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ARTICLE INFO ABSTRACT

Keywords: A novel dynamic method for the chemical imaging of actively corroding metal surfaces using scanning elec-
Scanning electrochemical microscopy trochemical microscopy (SECM) is proposed by using CV-SECM and SWV-SECM. This consists of an adequate
Copper coupling of a repetitive voltammetric operation at the SECM tip while conducting the rastering routine for
Benzotriazole . . a1 . X .
N scanning a reactive copper surface, as well as its inhibition by benzotriazole. In this method, gold microelec-
Corrosion inhibition . . R . .
Voltammetry trodes are employed as SECM tips, and therefore their electrochemical behaviour towards collection and

redissolution of Cu?" ions from synthetic solutions containing Cu?" ions. Next, the dynamic application of
voltammetric methods for the collection and stripping of copper on the Au probes while mapping copper surfaces
was investigated. The proof of concept first involved continuous cyclic voltammetry (CV-SECM) in an acidified
NaCl solution, in terms of Cu?" dissolution and surface redox activity (with SECM in the feedback mode). Then,
square wave voltammetry (SWV-SECM) was used to detect small copper dissolution from corroding and
inhibitor-protected metal surfaces. The results are consistent with a heterogeneous nature of copper degradation
and the development of protective films and passive layers.

Gold microelectrode
Copper deposition
Anodic stripping

1. Introduction

Since the invention of scanning electrochemical microscopy (SECM),
which uses microelectrodes as probes to detect electrochemical reac-
tivity at metal/electrolyte interfaces [1,2], remarkable advances have
been made in the science of corrosion [3] by providing images of local
electrochemical reactivities on reactive surfaces which greatly
contribute to the resolution of the ongoing mechanisms [3,4]. In this
process, exploitation of the wide variety of operation modes available in
the technique should be crucial. However, SECM has mainly been
applied in corrosion systems using the traditional feedback mode, even
though the conversion of redox mediators in the probe can significantly
change the spontaneous mixed potential state of the freely corroding
system [5]. The application of other amperometric modes such as sub-
strate generation-tip collection (SG-TC) and redox competition
(RC-SECM) have increased the versatility of the technique for the

characterization of various forms of corrosion and protection phenom-
ena which are reviewed elsewhere [3,6].

Interestingly enough, the application of operations modes other than
feedback for the study of the effect of chemical corrosion inhibitors on
the protection of metals has still been little explored. In fact, since the
first investigations of Kontturi and coworkers [7-9] and Izquierdo et al.
[10,11] in the inhibition of copper corrosion, all subsequent research for
the screening of new inhibitor systems and their adsorption kinetics [12]
are based exclusively on the feedback mode, that implies the addition of
a redox mediator to the test electrolyte. As enlightening as it may be in
revealing surface properties, this strategy would preferably be com-
plemented by chemically resolving the species involved in heteroge-
neous surface reactions, using at least SG-TC to discern the local release
of metal cations from the anodic active sites in order to address the
achieved protectiveness. Only recently has our group explored the
complementary use of SECM amperometric modes to image local
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cathodic activity when studying a corroding galvanic couple model
system subjected to chemical inhibition [13].

Concerning the local determination of metal cations, mercury-
modified microelectrodes have proven to be very efficient for the local
detection of species whose amperometric determination is not
straightforward with conventional microdisc electrodes. Particular
attention has been paid to alkali metals involved in energy storage [14,
15], the release of Zn from corroding surfaces [16,17] or ZnSe wave-
guides [18], amongst other species from inorganic materials [19] and
soil [20], the latter including copper(II). All these studies share the need
to modify the microdisc electrode with a toxic element (mercury), thus
generating a highly selective electroanalytical tool at the expense of
complexity. Alternatively, the potentiometric mode of SECM and the
scanning ion electrode technique (SIET) have emerged in recent years as
promising alternatives for the selective determination of those ions
using microsensors based on ionophore cocktails for the potentiometric
characterization of materials [21-24], also implementing the potentio-
metric determination of Cu?* [25].

