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Abstract  20 
 21 
Novel dual potentiometric microsensor probe has been developed for the simultaneous detection of 22 
Zn2+ concentration and pH distributions in the Scanning Electrochemical Microscopy investigation of 23 
corroding galvanized steel. The individual sensors show nearly theoretical behavior over a wide 24 
concentration range. The applicability of this probe is first demonstrated on a Fe-Zn galvanic couple, 25 
as it shows excellent performance in these simultaneous model experiments. In addition, linear scans 26 
recorded over a cut edge of coated galvanized steel evidences the complementary information gathered 27 
on the electrochemical behavior of the corroding sample, and adumbrates promising and feasible 28 
applications of multi-barrel microelectrodes in corrosion research.  29 
 30 
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1. Introduction 37 

The acquisition of spatially-resolved information from corrosion processes is crucial for the 38 

development of efficient protection methods. Therefore, surface scanning techniques with 39 

electrochemical resolution such as the scanning vibrating electrode technique (SVET) ), the scanning 40 

ion-selective electrode technique (SIET) and scanning electrochemical microscopy (SECM) are 41 

becoming essential tools in this field [1-4]. In general, amperometric microelectrodes are the usual 42 

sensing probes in SECM studies [2,4], though spatially-resolved pH measurements also provide 43 

information regarding the allocation of anodic and cathodic regions [5]. Besides micropipette type pH 44 

sensors [6], miniaturized metal/metal oxide type electrodes have been employed in local pH 45 

measurements [7-9]. On the other hand, Mg2+ and Zn2+ ion-selective microelectrodes (ISME) have 46 

also been employed as SECM and SIET sensing probes in galvanic corrosion studies [10-14]. As a 47 

result, various probes are currently available for operation in SECM, though their combined use for 48 

the characterization of a given corrosion process usually implies probe exchange. The latter severely 49 

limits the precision of the measurement device as to image the same spot on the substrate, and prevents 50 

simultaneous in situ characterization of these dynamic systems. Alternately, the use of two probe 51 

holders has enabled the simultaneous acquisition of two concentration profiles for ions of interest. In 52 

this case, two different selective probes were positioned in close proximity with the aid of high-gain 53 

videocameras, and they were simultaneously scanned across the surface [15]. Unfortunately, this 54 

approach exhibits the disadvantage of employing two individual probes instead of one, enhancing the 55 

convective effects due to the motion of the microelectrodes while measuring, and demanding 56 

reproducible control of the inter-electrode distance by the operator.  57 

These drawbacks can be better addressed using multi-barreled microelectrodes similar to those 58 

employed in iontophoresis applications by life scientists [16-19]. Though a multi-channel assembly 59 

containing a gallium microelectrode was employed in potentiometric SECM studies for setting the tip-60 

sample distance about 20 years ago [20], multi-barreled electrodes have not been employed in SECM 61 

investigations for the simultaneous visualization of the local concentration distributions of two ionic 62 

species produced during the complex corrosion processes until now. To the best of our knowledge, the 63 

only progress has been produced by Lamaka and coworkers for the quasi-simultaneous monitoring of 64 

ionic current, pH and O2 concentration using SVET [21,22]. 65 
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In this paper we describe the fabrication of a dual microelectrode probe for the application of 66 

potentiometric SECM to the in situ study of localised corrosion processes. In particular, this work 67 

focuses on the preferential dissolution of zinc versus more noble metals, a protection strategy widely 68 

exploited especially for steel, since galvanized steel sheet with organic coating is regarded to offer an 69 

excellent corrosion resistance for the automobile and building industries. Although, the sacrificial 70 

anodic protection of zinc is well known, in the case of galvanized metals, due to the very low zinc/steel 71 

ratio, this cannot be regarded as the sole mechanism. More likely, the formation of zinc corrosion 72 

products on the steel surface is responsible for the receded corrosion activity [23-28]. However, the 73 

buried steel matrix can be accidentally exposed to the corrosive environment. Scratches and cut edges 74 

