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Abstract

Simultaneous monitoring of pH and Mg distributions above AZ63 magnesium alloy, either
spontaneously corroding or galvanically coupled with iron, was achieved using SECM in the
potentiometric operation. By introducing an internal micro-reference electrode in a multi-barrel
arrangement of the ion-selective microelectrode used as scanning probe, superior performance
was achieved compared to conventional single-barrel and double-barrel assemblies. In this way,
the impact of the overestimated acidification accompanying metal dissolution using conventional
tips was established from model experiments using non ion-sensitive open micropipettes and pH
antimony microelectrodes. It is shown that the simultaneously acquired pH and pMg maps
provide complementary information on the spontaneous and galvanic corrosion of AZ63

magnesium alloy.

Keywords: SECM; ion selective microelectrode; galvanic corrosion; pH distribution; Mg

dissolution; magnesium.
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1. Introduction

Magnesium is the fifth most abundant metal in the earth’s crust and has a great biological
importance and a wide variety of industrial applications. An example of applications is
magnesium and its alloys are often used as sacrificial anodes due to their high reactivity. That is,
when magnesium is in electrical connection with a less active metal in the electrochemical series
and the two metals are immersed in the same electrolyte, its greater tendency to oxidation
protects the nobler-metal cathode from dissolution. On the other hand, the main concern to use
magnesium as a structural material is galvanic corrosion as well [1,2]. For these reasons, the
galvanic corrosion of magnesium remains a hot topic among corrosion scientists. Recently,
Esmaily et al. published a comprehensive review on the corrosion of magnesium [3], while
Dauphine-Ducharme et al. reviewed surface scanning techniques as one of the most effective
instrumental analysis families employed in corrosion research [4].

Similarly to what happened with the Scanning Vibrating Electrode Technique (SVET) [5-
7] since 1989, the scanning electrochemical microscope (SECM) has become an attractive tool
for corrosion scientists in recent years, as the SECM provides spatially-resolved chemical
information of the reactions occurring at the solid-liquid boundary phase, opening new ways to
characterize corroding surfaces [8-11]. When it comes to the investigation of magnesium
corrosion, the amperometric mode of SECM is an efficient method of exploration [12], although
Mg ions cannot be measured directly due to the high negative overvoltage of the Mg®" reduction
[13]. Therefore, either the feedback mode [14] or hydrogen detection in sample generator — tip
collector mode are the prevailing operation modes found in the literature [15-17]. However, it
must be taken in account that the oxidation of H; is not a diffusion-controlled process in the strict
sense, and that the local ion concentrations can affect the oxidation current [18]. Moreover, the
hydrogen bubbles often cover parts of the magnesium surface wedging out-of-range values in the
amperometric signal of the Pt microelectrode. Bubble formation also stirs the solution affecting
the stability and resolution of the recorded image [19], and this feature remains an open
challenge for all surface scanning techniques that operate in situ over magnesium and its alloys.

Alternately, SECM can also be employed in the potentiometric operation [20-23]. In this
case, the sensing probe is an ion selective microelectrode (ISME), whose potential is measured
against a reference electrode employing a voltage follower based on operational amplifiers.

Several ionophores have been developed for Mg®" measurements, thus the advantage of
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potentiometric SECM is the possibility of directly measuring Mg*" distributions [24,25]. Similar
to the amperometric mode, the potentiometric SECM also faces some challenges, although some
of them have been successfully overcome. Therefore, the use of solid contacts reduces the
response time of the ISME, which allows obtaining less distorted concentration distribution
images [26]. Next, at high scan rates, which are sometimes required to keep pace with the
ongoing corrosion reactions, the images obtained can be deconvoluted to eliminate the distortion
resulting from insufficient sampling time at each location [27]. However, some uncertainties
have been observed in the quantitative evaluation of magnesium dissolution above galvanically
corroding magnesium [28], namely unexpectedly low local pH values above defects over Mg
coupled to galvanized steel which were attributed to metal hydrolysis [29]. More recently, an
alternative explanation for those unrealistically big concentration changes was given in terms of
the high electric field developed in the electrolytic phase during galvanic coupling [30]. Due to
this electric field, the potential values measured at the ISME will be shifted with respect to those
determined during the calibration step that is always carried out in unbiased condition. This
reported shift accounts for the monitoring of unrealistically high metal ion activities in the
adjacent solution to the corroding surface. For instance, pMg<0 values were obtained by
extrapolation from the calibration plot, although they are physical impossibilities. In addition to
describing the biasing effects of the electric field in the ISME recordings, in our previous work
we also proposed a possible solution to overcome this limitation [30]. It consists of bringing the
reference electrode as close as possible to the ISME by effectively reducing the potential
difference that arises from the different locations of the electrodes in the electric field. In
addition to achieving a minimum distance between these two electrodes, constrains to tip
movement due to the presence of a fixed reference electrode in the electrolyte are avoided by
using a multi-barrel arrangement for the manufacture of the tip. In fact, multi-barrel electrode
arrangements are often employed to perform physiological measurements [31-35], as to
eliminate the effects of neural activity [36]. More recently, we introduced multi-barrel electrode
probes in SECM measurements to either achieve combined amperometric/potentiometric
operation [37], or to monitor the concentration distributions of various chemical species over an
actively corroding system [38]. Therefore, simultaneous pH and Mg*"-ion concentration maps
were recorded over a magnesium-iron galvanic pair [38]. In this stage, the possibility of using a

multi-barrel arrangement to place the micro-reference electrode to only a few micrometers from
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the measuring ion-selective microelectrode seems to be very advantageous for the investigation
of galvanic corrosion processes on magnesium-based materials due to the high electrical fields
developed by them [39].

