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Abstract

A new method for the spatially-resolved measurement of pH during corrosion processes with the
scanning electrochemical microscope (SECM) is presented. Antimony tips are employed because
the dual-function characteristics of this material allow the combined amperometric/potentiometric
operation of the SECM. The applicability of this technique is illustrated by considering the galvanic
corrosion of a model zinc-iron pair immersed in 0.1 M NaCl aqueous solution. Spatially resolved
images of pH and oxygen concentration above the metal specimens could be obtained in the same
experiment.
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1. Introduction

Local microcells are formed during the spontaneous corrosion of metals exposed to aqueous
environments. That is, spatial distributions of anodes and cathodes on the metallic surface are
developed when the material is left at its open circuit potential. The metal is oxidized at the anodes,
whereas the corrosion process is maintained by the reduction of some species from the
environment at the cathodes (for instance, oxygen in neutral and moderately alkaline media, or
protons in acidic solutions). Because the corroding metal usually produces M?* cations transferred
under diffusion control at the anodic sites, the system can be studied by SECM [1-3]. This fact has
been exploited to image metastable pits on austenitic steel in situ by SECM at the open-circuit
potential [4], and to detect metal dissolution either from inclusions in alloys [5-7] or from defects in
polymer-coated metals [8-10]. On the other hand, in a neutral aqueous environment, oxygen from
the electrolyte is consumed at the cathodic areas, and the reaction may be detected by the
scanning tip as local depletion of the oxygen concentration in the electrolyte adjacent to cathodic
sites [11-15]. These studies have gathered new spatially-resolved information on the mechanisms
of localized corrosion reactions in overwhelming cases employing metal microdisks as the tip and
the amperometric operation of the SECM. That is, the electrochemical information is obtained from
the measurement of the faradaic current flowing in the ultramicroelectrode tip as a function of either
time or its location above the sample.

Corrosion processes are very sensitive to pH, and the progress of the corrosion reactions
may produce changes in the pH of the environment too. Cathodic half-cell reactions often involve a
progressive alkalinisation of the electrolyte, either by consuming protons if the electrolyte is
originally acidic, or by releasing hydroxyl ions in the case of neutral or alkaline solutions.
Additionally, the corrosion of the metal at the anodic sites results in the generation of metal ions,
and some of them undergo hydrolysis reactions with the agueous environment, producing local
acidification of the medium. Thus, the measurement of pH in the vicinity of a corroding surface and
its visualization as a function of the location at the surface, and its evolution with time are of major
interest to a better understanding of the corrosion processes in micrometric and submicrometric
scales.

Though pH imaging is possible by using SECM in potentiometric operation since an
antimony tip was developed for ion-selective potentiometric microscopy in 1993 [16], this method
has not been applied in Corrosion Science yet. The electric potential of this material changes in
response to variations in the acidity of the environment due to its tendency to be coated by a Sb,03
film. Thus, antimony tips have been employed as pH sensor in SECM for the characterization of a
variety of systems [17-19], as well as microsensors for other techniques [20-28]. Due to the metallic
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properties of antimony, tips from this material can also be employed in amperometric SECM to
image the topography of the substrates under investigation [16,18], thus allowing more information
to be gained from these systems. That is, antimony tips are dual-function microelectrodes applicable
for both amperometric and potentiometric SECM. This is a major advantage compared to other
ISMEs employed for pH monitoring in SECM which can only be employed for the potentiometric
operation [29-34] or with the scanning ion-selective electrode technique (SIET) [35,36]. This dual-
function property has application not only for SECM, because it has been employed for the
detection of heavy metals with square-wave voltammetry when carbon-based microelectrodes were
coated with antimony thin films [37-39].

In this work we are reporting preliminary results obtained from SECM measurements with an
antimony tip to characterize a model corrosion reaction. The experimental system selected for this
work was the galvanic corrosion of a zinc-iron pair, an experimental system previously characterized
by amperometric SECM [12], scanning vibrating electrode technique (SVET) [12,40], and SIET [36].
The dual function of the tip material was explored for the combined potentiometric monitoring of pH

distributions and the amperometric detection of dissolved oxygen employed as redox mediator [13].