are the main undesirable failure modes of these materials, and therefore attract major research interest 75 

towards their prevention [29-35]. The ability of the double-barrel microelectrode assembly to 76 

simultaneously image Zn2+ ion and pH concentration distributions has been tested over an iron-zinc 77 

model galvanic couple, and over a cut edge of coil-coated galvanized steel. Both systems were already 78 

characterized using both amperometric and potentiometric operations in SECM, though using single 79 

probes (i.e., the interested reader is referred to refs. [9-13] in the case of the model Fe-Zn galvanic 80 

couple, and refs. [36,37] for the cut edge of coil coated galvanized steel). We demonstrate that the new 81 

experimental approach proposed here efficiently distinguishes domains with different electrochemical 82 

activity in galvanic corrosion reactions and allow simultaneous quantification of the ionic species 83 

participating in the processes.  84 

 85 

2. Experimental 86 

Experiments were performed on two different samples, namely a model Fe-Zn sample and a cut 87 

edge of coated galvanized steel. The Fe-Zn galvanic pair sample was prepared by embedding 1-mm 88 

diameter Zn and Fe wires (> 99.5 % purity, Goodfellow, Cambrdidge, UK) into Epofix resin sleeve 89 

(Struers, Ballerup, Denmark) with 1 mm separation between them  resulting in a similar assembly to 90 

those used in previous reports [9,13]. The electric contact of the wires protrudes at the rear of the mold 91 

allowing electric connection between the metals. The top side was thoroughly wet ground and polished 92 

using a sequence of abrasive papers and alumina slur with decreasing grit size (down to 2.5 µm) and 93 
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particle size (down to 0.05 µm), respectively. Finally, the Fe-Zn sample was rinsed with acetone and 94 

ultra-pure water purified by Milli-Q system from Millipore (18 MΩ cm). The second experimental 95 

system was the cut edge of painted galvanized carbon steel, previously characterized in similar 96 

configuration using amperometric SECM operated in the feedback mode, as well as pH sensors [36,37]. 97 

The thickness of the steel foil was 400 µm, while the galvanized layer was 25 ± 5 µm electrodeposited 98 

zinc. A 5 µm thick polyester primer was applied to both sides of the galvanized steel foil, whereas a 99 

single 20 µm thick polyester topcoat containing TiO2 was applied only to one side. Samples were cut 100 

with a guillotine and embedded into Epofix resin. 101 

EDOT (3,4-ethylenedioxythiophene) purchased from HC Starck GmbH (Goslar, Germany) was 102 

used for the preparation of the solid PEDOT (poly-3,4-ethylenedioxythiophene) contact on carbon 103 

fibre of 30 μm diameter (obtained as a generous gift from Specialty Materials, Lowell, Massachusetts, 104 

USA) in Zn(II) ion-selective microelectrodes. Zinc ionophore I, and all membrane components were 105 

supplied by Sigma Aldrich. The 1-butyl-3-methylimidazolium hexafluorophosphate (BMIM+ PF6−) 106 

ionic liquid was purchased from Fluka. The silanizing solution was 5% dichloro-dimethyl silane in 107 

heptane, supplied by Fluka.  108 

The novel dual Zn2+/pH selective microelectrode probe is sketched in Figure 1A. Borosilicate 109 

capillaries, with inner and outer diameter of 1.0 and 0.79 mm, respectively, were supplied by 110 

Hilgenberg GmbH (Malsfeld, Germany). First, borosilicate capillaries were soaked in 1:1 mixture of 111 

concentrated H2SO4 and 30% H2O2 solutions, and then thoroughly rinsed with Milli-Q water. The 112 

capillaries were then held together, and subjected to a twist-and-pull procedure using a Narishige PE-113 

2 instrument (Tokyo, Japan). In the first step, the capillaries were carefully soften and twisted, resulting 114 

in two intertwined capillaries with approximately the original dimensions. After cooling, the double-115 

barrel capillaries were pulled through a second heating process, rendering the pulled shape shown in 116 