Regarding copper corrosion inhibitor systems, the desired detection
of aqueous copper ions using mercury-free electrodes has been
attempted using under- or over-potential deposition (UPD and OPD,
respectively) on (micro-) gold electrodes, followed by an anodic strip-
ping process [26,27], a procedure recently implemented in a
carbon-based microelectrode as well [28]. This electroanalytical pro-
cedure has also been implemented in SECM [29,30] and AFM-SECM [31,
32] under potentiostatic conditions, although it required subsequent
anodic stripping of the deposited copper from the tip at the end of a line
scan, an operation which is performed after retrieval of the tip from the
proximity of the investigated sample to be placed in the bulk of the
solution. However, unavoidable fouling of the probe would immediately
alter the actual response of the sensor while the scan is in progress. The
continued removal of deposited copper during the measurement there-
fore seems crucial to recover a clean microelectrode as to continue im-
aging the sample under study. To overcome this limitation, the SG-TC
operation in SECM must be sequentially combined with anodic disso-
lution steps performed dynamically during scan acquisition, rather than
at the end of the scan. But agaom they must be carried out by retrieving
the tip from the sample to prevent the released copper ions from reacting
with the surface studied. Such potentiodynamic procedures have been
performed, although they primarily involved mercury-modified elec-
trodes for battery research [14,15,33], the characterization of soil/so-
lution interphases [20] and model samples releasing heavy metals [34].
The latter was performed by fast scan cyclic voltammetry combined with
SECM (FSCV-SECM) capable of almost simultaneously revealing various
species (e.g., dissolved oxygen) and surface properties (i.e., feedback
mode). The proof of principle of FSCV-SECM has been demonstrated,
and the technique has been exploited with bare Pt, Au and carbon fibre
microdisc electrodes to assess the biological activity of individual cells
(macrophages) [35-37]. But, to our knowledge, no attempt has been
made to use a similar potentiodynamic method on material substrates
with conventional mercury-free microdisc electrodes.

In the present work, CV-SECM and SWV-SECM were explored as
promising methodologies to locally determine the release of Cu®>* from
copper surfaces subjected to corrosive attack in acidic NaCl solution,
avoiding the fouling of the tip resulting from copper conversion on the
microdisc. Since a freely corroding surface evolves faster than the time
required to record a complete voltammogram at each scan point fol-
lowed by tip retrieval from the surface for metal stripping, making the
process of acquiring each pixel in the scan grid quite long compared to
the time scale of surface modification resulting from the corrosion
process, the CV-SECM and SWV-SECM methods had to be modified to
perform the entire sequence of steps simultaneously to scanning the
surface under a constant tip-sample distance condition. Then, in order to
avoid local modification of the corroding surface by the stripped copper
ions in the confined electrolyte volume between the tip and the sample,
the tip must move parallel to the surface at a sufficiently high scan rate
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to facilitate mixing by convection. This has been achieved by dynami-
cally coupling the rates corresponding to the movement of the tip during
scanning and those of the voltammetric potential sweep. Accordingly,
CV-SECM was used to correlate the anodic dissolution of copper with the
loss of surface reactivity to charge transfer, taking advantage of SG-TC
and feedback responses in selected potential ranges. Next, SWV-SECM
was applied to determine copper(Il) cations that evolve from pristine
copper and benzotriazole-copper model system upon exposure to acidic
chloride-containing media.

2. Experimental

A copper foil of thickness 1 mm and 99.99 % purity supplied by
Goodfellow (Cambridge, UK) was cut into quadratic prisms and placed
vertically in a hollow cylindrical rubber container closed by a wax film
at one side, to serve as a mould for embedding the metal in epoxy resin
(EpofixKit, Struers, Denmark). The mould was removed after 24 h, of-
fering in the upper part a flat copper surface surrounded by epoxy resin
with an approximate area of 1-2 mm?, while an electrical contact was
established with the other end of the copper prism that protrudes from
the back of the epoxy sleeve. The surface of the copper sample was
mechanically abraded with 800, 2500 and 4000 grit silicon carbide
papers, then polished with alumina and rinsed with ethanol in an ul-
trasonic bath for 10 min and dried in air.