2. Experimental

Antimony microelectrodes were made of two parts as shown in Figure 1. The outer glass
capillary provides the electric connection, whereas the actual antimony tip is inserted into the lumen
of the first. High purity antimony in powder presentation (266329, Aldrich) and borosilicate glass
capillaries (B200-116-10, Sutter Instruments, Novato, CA, USA) were used.

The fabrication of the microelectrode is initiated by heating the antimony powder in a melting
pot with the help of a gas flame. When antimony melts, one glass capillary is filled with it using
syringe suction. The filled capillary is then pulled using metallic tweezers to produce a smaller size
glass capillary filled with antimony. Further pulling with a micropipette puller (mod. P-30/P, Sutter)
allowed one section of this conic tip, with an approximate diameter of 15 — 20 ym, to be fabricated.
A second glass capillary was also pulled to produce at its end a capillary of dia. 100 ym, and the
antimony tip was next inserted in its lumen with the tip reaching out for about 15 mm, and about 20
mm long staying in the lumen. Mercury metal and the copper wire were then inserted into the lumen
of the thicker capillary to provide electrical contact. Loctite adhesive was used to seal both ends.

In this work, we investigated the corrosion behaviour of a zinc-iron galvanic pair. The
samples were prepared from high purity strips of each metal supplied as sheets by Goodfellow
Materials Ltd. (Cambridge, UK), with nominal purities of 99.5% for iron and 99% for zinc. The metals
were cut into 1x1 mm? strips, and mounted in an Epofix epoxy sleeve (Struers, Ballerup, Denmark)
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with a separation of ca. 1 mm between them. The mounts with the samples were polished with
silicon carbide paper down to 800 grit, and subsequently polished with alumina micropolish of 1 and
of 0.3 um particle size. The resulting surfaces were thoroughly rinsed with Millipore deionised water,
dried with acetone and finally surrounded laterally by sellotape, thus creating a small container for
the test electrolyte solution. The two metals were electrically connected at the back of the epoxy
mount to form a galvanic couple. The electrochemical cell was completed with an Ag/AgCl, 3M KCI
reference electrode, and a platinum wire as the counter electrode.

A home-built SECM system was employed [17], using a 3D positioning device driven by
precision step motors with 75 nm minimal step size. A video camera was used to further assist
positioning of the tip close to the surface. The distance between the tip and the substrate was
established by allowing the probe to gently rest on the sample, and subsequently the probe was
retreated to the chosen operation distance with the aid of the Z-positioning motor. Tip-surface
distance was also estimated using the negative feedback function measured for the oxygen
reduction current when the tip was located over the epoxy part. Selected experiments were also
performed using a platinum microelectrode of 25 um diameter to check the effect of the metal used
to build the tip in amperometric SECM.

Reagents of analytical grade and bidistilled water were employed to prepare all the
solutions. The pH calibration of the antimony microelectrodes was made in the buffer solutions
listed in Table 1. They were prepared from 0.1 M solutions of the basic species, and the pH was
adjusted by adding HCI. Corrosion tests were carried out in aqueous 0.1 M NaCl solution.

3. Results and discussion

3.1. Calibration of the antimony microelectrode

Antimony microelectrodes were calibrated by measuring their open circuit potentials in the
buffer solutions given in Table 1. The typical calibration procedure was performed by introducing the
microelectrode in a sequence of buffer solutions initiated with the most alkaline solution. In this way,
the tip was exposed to solutions of increased acidity as shown in Figure 2. The overpotential values
observed in the plot occurred upon electrolyte exchange, and next the electrode attained a steady
potential value in each solution. No steady value of the electrode potential could be observed when
it was introduced in the buffer solution of pH 3.07, because the antimony electrode was not stable in
this medium due to acid attack. In this medium, the initial potential value in the transient was taken
for calibration purposes. Finally, the electrode was reintroduced in the most alkaline buffer solution
to check the reproducibility of its potential response. The potential value measured after a quite
short stabilization period was the same as that recorded at the beginning of the experiment within
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experimental error of 1.5 mV. With the potential values taken from each buffer solution, the
calibration plot shown in the inset of the figure was drawn. It can be observed that there is a linear
relationship between the potential of the antimony tip and the solution pH in the interval between 3

and 11.5. The slope of the plot amounts 46.1 mV/pH unit.