Figure 1B-C. The inner walls of the capillaries were next hydrophobized by dipping the tips into the 117 

silanization solution. The preparation of the solid contact Zn-ISME barrel next consisted in the 118 

electrochemical polymerization of PEDOT on a 30 µm diameter carbon fiber. About 1-2 cm long 119 

carbon fiber was employed, and attached to a copper wire with silver epoxy adhesive. The wire was 120 

used as working electrode in 0.1 molar EDOT-containing BMIM+ PF6- ionic liquid solution with silver 121 

reference and platinum auxiliary electrodes. In the polymerization step, 10 consecutive cyclic 122 

voltammetry cycles were taken in -0.9 ≤ E ≤ 1.3 V range. The PEDOT coated carbon fiber was doped 123 
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in 0.1 M KCl aqueous solution through the application of 15 consecutive potential cycles in the -0.9 ≤ 124 

E ≤ 0.8 V range. In the same solution, the performance of the obtained coating was tested by cyclic 125 

voltammetry, in the -0.4 ≤ E ≤ 0.5 range, 5 consecutive scans were taken (not shown). All the cyclic 126 

voltammetric treatments were performed at 0.05 V s-1 scan rate. The cocktail contains 98 mg 127 

tetrahydrofuran, 42 µL 2-nitrophenyl-octyl ether emollient, 2.26 mg PVC, 0.99 mg ionophore, 0.22 128 

mg potassium-[tetrakis-4-chlorophenyl]-borate. Finally, the PEDOT coated carbon fiber was inserted 129 

in the lumen of the capillary and pushed as close as possible to the orifice of the tip.  130 

The preparation of the antimony electrode preparation was adapted from a procedure described 131 

elsewhere [7]. Molten antimony was introduced into a capillary by applying vacuum on the other end. 132 

Then, microwires were pulled together with the glass in a flame using tweezers. Appropriate, 1-3 cm 133 

sections were chosen and adjusted to the orifice of the tip next to the Zn-ISME barrel. The electric 134 

contact copper wire was provided either using mercury (see Figure 1A) or glued with silver epoxy. 135 

The micrograph in Figure 1 shows the tip of a typical tip of the dual microelectrode probes. The carbon 136 

fiber for the solid contact Zn-ISME was pushed towards the orifice of the corresponding barrel, thereby 137 

placed as close as possible to the end of the capillary (ca. 200-300 µm) with shrinking inner diameter. 138 

Typically, the diameter of the orifices of the individual barrels amounted 10-20 µm, whereas the 139 

diameter of the resulting active antimony disc was 5-10 µm. The distance between the two barrels was 140 

usually 10-15 µm measured from the edges of the active areas (namely, antimony disc and ionophore 141 

cocktail). The calibration of the Zn-sensitive barrel was carried out in x M ZnSO4 + 10-3 M NaCl in 142 

aqueous solutions (10-1 ≥ x ≥ 10-6). The antimony electrode was successively immersed in 4 ≤ pH ≤ 10 143 

Britton Robinson buffers (the pH of the buffers was checked with combined glass electrode), and its 144 

potential was measured against an Ag/AgCl/KCl (3.5 M) reference electrode.  145 

In order to determine the selectivity coefficients for the as-prepared Zn-ISME in the dual probe, 146 

expressed in terms of the log (𝐾𝐾𝑖𝑖𝑖𝑖
𝑝𝑝𝑝𝑝𝑝𝑝) values, the separate solution method (SSM) was applied for Na+, 147 