Benzotriazole (BTAH; Avocado Research Chemical Ltd, Heysham,
UK) and ferrocenemethanol (Aldrich, St. Louis, MO, USA) were used as
received. Analytical grade potassium chloride (KCl), sodium chloride
(NaCl), copper chloride (CuCly), hydrochloric acid (HCl) and sodium
perchlorate (NaClO4) were employed to prepare the base aqueous
electrolytes. All aqueous solutions were prepared with ultra-pure water
purified using a Milli-Q system from Millipore (Burlington, MA, USA).
All measurements were performed at room temperature in naturally
aerated solutions.

Gold microelectrodes with 10 pm diameter disc embedded in glass
capillaries were used for measurements in bulk solution and SECM
operation. Conventional electrochemical measurements were performed
in the three-electrode configuration, with the gold microelectrode as the
working electrode 1 (WE#1), an Ag/AgCl/KCl (sat.) electrode as refer-
ence, and a platinum grid as the auxiliary electrode. All potential values
in this work are referred to the Ag/AgCl/KCl (sat.) reference. CV and
SWV were first performed in bulk solutions in order to evaluate the
behaviour of the gold microelectrode, using a uStat 8000 potentiostat
(Dropsens, Oviedo, Spain). The parameters for the SWV were: 4 mV step
increment, 25 mV pulse amplitude and 20 Hz frequency. The collection
efficiency of the Au probe for copper reduction was investigated by
adding x mM CuCl, (with values of x: 0.01, 0.1, 1, 10, and 100) to the
3.5 wt.% NaCl test solution. All tests and corrosion experiments were
conducted ensuring that pH was adjusted at 3.5 by adding minute
amounts of a concentrated HCl solution.

SECM measurements were performed with a high resolution SECM
device (Sensolytics, Bochum, Germany), receiving the analogic outputs
of a CHI900 potentiostat (CH-Instruments, Austin, TX) as electro-
chemical interface, all controlled by personal computer. The electro-
chemical interface effectively functioned as a bipotentiostat, allowing
both the gold microelectrode and the copper sample to be individually
biased as WE#1 and WE#2, respectively. The small electrochemical cell
was built by fixing with fast-curing silicone a hollow cylindrical meth-
acrylate mould on top of the epoxy resin sleeve that surrounds the
copper surface, thus producing a container for approximately 4 mL of
the test electrolyte. The electrochemical configuration was completed
with an Ag/AgCl/KCl (sat.) electrode as reference and a platinum wire
as auxiliary. Ferrocenemethanol was used as the redox mediator for
sample localization, establishing the tip height and to image the surface
in situ. The electrolyte was 0.1 M NaClO4 + 0.5 mM ferrocenemethanol
solution, and the potential of the tip was set at +0.50 V for the diffusion-
limited oxidation of ferrocenemethanol. The choice of a chloride-free
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solution for this ex situ step aimed to avoid the initiation of copper
corrosion during this positioning step. First, the operating tip-substrate
distance was established using the feedback mode of SECM by
recording several approach curves at selected locations on the sample
above the surrounding epoxy resin sleeve, ensuring that tilt was negli-
gible. In this way, precise sample positioning and tip-sample distancing
were achieved.

Once the tip was retrieved to a safe and controlled distance from the
substrate, electrolyte replacement was conducted by replacing the so-
lution with 3.5 wt.% NaCl (pH 3.5) as the test environment. Inhibition
tests and feedback mode response were investigated by adding 1 mM
BTAH and 0.5 mM ferrocenemethanol to this solution, respectively.
During this step, the SECM was operated using the bipotentiostat option,
so that the substrate potential could be controlled at desired fixed values
as WE#2, whereas potentiodynamic perturbation was continuously
applied to the rastering SECM probe at 30 um s~ *. That is, the probe was
moving in the X-Y plane while simultaneously conducting voltammetric
measurements. This potentiodynamic perturbation at the tip consisted
of either cyclic voltammograms (CV—SECM) between —0.50 to +0.50 V
vs. Ag/AgCl/KCl (sat.) at a sweep rate of 0.1 V s™1; or square wave
voltammograms (SWV—SECM) from —0.40 V to +0.50 V vs. Ag/AgCl/
KCl (sat.) using the same parameters as described above for the tests in
the bulk solution. While scanning in the SWV-SECM mode, unless
otherwise stated, each SWV was preceded by a 10-second deposition
step at —0.40 V vs. Ag/AgCl/KCl (sat.). This manner, the SG-TC mode
was exploited to collect the releasing Cu®?" ions upon intermittent
application of cathodic potential, and next the metallic copper was
anodically redissolved from the probe during the same scan acquisition.