As mentioned above, an additional advantage of multi-barrel electrode assemblies is the
possibility of simultaneous monitoring of different species which can provide deeper insight into
localized phenomena. Indeed, simultaneous measurements in corrosion science have been
attempted before, firstly by Karavai et al. [40], and then by others [41-43], although involving
separate single-electrode probes that were positioned close together employing dual stands [43].
In such arrangements, there was a finite separation between the probes that would not strictly
scan the same areas of the investigated surface unless sufficiently large scan lengths were
imposed to later correct for surface shifts. However, the unwanted contribution of the electric
field could not be eliminated in those arrangements, and the local acidification around anodic
spots remains to be overestimated in some cases. Although, for some purposes it is an elegant
and convenient way, the usage of multi-barrel electrodes would come with more benefits. Firstly,
incorporating multiple pipettes can be done nearly without limits, whereas the size of the
individual stages imposes a practical limitation to their number. For instance, it has been
described an assembly consisting of 9-barreled micropipettes that were employed for the
injection of different chemicals [44]. Yet, such a multi-channel monitoring in SECM
experiments would demand dedicate instrumentation. The second, and probably the most
important advantage of the multi-barrel arrangement, is the opportunity of a more precise
establishment of the tip-sample distance compared to the operation of separate single probes. The
common way to position a potentiometric probe at the desired distance from the surface
investigation is by using the “gentle approach” procedure. That is, a step-by-step approach of the
tip to the sample surface with an aid of a microscope is performed, and as the ISME abuts the
surface, the ISME can be lifted up from the surface to the desired tip-sample distance. In many
cases, however, this leads to the crash of the tip, as they are more fragile than the amperometric
probes. But instead of using liquid membrane pH sensitive microelectrodes, one can employ the
dual functioning antimony microelectrodes [45], which apart from potentiometric pH
measurements can be used for amperometric sensing of dissolved O, [46]. That is, prior to the
actual potentiometric measurements, amperometric Z-approach curves can be recorded to obtain

the corresponding feedback response, thus allowing establishing a precise tip-sample distance
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without breaking the probe [47]. Subsequently, the potential of the antimony surface can be
modified to be coated with a Sb,Os film that is sensitive to pH [47]. Potentiometric mapping can
be then performed using the same microelectrode [48]. However, the feedback mode requires the
electrode surface to be parallel to the sample surface, which was not the case when using various
single probes. Therefore, more precise tip-sample distance control by using multi-barrel
assemblies is an additional feature for improved potentiometric SECM imaging.

In this paper we present a modified multi-barrel electrode assembly with respect to the
double barrel arrangement reported in ref. [38]. The new design minimizes electric field
distortion during the simultaneous imaging of Mg*" ions and pH distributions using
potentiometric SECM from magnesium based materials under galvanic coupling conditions.
Such improvement was attained by introducing a micro-reference electrode in the multi-barrel
arrangement. Its advantageous characteristics for the simultaneous detection of dissolving Mg
ions and the pH changes accompanying both the cathodic and anodic reactions, as well as the

minimization of the electric fields contribution to the measured signals are demonstrated.

2. Experimental
2.1. Materials and solutions

Sodium chloride and magnesium-chloride hexahydrate were supplied by Merck
(Darmstadt, Germany). Antimony powder used for the preparation of pH sensitive antimony
microelectrodes was purchased from Aldrich (Saint Louis, MO, USA). SECM measurements
were conducted in 1 mM NaCl solution as test electrolyte. A set of magnesium-chloride
solutions was employed for the calibration of the Mg ISME. They were prepared in tenfold
dilutions of 0.1 M MgCl, solution, and the calibration sequence was initiated with the most
diluted one, in 10 M concentration. Analogously, the antimony electrodes were calibrated in pH
buffers ranging 4 < pH < 11. Every solution was prepared using ultrapure water (resistivity, 18
MQ cm; Millipore, Billerica, MA, USA). Micropipettes were fabricated by pulling borosilicate
capillaries (outer diameter, @ = 1.5 mm; internal diameter, @ = 1.0 mm; Hilgenberg GmbH,
Malsfeld, Germany), using a Narishige PE-2 pipette puller (Tokyo, Japan). Silanization of the
capillaries was accomplished by soaking in 5% vol. solution of dichloro-dimethyl-silane in
heptane (Sigma Aldrich) and then kept in oven at 120°C for 30 min. The carbon fibers for the
solid contact were obtained as a generous gift from Specialty Materials (Lowell, MA, USA).
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Magnesium alloy coupled to iron was used as model corrosion system. It was prepared
from AZ63 alloy sacrificial boiler anode and 99.99% purity iron plates (Goodfellow, Cambridge,
UK). Square base rods of 1 mm? cross section were cut from the boiler anode and the iron plate
respectively, and one metal rod of each material was placed vertically within a home-made
assembly to embed them in epoxy resin (EpofixKit, Struers, Denmark). The spacing between the
AZ63 and Fe rods was ca. 5 mm spacing. Copper wires were welded to portions of the
specimens protruding from the resin sleeve to provide electrical connection from the rear side of
the mould, while the other end of the metal rods surrounded by the resin were exposed to the test
electrolyte. The samples were ground using abrasive papers down to 4000 grit, and subsequently
polished using Micropolish II Alumina Suspensions of 1 and 0.3 um particle sizes (Buehler,
Lake Bluff, IL, USA). The finished surfaces were thoroughly rinsed with Millipore deionized
water, dried with ethanol, and finally surrounded laterally by Sellotape to create a small