Fe2+ and Fe3+. The same calibration method was carried out in the series of the solutions of the 148 

interfering ions, as it was in case the primary ion (Zn2+). The solutions of the metal ions where prepared 149 

from their chloride and sulfate salts obtained from Reanal (Budapest, Hungary) or Sigma Aldrich. As 150 

it is well known, log (𝐾𝐾𝑖𝑖𝑖𝑖
𝑝𝑝𝑝𝑝𝑝𝑝 ) can be defined as [38]: 151 

log (𝐾𝐾𝑖𝑖𝑖𝑖
𝑝𝑝𝑝𝑝𝑝𝑝) = �𝐸𝐸𝑗𝑗0 − 𝐸𝐸𝑖𝑖0�

𝑧𝑧𝑖𝑖𝐹𝐹
2.303𝑅𝑅𝑅𝑅

+ �1 − 𝑧𝑧𝑖𝑖 𝑧𝑧𝑗𝑗⁄ �𝑙𝑙𝑙𝑙𝑙𝑙(𝑎𝑎𝑖𝑖)        (1) 152 
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where 𝐸𝐸𝑗𝑗0 and  𝐸𝐸𝑖𝑖0 are the individual potentials of the interfering (j) and primary (i) ions extrapolated 153 

to ai = 1 M activity; zj and zi are the charges of the interfering (j) and primary (i) ions; F, R and T have 154 

their usual meanings. 155 

Potentiometric SECM measurements have been carried out in a homemade instrument operated 156 

with custom software allowing high scan rates and arc scanning pattern. The local potential values 157 

measured against a single Ag/AgCl/KCl (3.5M) reference electrode have been registered using an 158 

isoPod type high input impedance mV/pH meter with an e-corder data acquisitioning device and an 159 

USB-isoPod type voltmeter connected directly to the computer. The mV/pH meters and the data 160 

acquisitioning device were purchased from eDAQ (Denistone East, Australia). 161 

In order to establish the contribution of the electric field in the potentiometric response of the 162 

Zn-ISME, the electrode probe was scanned in the vicinity of a point source of electric field with 163 

controlled current flow. This was done by employing a pipette electrode filled with 1 mM NaCl testing 164 

solution as the current source and a platinum wire separated ca. 1 cm from the orifice. Another platinum 165 

wire was used as auxiliary electrode in the bulk of the cell, filled with the same testing solution. The 166 

Zn-ISME was scanned across the end of the pipette at 100 µm height, while forcing a current flow 167 

through the two electrodes by inter-connecting them at the rear part with a 6 V battery, controlled with 168 

resistors connected in series. The resistors were selected in the kΩ to MΩ range. 169 

 170 

3. Results and discussion 171 

3.1 Characterization of the electrochemical behavior of the ISME in the double barrel probe 172 

Simultaneous monitoring of pH and Zn2+ concentration over corroding samples using SECM can 173 

be performed using this double-barrel ion selective microelectrode arrangement. Typical calibration 174 

curves of the individual ISME in the combined probe are depicted in Figure 2. The two systems exhibit 175 

extensive linearity ranges covering several ten powers for the activities of both hydrogen and zinc ions, 176 

expressed as pH and pZn (where +−= 2log ZnapZn  ), respectively. The slope obtained for the Zn2+-177 

ISME in the 1 ≤ pZn ≤ 5 range is very close to the theoretical value 29.58 mV decade-1 for divalent 178 

ions, whereas a sub-Nernstian behavior was found for the antimony microelectrode, a feature 179 

previously reported for other antimony electrodes based on polycrystalline and amorphous Sb/Sb2O3 180 
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surface [5,9,14,36,37]. 181 

 The selectivity of the Zn ISME against other possible interfering metals was tested using the 182 

SSM method. It was applied for Na+, Fe2+ and Fe3+, and the obtained log (𝐾𝐾𝑖𝑖𝑖𝑖
𝑝𝑝𝑝𝑝𝑝𝑝) values are given in 183 

Table 1. For the sake of comparison, the selectivity coefficients provided by Fluka for sodium and iron 184 

ions for the recommended optimized cocktail composition for macroelectrodes are also given in the 185 

table. In spite of the different composition of the herein employed ionophore for micrometer-sized 186 

membranes with respect to the recommendation from the manufacturer (i.e., more fluid cocktails are 187 

needed to introduce them inside the capillary), no major differences were observed in the selectivity 188 

coefficients, providing acceptable values for its application in the current studies. In addition, the pH 189 

dependence of the Zn ISME was determined by measuring the potential in buffers covering the 4 ≤ pH 190 