3. Results and discussion
3.1. Electrochemical behaviours of gold electrodes for copper collection

The UPD response of gold macroelectrodes toward copper(Il) is well
characterized, and the shape of the CV has also been explained in the
case of gold microwires [38-41], while gold microdiscs have been
mainly employed with pulsed stripping techniques [26,42]. Yet, it
should be noted that, if the gold microelectrode was to be employed as
the measuring tip for SECM operation, the tip will be placed in close
proximity to the surface being studied, thus confining a very small
volume of electrolyte solution between the tip and the sample. Next,
corrosion processes result from the establishment of local microcells of
micrometric (and sometimes even submicrometric) dimensions [43].
Since the anodic sites are initially limited in extension and activity, the
dissolved metal ion concentrations can be found smaller than ppm in the
bulk of the electrolyte [44]. However, all of these ions arise from a very
small surface area which, when placed under the tip of the SECM, de-
fines a minute volume of electrolyte. Consequently, it is in this highly
concentrated electrolyte that potentiometric measurements have shown
concentrations sometimes of the order of 1 mole per litre [25,45,46]. As
the objective of this work is to identify and monitor reactive sites, a
possible accumulation of high local concentrations below the tip must be
expected. Therefore, a concentration of Cu?* ions of 100 mM was
considered feasible and adequate for the characterization of the elec-
trochemical behaviour of a gold microelectrode for tip operation in
SECM. A 10 ym diameter gold microdisc electrode was then evaluated in
3.5 wt.% NaCl solution as well as with the addition of 100 mM CuCls,
and it is shown in Fig. 1. The labels indicate the sequence of events
during the measurements, started from 0 V (labelled as 1 in the Figure)
and first reversed at —0.50 V.

In the absence of dissolved copper, only the onset of the O, reduction
wave was observed in the selected potential window (red curve and inset
in Fig. 1), as expected. For the voltammogram measured in the solution
containing 100 mM CuClj (black curve), the onset of copper reduction is
seen from potential corresponding to label 2, reaching an inflection
point that reflects mass transfer (diffusion) control at ca. —0.30 V (label
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Fig. 1. Cyclic voltammograms (CV) recorded for a gold microelectrode in 3.5
wt.% NaCl and in 3.5 wt.% NaCl + 100 mM CuCl, solutions (acidified to pH
3.5). The inset shows an amplification of the plot obtained in the 3.5 wt.% NaCl
solution (i.e., without CuCl,.). Potential sweep rate: 0.05 V s~1. Diameter of the
gold microdisc electrode: 10 pm. See the body of the manuscript for the
meaning of labels 1-6.

3). From this point, the Cu®* ions that reach the microelectrode are
electrodeposited on its surface, thus increasing its active area and sub-
sequently the detected cathodic current. This increase in cathodic cur-
rent is observed even after reversal of the potential sweep, before a
reoxidation peak occurs when potential is sufficiently anodic. Such
observation of increasing cathodic current despite reversal of the po-
tential ramp before anodic stripping is consistent with other reports on
the deposition and dissolution of copper on gold microelectrodes in
aqueous or ethanolic solutions [30,47], also common for platinum
sensors [48,49].

The continuous electrodeposition of copper that occurs between la-
bels 2 and 4 limits the validation of the concentration estimations from
current responses, as constrains apply since the microdisc dimensions do
not remain constant. Such estimations could only be considered feasible
for the limiting current measured just at the inflection point at label 3 (at
approximately -0.30 V in Fig. 1), when the copper has not yet modified
the surface morphology of the gold microdisc. Here, the current is ex-
pected to follow the equation:

Iim = 4nFDcr (€8]

where i}y, is the limiting diffusion-controlled current, F is the Faraday
constant, n the number of exchanged electrons, D the diffusion coeffi-
cient of the converted species, c its concentration, and r the microdisc
radius. Although monovalent copper species are expected in chloride-
rich environments, it can be assumed that cathodic potentials of
-0.30 V or greater lead to the exchange of two electrons [50-52].
Therefore, considering a diffusion coefficient value of 6.20 x 10" cm?
s for Cu®" in aqueous solution [53], the current recorded at —0.30 V in
Fig. 1, which amounts —0.25 pA, gives an apparent concentration value
of 105 mM, in good agreement with the concentration of copper avail-
able for reduction in the solution.