container for the test solution.

2.2. Probe preparation

Single-barrel electrodes were prepared as it is described in ref. [26]. The cocktail
composition was: 1.5% bis-N,N, dicyclohexyl-malonamide ionophore, 2.6% high molecular
weight polyvinyl chloride (PVC), 1.4% potassium tetrakis(4-chlorophenyl)borate, and 94.5 %
ortho-nitrophenyl octyl ether. The solid contact of the ISME were made using carbon fibers (30
um dia.) coated by poly-3,4-ethylenedioxythiophene (PEDOT). After the tips were backfilled
with the ion selective cocktail, the PEDOT coated carbon fibre was dipped inside the cocktail to
such an extent as to be proximate to the orifice of the micropipette.

The preparation of the antimony fibre microelectrodes responsive to pH, with diameter in
the micrometer scale, was described in detail elsewhere [20]. In brief, molten antimony was
sucked into a capillary, and the glass-surrounded antimony wire was then subjected to successive
pulling procedures until fibres of the desired diameter (5-15 pm) were prepared. The antimony
fibre was then glued at its rear side in the lumen of the capillary, and the electric connection was
begotten using mercury and a copper wire.

The preparation of double- and triple-barrel electrode probes were initiated by attaching
together the chosen number of single-barrel borosilicate capillaries. The capillaries were

subsequently placed in the vertical puller provided with a rotary chuck, the puller was splayed,
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and the coil was heated for the capillaries to be twirled while the chuck was rotated. This step
allowed the individual capillaries to be merged into one single body. In a second heating stage,
the splay was removed, and two sharp multi-barrel capillaries were produced while pulling. The
capillaries were selectively silanized using a homemade chamber containing the silanization
agent. A tube penetrates the cap of the chamber and fits perfectly into the barrel intended to
contain the ISME, allowing thus the chamber to be connected solely to the selected barrel. The
reference and the antimony containing barrels were filled with water to prevent them from the
silanizing agent penetrating through the orifice of the tip. Then, the system was placed into the
furnace for 1 h at 50°C. The micro-reference barrel was filled with 0.1 M KCI solution and a
chlorinated silver wire was dipped into it. The antimony fibre was introduced inside the other
barrel, and inserted towards the end of the tip using metallic wires. When the fibre protruded
through the orifice, it was pulled until it got stuck in it. Then, the protruding portion of the
antimony fibre was eventually cut. The electric connection was facilitated using liquid mercury
and a copper wire. The Mg ISME barrel was backfilled with about 10 UL of the ion selective
cocktail, and then a PEDOT-coated carbon fibre of 30 um diameter was positioned as close as
possible to the orifice. Usually the liquid column between the orifice and the end of the carbon
fibre was about 1-2 mm high. A schematic drawing and two micrographs of the triple-barrel
electrode are shown in Figure 1. The calibration curves of the Mg-ISME and the pH sensitive
antimony microelectrodes are shown in the Supplementary material.

In addition, a single-barrel scanning micro-reference electrode was also employed to
sense the local potential distributions produced in the electrolyte volume adjacent to an actively
corroding sample. A chlorinated silver wire was introduced in the lumen of an open micropipette
filled with 0.1 M KCI solution, and its potential was monitored with respect to a conventional
Ag/AgCl/(3M) KCI reference placed at a fixed position in the bulk of the electrolyte,
approximately 1-1.5 cm away from the travelling microelectrode probe. The diameter of the
orifice was smaller than 15 um, small enough to neglect possible effects due to the diffusion of
potassium ions within the timeframe of the measurements. The vertical tip-sample distance was
established using the “gentle approach”, followed by controlled removal from the surface to a
height of 20 um, and then the sample was scanned parallel to its surface at 20 pm s scan rate

and 50 um step size.
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2.3. Scanning Electrochemical Microscopy

SECM experiments were performed using an instrument manufactured by Sensolytics
(Bochum, Germany) and operated with an Autolab bipotentiostat (Metrohm Autolab BV,
Utrecht, The Netherlands), all controlled with a personal computer. A homemade voltage
follower based on a 10" Q input impedance operational amplifier (mod. TLO71, Texas
Instruments, Dallas, TX, USA) was interconnected between the cell and the potentiometric input
of the system. The electrochemical cell was completed with an Ag/AgCl/(3 M) KCl electrode as
reference (E” = +0.197 V vs. NHE), or with the micro-reference electrode introduced in the
multi-barrel assembly. If not stated otherwise, the scans were performed at 20 um height from
the sample with 17 pm s nominal scan rate, and 50 um step size. The tip-sample vertical
distance was established by recording amperometric Z-approach curves using the antimony
barrel biased at -0.70 V vs. Ag/AgCl/(3 M) KCIl, whereas the “gentle approach” was employed
for the single barrel electrodes. Photographs of the samples after SECM testing were taken ex
Situ after the test electrolyte was spilled from the cell, gently washing of the sample with

deionized water, and sample drying in air.