≤ 10 range, and practical problems were only observed in alkaline media (pH > 8) due to the 191 

insufficient solubility of the zinc hydroxides [39]. 192 

The model iron-zinc galvanic pair, built using two wires of the metal embedded in an insulating 193 

resin [9,13], was the first system chosen for the characterization of the new dual ion-selective probe 194 

arrangement. The physical separation of the two metals in the sample would allow the anodic and 195 

cathodic areas to be investigated separately, as well as to hinder any eventual chemical reactions in the 196 

solution phase between the products formed in the two half-cell reactions to occur over the metal wires. 197 

The anodic reaction in a Zn-Fe galvanic pair is the dissolution of Zn according to: 198 

 −+ +→ 2eZnZn 2  (2)  199 

whereas the reduction of dissolved oxygen occurs on the surface of iron:  200 

 −− →++ 4OH4eO2HO 22  (3) 201 

Released zinc (II)-ions may undergo hydrolysis producing either the zincyl-ion or insoluble Zn(OH)2 202 

depending on the local pH:  203 

Zn2++H2O ⇄ Zn(OH)++H+  (4) 204 

Zn(OH)++H2O ⇄ Zn(OH)2+H+ (5) 205 

Zn(OH)2 can further form ZnO, or even Zn(OH)3
- and Zn(OH)4

- at higher pH values [39]. For our 206 

purpose, this means that the relative ratio of zinc-hydroxyl complexes might eventually compromise 207 

the analysis of the Zn2+ at pH values over 7, and insolubility of the zinc species is expected to affect at 208 
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pH values higher than 8.5 [39]. Besides, other side reactions may influence the quantitative 209 

determination of zinc (II) cations in the presence of chloride or carbonate [40]. 210 

In order to produce the galvanic coupling of iron and zinc, the metal wires should be electrically 211 

connected at the rear of the mould before the measurement. In this configuration, it was noticed that 212 

the electric field generated by the galvanic pair affects the potential signals of the ISME. If the 213 

contribution of the electric field to the potentiometric signal were ignored, misleading results would 214 

eventually be recorded. For instance, the Zn-ISME monitored almost one decade decrease of Zn2+ 215 

activity over the cathode compared to the bulk solution. Therefore, the pH dependence of the potential 216 

of the Zn-ISME was investigated (not shown), and it was observed to deliver negligible potential 217 

change in the 7 ≤ pH ≤ 9 range, despite the proximity of the solution to cathodic areas. On the other 218 

side, when the galvanic pair was disconnected during the measurement, an instantaneous change of 219 

the potential could be observed. Effects due to the electric field have been previously observed and 220 

reported by the authors when using similar experimental set-ups, and already demonstrated to produce 221 

negligible variations in the registered potential [41]. Therefore, the possible effect of electric field on 222 

the Zn-ISME built in the dual probe arrangement was explored using the same strategy, as explained 223 

in the experimental section. That is, the Zn-ISME was scanned over a point source of an electric field 224 

during the application of progressively increasing currents. The obtained response is displayed in 225 

Figure 3. Results indicate that at least 3-4 µA should be flowing through the system for the electric 226 

field generated from a point source to be sensed by the ISME. This current value is, as it will be shown 227 

below, approximately ten times bigger than those recorded during the galvanic corrosion of the Fe-Zn 228 

galvanic couple. 229 

Finally, cross-talk effects were evaluated by simply scanning over the FeZn surface under 230 

galvanic coupling with simultaneous and independent potential data acquisition of the two barrel-231 

channels, thus finding no influence in their response due to the recording of the other channel. 232 

 233 

3.2. Monitoring of the model Fe-Zn galvanic coupleThe dual probe ISME assembly was 234 

employed to monitor the model Fe-Zn galvanic couple, a system previously characterized using each 235 