3.2. SECM visualization of pH and oxygen concentration distributions during the galvanic corrosion
of a zinc-iron pair

The dual function of the antimony microelectrode used as tip in scanning electrochemical
microscopy was explored on a zinc-iron galvanic pair immersed in naturally aerated 0.1 M NaCl
solution at ambient temperature. The tip-substrate distance was established by allowing the
antimony tip to gently rest on the surface of the epoxy sleeve half way between the two metals.
After the tip was retreated to a height of 25 um, SECM scan lines or arrays were registered above
the zinc specimen by scanning the tip parallel to the surface.

Figure 3 displays the pH values measured with the antimony tip operated in potentiometric
mode while scanning a line passing above the centre of the two metals after they have been
immersed in the test solution for about 120 min. Alkalinisation of the electrolyte occurred in the
proximity of the iron sample, which is the nobler metal in the galvanic pair. Thus, the cathodic
process takes place on this metal. In an acidic electrolyte, protons are removed from the electrolyte

as they are electroreduced to hydrogen at the cathodic sites:

2H* + 2e° — Ha(g) (1)

whereas in neutral and alkaline environments, the electroreduction of dissolved oxygen releases

hydroxide ions into the solution according to:

0, + 4H,0 + 4e — 40H- 2)

Since the initial electrolyte is slightly acidic, equation (1) could be considered to occur first on the
surface of iron, followed by the electroreduction of oxygen at a later stage. Yet, the simultaneous
occurrence of oxygen electroreduction can be checked by using the antimony microelectrode as
conventional tip in amperometric SECM. In this case, the potential of the tip was set at -0.65 V vs.
(Ag/AgCl, 3M KCI) to detect the concentration distribution of dissolved oxygen above the iron
sample. The same feature is clearly observed when the current value normalized to the bulk current
(I/lim) during a scan line taken over the centre of the image, was determined with the antimony
microelectrode (see Figure 4A). In the later, the Y axis has been inversed to show smaller cathodic
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faradaic currents to fall lower in the graph, thus effectively corresponding to lower oxygen contents.
In order to check the validity of this method, a platinum tip was also employed. The scan array given
in Figure 4B displays a region of depleted oxygen concentration extending over the dimensions of
the iron sample as recorded with the platinum microelectrode. In summary, oxygen is consumed at
the cathodic sites through equation (2) at a higher rate than diffusion can supply it from the bulk of
the electrolyte. Thus, the consumption of oxygen can be monitored by amperometric SECM with
antimony tips as they provide the same results than conventional platinum microelectrodes.

The alkalinisation process continues with the elapse of time for the duration of the
experiment, and even higher pH values are measured after 26 hours immersion of the galvanic pair
in the electrolyte. The distribution of pH from the surface towards the bulk of the electrolyte can be
obtained simply by stepwise changing the tip-sample distance during the measurements. This
procedure is illustrated in Figure 5A which corresponds to the tip positioned directly above the
center of the iron specimen. The tip was first removed from the vicinity of the surface to a distance
of 900 um, and then the direction of the tip movement was reversed for the probe to approach the
surface again. The pH drops by almost 4 units during the retreating movement from the iron surface,
whereas a stationary value is observed in the approach scan for distances in excess of 400 um.
This pH value corresponds to the bulk electrolyte after the galvanic corrosion process has
proceeded for 26 hours. At shorter distances, a fast increase of pH values is observed as the tip
continues approaching the iron surface until the initial value on the proximity of the metal is
measured again. The two pH-distance curves obtained during retreat and subsequent approach of
the tip to the surface thus describe a hysteresis loop. The origin of this feature can be attributed to
the movement of the electrolyte that produces convective effects in the electrolyte. The slower
decay of pH from the surface to the bulk electrolyte during the retreating movement happens
because the tip leaves a hydroxide-rich region that constitutes the confined electrolyte volume
formed between the tip and the iron surface for the previous 26 hours, and thus its movement is
accompanied by a portion of this electrolyte that dilutes slower than the tip moves from the surface.
This effect is less pronounced during the approach movement as the tip moves from a volume with
very small concentration of hydroxide ions to much richer concentrations. The response time of
most sensors is smaller in direction of concentration increase than in the opposite direction. The
dilution effects due to tip movement are below the detection limit of the experimental technique in
this case.