3. Results and discussion

The performance of the multi-barrel probe assembly for the characterization of the
galvanic corrosion of magnesium and its alloys was tested on a model AZ63 alloy-iron pair. The
SECM data on the dissolution of Mg*" and the pH changes accompanying the anodic and
cathodic half cell reactions were monitored using either multi-barrel electrode arrangements or
conventional single barrel probes for comparison. Figure 2 shows typical pH and pMg maps
recorded above a spontaneously corroding magnesium alloy strip immersed in 1 mM NaCl
solution that were measured using single barrel microelectrodes. Tip replacement was required
between both scans. According to Figure 2A, the electrolyte directly in contact with the surface
of AZ63 became alkaline over the metal, as would be expected from the cathodic half-cell
reaction. Although the anodic process can occur in a localized way on the spontaneously
corroding metal in chloride-containing solution, the featureless pH distribution did not allow the
detection of the corresponding anodic sites. In other words, the pH changes caused by the
hydrogen evolution reaction greatly exceeded those associated to the hydrolysis of the dissolved

metal ions. In this pH map, only the surrounding resin could be distinguished from the metal
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surface due to the appearance of lower pH values, although pH values close to neutrality were
only reached at a greater distance from the metal. In contrast, the Mg”" map given in Figure 2B
shows a highly localized distribution of these ions over the surface of the alloy. The anodic
activity related to two active anodic sites could be distinguished on the right side of the sample.
Almost one unit change pMg occurred at the most active site indicated by the arrow drawn in
Figure 2B. These features were supported by taking an optical micrograph after the sample was
removed from the electrolyte as shown in Figure 2C. That is, at the location where the
magnesium dissolution preferentially occurred according to the pMg map of Figure 2B, the
optical micrograph showed a hole in the metal sample, which was coated by a dark bilayer of
MgO/Mg(OH), and surrounded by particles of other corrosion products. In contrast, the
remaining surface did not show a significant degradation of the material, correlating well with
the values of pMg in the SECM map near the lower detection limit of the Mg-ISME.

As mentioned in Section 1, spurious contributions to potential can arise from the electric
field developed in the electrolyte phase while Mg and Fe are electrically connected and
immersed in the same electrolyte. As a result, the potential measured by the ISME would not
only comprise the Nernstian’s response to the ions of interest, but also the difference in electrical
potential experienced by the reference and the measuring electrodes. The possible occurrence of
a potential bias on the surface of the magnesium alloy due to the formation of local galvanic
pairs on the metal under spontaneous corrosion conditions was investigated next. In this case, an
Ag/AgCl micro-reference electrode filled with 0.1 M KCI solution was used as the scanning
probe. It should be noted that such a probe of this type would be insensitive to changes in ion
activities, although changes similar to those caused by an electric field effect would be detected
by measuring its potential against a conventional Ag/AgCl/(3M) KCI reference electrode. The
diameter of the orifice was smaller than 15 pm, small enough to neglect the eventual effects due
to the diffusion of potassium ions within the duration of the measurements. Potential distribution
maps were recorded above the AZ63 strip under both open circuit and galvanic coupling
conditions, and are shown in Figure 3. They were recorded using the following scan conditions:
vertical sample-tip distance, 20 pm; step size, 50 um; and scan rate, 20 pum s™. A slow shift of
the potential values towards more negative potentials was observed while scanning the AZ63
sample that was spontaneously corroding in the test electrolyte (see Figure 3A), although it

reached a steady constant potential after recording a few lines. The total potential variation
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recorded above the AZ63 strip was only 1-1.5 mV. However, a change of approximately 75 mV
was recorded above the AZ63 strip after the galvanic coupling to the iron sample, a potential
change that would correspond to a change in magnitude in the ionic activity of approximately
2.4-2.7 orders according to the calibration plot of the Mg ISME. This experiment supports that
sufficiently reliable measurements can be performed using a single-barrel ISME under
conditions of spontaneous corrosion. On the contrary, in the case of galvanic coupling, the
increase in the dissolution rate of magnesium can be overestimated to a large extent using the
same probes. Therefore, the remaining experiments involving the AZ63-Fe galvanic couple were
performed using multi-barrel microelectrode probe arrangements containing a micro-reference
electrode in the vicinity (<10 um) of the measuring ion-selective micropipette or the antimony
electrode.