ISME built as individual single-barrel electrodes under galvanic coupling [9,13]. By using the arc 236 

scanning algorithm described elsewhere [42], the concentration maps in the galvanic pair arrangement 237 

could be recorded at a relatively high scan rate (namely 100 µm s-1) right after disconnection of the 238 
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galvanic pair, avoiding time-dependent image artifacts. Initially, the tip was positioned to the center of 239 

the levelled sample by visual observation, and then the tip-sample vertical distance was adjusted at 50 240 

µm. The orifice sizes of the tips were always kept smaller than 20 µm, therefore the overall diameter 241 

of the probe never exceeded 40 µm. Consequently, for a typical 50 µm scanning step size, the signals 242 

recorded from both ISME in each measuring single step not only were actually simultaneous, but both 243 

concentration data could be effectively corresponded to the same space coordinates, which is a 244 

remarkable advance compared to previous quasi-simultaneous reports in the literature [21,22], and it 245 

is a more robust configuration compared to simultaneous potentiometric measurements by 246 

simultaneously produced by holding and scanning two  probes in separate holders [15].  247 

Figures 4 and 5 demonstrate how the dual microelectrode probe can be employed to visualize 248 

concentration distributions for zinc and hydrogen ions over a Fe-Zn galvanic couple immersed in 1 249 

mM NaCl solution at ambient temperature. This low electrolyte concentration was selected in order to 250 

slow down the corrosion process and enable the evaluation of its early stages. The two metal wires 251 

were separated approximately 1 mm. In order to completely eliminate the contribution of the electric 252 

field during the measurements, the iron and zinc samples were left galvanically coupled for 30 min 253 

while immersed in the test solution (with typical current values of 0.4-0.5 µA flowing through the two 254 

metal surfaces), and they were only disconnected just before starting to record the corresponding 255 

potentiometric SECM scans. Owing to the high scan rate and the relatively long coupling time, it is 256 

assumed that (almost) invariant conditions in the vicinity of the sample in the quiescent solution are 257 

maintained throughout the scan.  258 

The simultaneously recorded images for Zn2+ and pH distributions related to Fe-Zn galvanic 259 

coupling together with a micrograph of the Zn sample are depicted in Figure 4. The 2D scans nicely 260 

match the theoretical expectations. Above the zinc anode, the local activity of the zinc (II) ion increased 261 

up to the sub-milimolar range (see Figure 4B), while a weak acidification, close to one pH unit, could 262 

be observed as the side product of hydrolysis (Figure 4A). Similar features have been observed with 263 

the same surface undergoing sacrificial dissolution while monitored using single-barrel electrodes 264 

[9,13]. Although the cross sections of the metal wires are not perfect circles, the recorded pH and pZn 265 

maps still show this symmetry. The small distortion is due to the high scanning rate employed to 266 

minimize the effect of time when dynamic systems such as corroding samples are studied. In addition, 267 

it must be noticed that they were recorded using the fastest scanning pattern that consists in initiating 268 
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each successive line from the last coordinate reached in the previous line (i.e., effectively describing a 269 

zig zag trajectory, usually known as meander mode), that usually gives result to a more distorted image 270 

when recorded in the potentiometric mode. Analogously, Figure 5 shows the pH and Zn2+ distributions 271 

simultaneously monitored above the iron cathode. No significant variation in the Zn2+ concentration 272 

data was recorded over iron as it should be expected, despite the above-mentioned undesirable effect 273 

caused by the electric field when the iron and zinc were connected during the scan. Only small potential 274 

variations of ca. 10 mV could be detected, most probably arising from local fluctuations in Na+ 275 

concentration and the alkaline pH. Indeed, no abrupt variation in the recorded signal occurred when 276 

the sensing probe moved away from the iron sample into the surrounding resin. Only the rapid change 277 

of pH has a negligible effect on the apparent Zn2+. By contrast, a large change in pH can be observed 278 

in Figure 5B measured with the antimony tip of the dual ISME probe as the consequence of the 279 

dissolved oxygen depletion in the cathodic half-cell reaction. This evident effect was about 2 pH units 280 

lower than those previously observed for the same surface under cathodic-protection [9], possibly as a 281 

result of the rapid diffusion of protons once the galvanic connection is interrupted prior to scans. 282 