The spatial distribution of pH can be imaged when scan arrays are measured instead. They
can be recorded either in a plane parallel to the surface, the arrays effectively being a composition
of scan lines as that constituting Figure 3, or in a plane perpendicular to the surface. In the later
case, the distribution of pH from the surface into the electrolyte is imaged instead. Figure 6 shows

the pH distribution obtained above the iron sample. The map is composed by scan lines registered
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at different distances from the surface. Since the distance covered in each scan line is rather long to
allow the pH distribution to be appreciated over a large area of the system, rather long acquisition
times were required to measure each scan line, and they were registered only at some selected
heights. Yet the spatial distribution of pH values from the surface into the bulk electrolyte can be
clearly observed from the inspection of this image.

The pH distribution over the zinc sample was also investigated. The pH distribution over this
metal looks almost homogeneous from the observation of the scan arrays, even for the longest
exposures as shown in Figure 7. Nevertheless, some distribution of pH values occurs above the
zinc sample when the data are plotted with greater resolution (cf. inset in Figure 3). Thus, some
acidification happens in this case, though the magnitude of this effect is significantly smaller than
the alkalinisation process occurring at the cathode. Furthermore, the pH distribution over the metal
remains quite homogeneous over its whole surface. It is concluded that metal dissolution occurs at

the surface of the zinc specimen according to reaction:

Zn — Zn** + 2e (3)

The dissolution process does not produce a variation in the pH of the electrolyte as given by
equation (3), unless a certain amount of the released metal ions undergo hydrolysis in the

electrolyte as given by:

Zn?* + nH,O — Zn(OH),?" + nH* 4)

In this case, local acidification of the electrolyte would happen in the proximity of the zinc electrode.
Though the bulk electrolyte becomes progressively more alkaline with the elapse of time as
shown above, the zinc surface remains slightly more acidic than the bulk even after 27 hours. This
fact can be easily observed from the retreat and subsequent approach plots shown in Figure 5B,
which were measured with the tip located above the centre of the zinc specimen. The small
concentration variations occurring in this case are not significantly affected by the mechanical

movement of the tip, and both plots lie very close to each other.

4. Conclusions

The use of an antimony microelectrode as tip in a scanning electrochemical microscope greatly
enhances the information gathered on corrosion reactions by allowing the spatial distribution of pH
to be imaged (quasi) simultaneously to the conventional amperometric operation of the instrument
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in the generation-collection mode. This new methodology can be used to investigate a wide variety
of corrosion systems, though its most immediate application can be found in the characterization of
the sacrificial protection imparted by zinc to iron-base alloys in general, and to galvanized steels in

particular.
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Figure 1
Sketch of the antimony microelectrode.
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Dynamic response transients of the antimony microelectrode to pH. The pH changes were made by
replacing the buffer solutions described in Table 1. The inset depicts the resulting calibration plot.
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Potentiometric scan line of the antimony probe tip above the zinc-iron galvanic couple after 3 hours
immersion in 0.1 M NaCl. The inset shows the pH variation measured above the zinc sample with
greater resolution. Tip-sample distance: 25 pm; scan rate: 5 pm/s.
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Distribution of oxygen concentration above the iron sample immersed in 0.1 M NacCl for 7 hours.
SECM operating amperometrically by setting the tip potential at -0.65 V vs. (Ag/AgCl, 3M KCI). Tip-
sample distance: 25 um. (A) SECM map depicting the absolute current measured at a platinum
microelectrode; scan rate: 30 ym/s. (B) scan line depicting the normalized current (I/lim) for a trip of
the antimony tip along X axis passing over the centre of the sample; scan rate: 5 ym/s.
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Figure 6

pH distribution in a plane perpendicular to the surface of the iron specimen 22 hours registered after
the iron-zinc pair has been immersed in 0.1 M NaCl during. Lateral scanning rate 5 ym/s. In order to
shorten experimental time only 8 lateral scans at different distances were performed.
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Figure 7
pH distribution in a plane parallel to the surface of the zinc specimen after the iron-zinc pair has
been immersed in 0.1 M NaCl during 7 hours.
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