Next, the pH distributions recorded above the AZ63 strip electrically connected to the
iron for a galvanic pair in 1 mM NaCl solution were recorded using the antimony microelectrode
included in a double-barrel probe containing an internal micro-reference in the other barrel. For
the sake of comparison, the potential of the antimony microelectrode was measured first with
respect to the micro-reference electrode contained in the double-barrel, while in the subsequent
scan the potential values were recorded with respect to a conventional Ag/AgCl/(3M) KCl
reference electrode placed in the bulk of the electrolyte. Although the time required to change the
electrical connector for the reference electrode only lasted a few seconds, and the two line scans
were performed over the same locations in the sample, pH ranges and pH distributions markedly
different were recorded above the AZ63 strip and the surrounding resin in each case as shown in
Figure 4. When the measurement was made against the internal micro-reference electrode, the
electrolyte volume adjacent to the AZ63 strip showed pH values close to neutrality, i.e., slightly
more alkaline than the naturally aerated initial test solution. There was approximately one pH
unit change over the AZ63 sample, with a small decrease in pH approximately over the centre of
the metal strip, which is assumed to be due to hydrolysis of magnesium above an actively
dissolving anodic site. Next, as the scanning probe translates from the metal to the surrounding
resin, the pH values quickly returned to the same background level previously observed at the
beginning of the line scan while travelling over the resin on the opposite side. However, when
the conventional reference electrode in the bulk of the test solution was employed instead, a very

different pH distribution was obtained. First, the solution away from the metal strips showed a
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bulk acid pH value of 5.3. Then, the pH became even more acidic (namely, 4.7) when the probe
passed over the magnesium alloy. Such acid pH should be considered an artefact because the
hydrolysis of Mg?" cannot sustain such behaviour. That is, when the anodic dissolution of

magnesium and its subsequent hydrolysis is written according to equations (1) and (2):

Mg — Mg™* +2e” (1)

Mg>* +nH,0 — [Mg(OH), | ™+ nH" )
the corresponding hydrolysis constant for n =2 is given by:

PK,yy =2pH +log[Mg* | (3)

By taking pKpyg= 11.4 [49], and assuming Mg*" concentrations up to 1 M, it has been shown that
the hydrolysis of Mg*" ions cannot originate pH values below 5.3 [50].

Furthermore, after reaching the unlikely value of pH 4.75, the pH monitored by the
antimony microelectrode returned to values similar to those measured on the other side of the
sample, although a new artefact appeared around X = 2400 um. This demonstrates the superior
performance of the multi-barrel microelectrode arrangement for SECM imaging of the galvanic
corrosion of magnesium-based materials.

Figure 5 shows a 2D map of the pH distribution developed above all the surface of the
AZ63 alloy exposed to 1 mM NaCl while galvanically connected to an iron rod. This image was
obtained using a double-barrel probe containing the antimony and the micro-reference electrodes
to minimize bias of the electric field that arises from the incorrect disposition of the electrodes in
the small electrochemical cell. It should be noted that the magnesium dissolution is expected to
be faster in the galvanic coupling condition and, therefore, a slight acidification arising from the
hydrolysis of Mg®" ions can be expected. In fact, the pH map of Figure 5B shows that the volume
of electrolyte adjacent to most of the AZ63 surface became alkaline, similar to the alkalization
observed during the spontaneous corrosion of this material in the same electrolyte (cf. Figure
2A). However, in the lower region of the image a distinctive anodic behaviour was recorded
which resulted in a weak acidification of the adjacent electrolyte. The occurrence of preferential
metal dissolution and the subsequent deposition of corrosion products in this region was

confirmed by inspection of the micrograph depicted in Figure 5B. This anodic feature could not
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be seen in the case of spontaneous corrosion, because the alkalization due to the cathodic
reaction exceeded the weaker acidification resulting from the anodic sites. Here, it can be seen
that the enhanced magnesium dissolution produces an effective local acidification, which could
be resolved from the predominantly alkaline distribution developed above the sample. It should
be noted that the local acidification monitored in this map did not fall below pH = 6.4, which
agrees well with the previous comments on the hydrolysis of the Mg*" species and its effect on
the lowest possible pH value.

The same experiment was repeated using a different double-barrel probe containing an
Mg-ISME instead of the antimony ME in addition to a micro-reference electrode. Figure 6 shows
the registered pMg map and a micrograph of the AZ63 strip. The 2D scan was recorded shortly
after the immersion of the freshly finished sample in the test electrolyte. The approximate
position of the sample on the pMg map was indicated by drawing the contour of the sample. pMg
values near the lower detection limit of the ISME were measured above the resin surrounding the
magnesium alloy. A highly localized magnesium dissolution that produced the lowest pMg
values was recorded over the lower portion of the AZ63 strip, which led to a decrease of 4 units
for pMg compared to the values recorded above the resin. This behaviour was the consequence
of the enhanced dissolution of magnesium due to the galvanic coupling of AZ63 to iron. Such
enhanced dissolution rates in the lower part of the exposed AZ63 strip were confirmed by the
optical micrograph given in Figure 6B. The most degraded region in the sample covered an area
with a contour very similar to that in the pMg map exhibiting pMg values smaller than 3. In fact,
the triangular contour drawn in these images surrounds a region that exhibited numerous cavities
in the micrograph, although they were more noticeable in those regions that delivered the highest
concentration of Mg®" in the pMg map (i.e., near the bottom of the sample). Another region of
enhanced anodic activity leading to magnesium dissolution was also observed in the upper left of
the pMg map and the optical micrograph, confirming the good resolution of the potentiometric
SECM to resolve in situ the localized nature of the corrosion process. The only apparent
exception to this proposal was found in the upper right corner of the sample when comparing the
pMg map and the micrograph. That is, a relatively large hole could be observed in the optical
micrograph, while the pMg map showed no change in the concentration of Mg*" species in that
location. A possible justification for this feature can be made in terms of the relatively long time