 283 

3.3. Monitoring of the cut edge of a painted galvanized steel system 284 

In a second series of experiments, the cut edge of painted galvanized steel was considered to 285 

explore the applicability of the dual ion selective microelectrode probe for SECM studies. The cut 286 

edge of the coil coated steel was considered a practical system for investigation due to its broad-scale 287 

industrial application and relevance, while forming a limiting case of galvanic coupling in which a 288 

highly dissimilar surface ratio between the two metals was formed. The cross section of the painted 289 

galvanized steel foil was exposed to the test electrolyte. In this case, the anodic and the cathodic regions 290 

are located very close to each other, and as result local pH changes develop abruptly across the surface. 291 

That is, the Zn2+ ions produced in the anodic reaction can form Zn(OH)2 and will eventually precipitate 292 

on the steel surface.  293 

Line scans were recorded starting the tip movement from a location above the resin and passing 294 

over the zinc layer, the mild steel, zinc layer on the other side and stopping above the resin in the 295 

opposite side. The step size was 50 µm, the vertical tip-substrate distance was 50 µm and the overall 296 

traveled length was 2000 µm at a scan rate of 50 µm s-1. Only line scans at a smaller scan rate were 297 

recorded because no scanning algorithms could be employed for this specific geometry in order to 298 
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minimize image artifacts related to higher scan rates. A selection of line scans are shown in Figure 6A-299 

B, displaying both the pH and Zn2+ concentration distributions simultaneously recorded by means of 300 

the novel dual probe. The approximate location of the line scans and the scan direction are depicted on 301 

the micrograph in Figure 6C. The presented lines were selected from the area where significant anodic 302 

activity could be detected therefore the pH and pZn profiles can be compared. The behaviour of the 303 

surface was found to be heterogeneous over the whole area, with a pH distribution extending between 304 

3.5 and 12 (not shown), similarly to previous observations [36,37]. Figure 6A shows that Zn2+ 305 

dissolution occurs on both sides of the cut edge, yet the anodic activity on the right side decreases from 306 

curve 1 (black coloured and rectangles) to curve 6 (olive and triangles). This feature can be explained 307 

on the basis of the information provided by the corresponding pH scans. A small acidification is 308 

observed above the zinc layer located at the left side of the cut edge, whereas pH increases above the 309 

mild steel foil as result of the oxygen reduction reaction. Similar concentration distributions have been 310 

previously seen, and their dynamic evolution evidenced [36]. With the herein gathered information, 311 

such evolution can be better understood. The alkaline area is located closer to the right side of the cut 312 

edge, therefore the pH in the neighborhood of the right anodic area is increasing from pH = 7.3 to 8.1. 313 

Considering the stability of the zinc-hydroxyl complexes the mole fraction of the Zn2+ ions decreases 314 

steeply along this pH interval [39]. That is, pZn lines 4,5 and 6 (cyan, magenta and olive) on the right 315 

side also reveal anodic activity however, the product of the reaction forms insoluble hydroxide 316 

precipitate in the vicinity of the cathodic area. Since the zinc ISME only detects Zn2+, the observed 317 

decrease of the signal compared to the other side of the cut edge, where apparently constant anodic 318 

activity is observed, can be attributed to the precipitation of corrosion products. This perception does 319 

not depend on the scanning direction. This is an interesting example of the complementary information 320 

obtained with the simultaneous measurement, and opens a very promising route to the study of 321 

corrosion processes at cut edges, because zinc dissolution usually occurs through the formation of zinc 322 

basic salts or an oxide film depending on the actual local pH [43]. Though protective barrier skills are 323 

provided by the basic zinc salts [26,44], alkalization above pH = 9 leads to its transformation into zinc 324 

oxide [24], thus greatly affecting the corrosion corrosion efficiency of the galvanization layer towards 325 

protection of the buried steel.    326 

 327 

 328 
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4. Conclusions 329 

In this work, a novel dual probe is presented for the simultaneous measurement of local Zn2+ and 330 

pH distributions in corrosion processes using SECM. The preparation of the probe attempted to 331 

produce individual ISME in the combined probe that will exhibit at least the same performance as 332 

those fabricated as a single-barrel. Data obtained for a model galvanic Fe-Zn system replicate previous 333 

observations made using separate single probes, yet allowing two concentration distributions to be 334 

recorded in one single experiment without cross-talking effects. A more complex system, namely a cut 335 

edge of painted galvanized steel was also successfully imaged with SECM, despite its unfavorable low 336 

