded on nitinol immersed in 0.1 M NaCl solution for 90 min. 

Scan rate: 1 mV s-1. 
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Figure 4 

 Bode plots recorded for nitinol immersed in 0.1 M NaCl solution for 90 min at different polarization 

conditions: (−−) at the open circuit potential (before anodic polarization); and (−−) anodically-

polarized at +1.00 V vs. Ag/AgCl/(3 M) KCl.  
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Figure 5 

 Equivalent electrical circuits (EEC) employed to simulate the impedance spectra recorded for nitinol 

immersed in 0.1 M NaCl solution for 90 min at different polarization conditions: (A) at the open 

circuit potential (before anodic polarization); and (B) anodically-polarized at +1.00 V vs. 

Ag/AgCl/(3 M) KCl.   

 

 

 
 

Figure 6 

(A) Sketch of the negative feedback operation in SECM imaging. (B) SECM 2D-map of an unbiased 

nitinol sample immersed in 0.1 M NaCl + 2 mM FcMeOH for 90 min. Tip diameter: 15 µm; tip-

sample distance: 10 µm; tip potential: +0.60 V Ag/AgCl/(3 M) KCl; scan rate: 20 µm s-1. 
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Figure 7 

SECM imaging of a nitinol sample after polarization at +1.00 V vs. Ag/AgCl/(3 M) KCl for 15 min 

during immersion in 0.1 M NaCl + 2 mM FcMeOH solution. (A) 2D scan (i.e., combined XY 

scanning); and (B) line scan recorded along the X axis passing over the center of the metal sample in 

the Y direction. Tip diameter: 15 µm; tip-sample distance: 10 µm; tip potential: +0.60 V Ag/AgCl/(3 

M) KCl; scan rate: 20 µm s-1. 

 

 

 

Figure 8 

Sketch depicting the electrochemical processes associated to the electrochemical conversion of the 

redox mediator that occurred on the actively corroding nitinol surface produced after anodic 

polarization at +1.00 V for 15 min. 
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Figure 9 

(A) SECM imaging of a nitinol sample after polarization at +1.00 V vs. Ag/AgCl/(3 M) KCl for 15 

min during immersion in 0.1 M NaCl solution. Tip diameter: 15 µm; tip-sample distance: 10 µm; tip 

potential: 0.0 V Ag/AgCl/(3 M) KCl; scan rate: 20 µm s-1. (B) Sketch depicting the electrochemical 

processes associated to the sample generation-tip collection operation that occurred on the actively 

corroding nitinol surface produced after anodic polarization at +1.00 V for 15 min. 

 

 

 

Figure 10 

Potentiometric SECM line scan imaging of a nitinol sample after polarization at +1.00 V vs. 

Ag/AgCl/(3 M) KCl for 15 min during immersion in 0.1 M NaCl solution. The line scan was recorded 

along the X axis passing over the center of the metal sample in the Y direction using a pH-sensitive 

Sb/Sb2O3 microelectrode. Tip diameter: 30 µm; tip-sample distance: 20 µm; scan rate: 10 µm s-1. 
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Figure 11 

Sketch depicting the reactions accounting for the corrosion processes occurring on the nitinol surface 

remaining after anodic polarization at +1.00 V vs. Ag/AgCl/(3 M) KCl for 15 min. 

 