it takes to scan the whole image using potentiometric SECM. The scan was initiated in the lower
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left corner of the image from left to right. Therefore, when the scanning probe reached the
aforementioned area, most likely developed shortly after immersion of the sample in the test
electrolyte, that anodic site could already have been repassivated due to the precipitation of
magnesium oxy-hydroxides. In fact, one has to make a compromise between fast scan rates and
high resolution when it comes to potentiometric SECM. However, this map represents a
significant improvement in spatial resolution compared to those previously reported using single-
barrel probes, where there was only a large red spot (with respect to the colour scale used here)
that gave pMg values outside the linearity range of the ISME [30].

The simultaneous measurement of Mg*" and pH distributions above AZ63 that
spontaneously corrode in 1 mM NaCl was carried out using a triple-barrel arrangement
containing the Mg ion selective and the antimony microelectrode probes, as well as an internal
micro-reference electrode. The corresponding scan maps are shown in Figure 7 together with an
optical micrograph of the sample. As was observed previously in the case of the sample that
corrodes spontaneously, the alkalization derived from the evolution of hydrogen evolution in the
local cathodes exceeded the local decrease in pH in the vicinity of the anodic sites. The total
changes of pH and pMg also are in good agreement with the measurements made with single-
barrel electrodes, that is, the pMg change did not exceed 1 unit, while the highest pH values
approached 9 at 20 um vertical tip-sample distance after 30-45 min exposure. The red arrows
drawn in Figures 7A and 7C are pointing to those areas of high magnesium activity that
corresponded to the formation of black deposits on the surface of the metal. Notable degradation
of the AZ63 sample could be observed in the upper right part of the image; however,
significantly enhanced values of Mg”" were not detected using the Mg ISME barrel at that
location. The reason for this apparent discrepancy can be given in terms of the same reason used
for the pMg map of Figure 6A; that is, the anodic areas activated at the beginning of the scan
could have lost their anodic activity during the time required to register the complete SECM
map. Therefore, if they occurred on the opposite side at the start of the scan, they might not show
any detectable increase in concentration at the time the tip arrived there due to diffusion.
However, some alkalization was still noticeable in that location on the pH distribution map given
in Figure 7B (see the upper left blue arrow), which is in good agreement with the observation of
greater cathodic activity ion the black spots that previously were anodic areas. The upper right

arrow indicates a cathodic site, just next to the anodic site (top right red arrow on the upper right
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in Figure 7A), which also agrees with literature reports using the scanning vibrating electrode
technique (SVET) [51]. Finally, the arrow in the lowerleft indicated a high activity cathodic area,
in which the surface of the metal exhibited a relatively smooth morphology in the optical
micrograph, as well as the absence of anodic dissolution according to the corresponding pMg
map.

The triple-barrel probe was also used to characterize the AZ63 alloy galvanically coupled
to the iron during immersion in a 1 mM NaCl solution to simultaneously obtain the pH and pMg
distributions over the magnesium alloy. In this case, successive line scans over arbitrarily
selected lines crossing over the AZ63 strip were recorded, which allowed to follow the changes
in the electrochemical activity of the surface to be followed over time, and four of them are
displayed in Figure 8. To facilitate the comparison of the pH and pMg spatial distributions, the
pMg scale has been inverted in the plots, so that the local maxima and minima represent a high
and low Mg”" activity, respectively. The choice of recording line scans instead of the 2D maps
that extend over the overall AZ63 alloy sample was taken this time because the increased rates of
anodic dissolution spreading over a more extended surface should occur under a galvanic
coupling condition compared to the spontaneous corrosion just described, while the travelling
distance along the X axis could not be modified to combine a high resolution with a short
measurement duration. It should be remembered that, in the case of the 2D map shown in Figure
6, the detection of an anodic area was missed due to long duration of the complete scan.

The line scans for the pH and pMg distributions displayed in Figure 8A indicate that
metal dissolution occurred in a highly localized manner, showing an acute peak in the pMg plot
at a location near the left edge of the sample. This high local concentration of Mg®* ions was
accompanied by a minimum in the pH graph, with values very close to neutrality. The local pH
decrease resulted from the hydrolysis of the released metal ions associated with the detection of
an active anodic site. Further excursion of the probe to the right side led to an abrupt decrease in
the concentration of dissolved metal, while the alkalization of the electrolyte occurred with
almost the same path. The pH values monitored on the right side of the sample levelled off at ca.
8.6, and decreased slowly when the probe travelled to the surrounding resin. The lowest pMg
values in this line scan were recorded in this region, despite the agitation of the solution caused
by the movement of the probe from left to right. It can be deduced that the metallic surface

adjacent to the anodic site behaves like a local cathode that allows a portion of the electrons
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released by magnesium dissolution to be available for the anomalous hydrogen evolution effect,
although most of the cathodic activity would preferentially occur in the iron strip. This
observation is in good agreement with reports of enhanced evolution of hydrogen on anodically
polarized magnesium [51-54], a feature that suggests that catalytic effects towards hydrogen
evolution are exhibited by either the active film-free magnesium surface [55,56], or the oxy-
hydroxide layer developed in the anodic reaction [57-59].