Zn:Fe area ratio. The results described here demonstrate promising applicability of the novel multi-337 

barrel SECM microprobes for simultaneous detection, as they would provide valuable in situ 338 

information to understand the behavior of complex corroding systems.    339 

 340 
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 478 

 479 

Figure 1. Sketch and (B,C) micrographs of the dual probe for simultaneous potentiometric 480 

determination of pH and Zn2+ concentration distributions using SECM. 1: double-barrel borosilicate 481 

capillary; 2: copper wires; 3: Ag-epoxy; 4: ion selective cocktail; 5: PEDOT coated carbon fiber (∅ = 482 

30 μm); 6: liquid mercury; and 7: antimony fiber. (B) Micrograph of the probe. 483 
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Figure 2. Calibration curves of the Zn2+ and pH selective microelectrodes in the dual probe. (A) pH 487 

calibration of the antimony electrode; (B) calibration of the Zn2+-ISME. 488 
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 490 

Figure 3. Influence of the electric field generated from a pipette point source on the registered potential 491 

of the Zn ISME, scanned at 100 µm height. Currents in the legends indicate the imposed current 492 

flowing as a result of the connection in series of kΩ-MΩ resistors and a 6 V battery between the 493 

micropipette electrode and a platinum counter electrode. 494 

 495 

Figure 4. 2D simultaneous Zn2+ and pH imaging over the sacrificial anode of the Fe-Zn galvanic 496 

couple immersed in 1 mM NaCl. (A) Zn2+distribution obtained with the Zn2+ ISME of the dual probe; 497 

(B) pH distribution obtained with the Sb/Sb2O3 microelectrode of the dual probe; (C) photograph of 498 

the Zn wire during the measurements. 499 

 500 

Figure 5. 2D simultaneous Zn2+ and pH imaging over the Fe cathode of the Fe-Zn galvanic couple 501 

immersed in 1 mM NaCl. (A) Zn2+distribution obtained with the Zn2+ ISME of the dual probe; (B) pH 502 

distribution obtained with the Sb/Sb2O3 microelectrode of the dual probe; (C) photograph of the Fe 503 

wire during the measurements. 504 
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 520 

Figure 6. Scan lines recorded during simultaneous measurement of pH and Zn2+ distribution above 521 

the cut edge of painted galvanized steel immersed in 1 mM NaCl. (A) pZn profiles; (B) pH profiles; 522 

(C) micrograph of the exposed cut edge with indication of the approximate location of the line scans 523 

presented in (A) and (B). The arrows show the scan direction; the time elapsed between recording the 524 

scan lines is 1 minute, starting from the line at the bottom and moving sequentially to the top. 525 
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 526 
Table 1. Selectivity coefficients of the Zn-ISME determined using the separate solution method (SSM) 527 
and comparison with those reported by the supplier of the ionophore. 528 

 529 

 Determined by SSM Reported by Fluka 

log (𝐾𝐾𝑍𝑍𝑍𝑍2+,𝐹𝐹𝐹𝐹2+
𝑝𝑝𝑝𝑝𝑝𝑝 ) -2.02 

-2.42 

log (𝐾𝐾𝑍𝑍𝑍𝑍2+,𝐹𝐹𝐹𝐹3+
𝑝𝑝𝑝𝑝𝑝𝑝 ) -2.13 

log (𝐾𝐾𝑍𝑍𝑍𝑍2+, 𝑁𝑁𝑁𝑁+
𝑝𝑝𝑝𝑝𝑝𝑝 ) -3.24 -3.28 
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