Similar trends can be observed for the pMg and pH distributions recorded over the AZ63
sample in the plots of Figure 8B. The anodic activity was observed on the left side of the metal
strip as before, although in this case the pMg values corresponded to an order of magnitude
decrease in the concentration of the metal ion. The line scan showed values close to pMg = 4
over the resin at left of the metal strip, which is about 1 order of magnitude higher than the lower
limit of detection. The occurrence of finite concentrations of the Mg®" ion over the resin can be
justified by the increased rate of the magnesium dissolution and the subsequent diffusion of Mg
ions to the surrounding resin areas. Correspondingly, a plateau displaying slightly acid pH values
related to anodic activity in the metal sample was monitored both over the resin and over the
metal strip on the left side. As the probe approached the centre of the alloy strip, there was both a
decrease in the concentration of the metal ion and the alkalization of the adjacent electrolyte, the
latter corresponding to an increase in pH to ca. 10 around 1250 pum on the X scale. It should be
noted that the highest pH values were reached in the same region that had the highest pMg
values that could be detected with the probe. The enhanced hydrogen evolution should account
for these observations in a manner similar to the line scan in Figure 8A, although lower
concentrations of the Mg>" ion and higher pH values were observed on the right side of the line
scans in Figure 8B. Since this pH value could not account for the observed decrease of an order
of magnitude of dissolved Mg*" activity, then a decreased activity of the anodic dissolution
reaction at that location must be assumed, while there was an increase in activity of the hydrogen
evolution reaction. This result would be an additional confirmation of the observation by
Williams et al. that the anodic regions eventually become local cathodes over time [57]. The
cathodic activation of the former anodes occurs even under anodic polarization, which is usually
invoked to explain the anomalous hydrogen evolution on anodically polarized magnesium [57].

Further excursion of the probe to the right led to a decrease in the pH and pMg values,
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effectively approaching the values that were recorded above the resin on the opposite side of the
AZ63 strip.

The line scan depicted in Figure 8C introduced a new situation in which the pH and the
Mg®" activity increased simultancously over the magnesium alloy. This is an apparent
contradiction with the line scans given in Figure 8 A and 8B, and represents the first report of
such behaviour due to the lack of true simultaneous pH and pMg monitoring over galvanically
corroding magnesium in the literature so far. However, the magnitude of the pH increase and its
maximum values do not directly contradict the pMg values. Rather, it evidenced that anodic and
cathodic sites can occasionally be very close to each other on the corroding surface, as seen in
Figure 7. In addition, the local pMg minimum at the centre of the AZ63 strip suggests that there
were two anodic sites in the edges of the sample, while in the centre there was a region that
presents increased hydrogen evolution activity. The maximum of the pH and the minimum of
pMg coincide well, confirming the previous assumption. However, the hydrogen source in the
centre did not evolve sufficiently to significantly modify the pH distribution above the resin,
although the vigorous dissolution of magnesium led to the measurement of somewhat higher
pMg values above the surrounding resin as well.

Another particular pair of pMg and pH profiles is shown in Figure 8D. The largest
activities of magnesium ions recorded so far were observed at the left edge of the magnesium
alloy, with an abrupt decrease of 3 orders of magnitude around 600 pm. It is not surprising, since
the pH reaches its highest alkalization with a maximum around pH = 11. In the case of such
alkaline solution, the dissolved Mg”" level can not exceed ~10” M. In fact, the pMg value rapidly
dropped to almost the lower limit of detection of the Mg-ISME. Then a local minimum was
observed in the pH line accompanied by a local maximum in Mg”" activity. It must be taken in
account that the pH value contradicts the measured amount of Mg”". A possible justification may
be based on the observation of a second pH maximum after this local minimum, which implies
that he actual pH value may not have been reached at the minimum due to the short equilibration
time. This was the case previously with the minimum of pMg recorded at X = 600 um. Although
the pH values suggest a pMg value around 5, the Mg-ISME barrel travelled farther, near to
another local anode around X = 850 um, which counteracted the decrease due to the alkaline
environment. However, at the second pH maximum, the pMg value reached the limit of detection

for the Mg ISME, since the second pMg maximum amounted to 3 and the change was
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significantly lower than in the first case when pMg = 1. Finally, further excursion of the
combined Mg-ISME and antimony probe to the right showed that the pMg and pH distributions
relaxed towards the bulk levels recorded over the resin.

Finally, although a possible interference of Mg”" ions on the pH selectivity of the Sb
microelectrode cannot be discarded at this stage, the multibarrel arrangement containing the Mg-
ISME and the Sb/Sb,O3 microelectrodes allows eventual correction of the measured activity
data. The correction procedure would involve the arrangement of an equation system containing
the same number of unknowns and equations, as it was already done for an assembly of Zn- and

Cu-ISME’s in ref. [60].

4. Conclusions

In this contribution, a new multi-barrel assembly for potentiometric SECM imaging of
galvanic corrosion processes at magnesium and its alloys that effectively eliminates electric field
effects has been presented. This probe allows a real simultaneous detection of dissolved
magnesium and pH changes to be performed with high chemical and spatial resolution. It
consists of housing a solid-contact ion-selective Mg*" selective microelectrode, a pH sensitive
antimony microelectrode, and an Ag/AgCl micro-reference electrode in a single multi-barrel
body. The introduction of a micro-reference electrode into the body of the multi-barrel electrode
effectively helped to overcome the undesired contribution of the electric field to the signal
measured by establishing the galvanic coupling condition. The mapping of the electric potential
changes above a sample of AZ63 magnesium alloy under conditions of spontaneous or
galvanically coupled corrosion conditions showed that the spontaneous corrosion was slightly
affected by the electric field developed around local anodes and cathodes, while leading to a
severe distortion of measurements in galvanic corrosion condition. In addition to the improved
chemical resolution, a true simultaneous measurement of several chemical species can be
achieved. The simultaneous measurements confirm that the local pH greatly influences the
dissolved Mg”" measurements; therefore, magnesium corrosion cannot be interpreted exclusively
when performing pMg measurements, even if the effects of the electric field were effectively

avoided.
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706
707 Figure 1. Sketch and photographs of the triple-barrel microelectrode assembly designed for
708 potentiometric SECM imaging. 1, pH-sensitive antimony electrode; 2, Mg”" selective
709 microelectrode; 3, Ag/AgCl micro-reference electrode.
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714 Figure2. (A) pH and (B) pMg maps recorded above a spontaneously corroding AZ63 sample
715 immersed in 1 mM NaCl. (C) Optical micrograph of the AZ63 retrieved from the electrolyte
716 immediately after recording the pMg map shown in (B). The arrows in (B) and (C) indicate the
717  approximate location of the dark feature observed in the micrograph. Distance between the probe

718 and the sample: 20 pm; step size, 50 wm; scan rate, 17 um's™.
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Figure 3. Potential distribution maps recorded above an AZ63 sample immersed in 1 mM NaCl.
Electrical condition of the AZ63 sample: (A) spontaneously corroding at its rest potential; (B)
galvanically coupled to iron. The scanning probe was an Ag/AgCl/(0.1 M) KCI micro-reference
electrode, and its potential was measured with respect to a conventional Ag/AgCl/(3M) KCI
reference electrode placed in the bulk of the electrolyte. Diameter of the micro-reference
electrode probe: 15 um; separation between AZ63 and Fe strips: 5 mm; distance between the

probe and the sample: 20 pm; step size, 50 pm; scan rate, 20 um s ™.
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Figure 4. pH distribution line scans recorded above the AZ63 strip of an AZ63-Fe galvanic pair
immersed in 1 mM NacCl. The black line was measured with the antimony ME in the double-
barrel body with respect to a conventional Ag/AgCl/(3M) KClI reference electrode placed in the
bulk of the electrolyte. Subsequently, the measurement was repeated while the potential values
of the antimony ME were measured against the micro-reference electrode inserted in the double-
barrel electrode assembly. Distance between the probe and the sample: 20 um; step size, 50 wm;

scan rate, 17 pums™.
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Figure5. (A) Optical micrograph and (B) pH distribution map taken above the AZ63 strip of an
AZ63-Fe galvanic pair immersed in 1 mM NaCl. The localized pH measurements were
performed using a double-barrel probe containing an antimony ME and an Ag/AgCl micro-
reference electrode. Distance between the probe and the sample: 20 wm; step size, 50 um; scan

rate, 17 um s
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Figure6. (A) pH distribution map and (B) optical micrograph taken above the AZ63 strip of an
AZ63-Fe galvanic pair immersed in 1 mM NaCl. The localized pMg measurements were
performed using a double-barrel probe containing a solid-contact Mg ion-selective ME and an
Ag/AgCl micro-reference electrode. Distance between the probe and the sample: 20 um; step

size, 50 um; scan rate, 17 pms™.
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Figure 7. Simultaneous imaging of (A) Mg”" and (B) pH distributions above a spontaneously
corroding AZ63 strip immersed in 1 mM NaCl obtained. They were recorded using the novel
triple-barrel probe that contains a solid-contact Mg ion-selective ME, an antimony ME and an
Ag/AgCl micro-reference electrode. Distance between the probe and the sample: 20 um; step
size, 50 wm; scan rate, 17 um s, (C) Optical micrograph taken above the AZ63 strip after
recording the SECM maps shown in (A) and (B). The arrows drawn in the pictures assist the
comments made in the text.
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Figure 8. Selected line scans displaying Mg*" and pH distributions occurring above the AZ63

strip of an AZ63-Fe galvanic pair immersed in 1 mM NaCl. The line scans were recorded using

the novel triple-barrel probe that contains a solid-contact Mg ion-selective ME, an antimony ME

and a Ag/AgCl micro-reference electrode. Distance between the probe and the sample: 20 pum;

step size, 50 um; scan rate, 17 um s
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