Concerning the response in the SWV, Fig. 2 illustrates the optimi-
zation of the deposition time (tg) at —0.40 V for a solution containing
0.1 mM CuCl,. The oxidation peaks are observed in two different po-
tential ranges, namely —0.20 < E < 0 V and 0.30 < E < 0.40 V. Ac-
cording to the literature, the peaks appearing for 0.30 < E < 0.40 V
correspond to the oxidation of the copper collected by underpotential
deposition (UPD), a signal frequently exploited for copper quantification
using gold electrodes [53-55], including microwires [26,38,41,56] and
microdisc geometries [29]. Indeed, all of these studies demonstrate the
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Fig. 2. Square wave voltammograms (SWV’s) recorded for a gold microelec-
trode in 3.5 wt.% NaCl + 0.1 mM CuCl, solution (acidified to pH 3.5) for
different deposition times as shown.

possibilities for copper determination down to the micromolar range,
rather than the higher millimolar concentration values considered in
this work, which can otherwise be found locally at actively corroding
surface sites as described before [25]. In contrast, voltammetric peak
signals in the potential window —0.20 < E < 0 V are less frequently
reported in the literature [57]. In our observations, the deposition time
appears to only affect the signals recorded at less positive potentials,
while the size and shape of the peak in the expected range around +0.35
V remains unchanged. Assuming that the latter actually corresponds to
the signal resulting from the reoxidation of the copper collected by UPD,
that is to say the first monolayer of copper deposited directly on the
surface of the gold microdisc, it is reasonable that the surface of bare
gold becomes saturated with copper after a rather short deposition time.
In contrast, signals with lower anodic potentials (—0.20 < E < 0 V) may
arise from oxidation in which Cu-Cu bonds are broken under less ener-
getic conditions. This is supported by previous observations in the
literature using microdisc electrodes [42,58], where the matrix effect
was suggested to be the responsible phenomenon. In fact, variations in
concentration and deposition time ranges revealed features aligned with
the possible duplicity of peaks when the gold surface reaches apparent
saturation [59], which was proposed as the most likely result when
using AFM-SECM electrodes for the calibration of copper concentration
based on the potential deposition signal [31,32]. With those very small
electrode areas, the signals arising from the UPD may thus become
negligible compared to the signal resulting from the cleavage of Cu-Cu
bonds.

In fact, simple application of Faraday’s laws and use of common
physicochemical properties of copper (i.e. atomic weight 63.546 g
mole ™, density 8.96 g cm %) predict that a total charge of 6 x 1071° C s
enough to theoretically achieve the formation of a compact copper
monolayer with a thickness approximately equal to the diameter of one
copper atom (i.e., 280 pm). In theory, no more than 2.5 s deposition time
is required if a limiting current of —-0.24 nA is maintained, which results
from applying Eq. (1) for the conversion of 0.1 mM Cu?* at the probe.
For the geometric conditions of the gold microdisc, the selected poten-
tial of -0.40 V may be sufficient to achieve approximate diffusion-
controlled current values (see Fig. 1). Thus, only the stripping peaks
recorded below —0.10 V in the voltammogram of Fig. 2 and other results
of this work, resulting from the breakdown of Cu-Cu bonds, would
provide information which is not limited by the saturation coverage of
the gold microdisc surface (i.e. it is not from copper UPD). Then, to avoid
excessive copper deposition, which would severely modify the
morphology of the probe during scanning, a deposition time of 10 s was
selected for the SWV-SECM operation.
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Although quantitative calibration is beyond the scope of this work,
the trends of the signals with respect to the Cu?* concentration in the
bulk solution were tentatively explored using the scarce data available
in the literature. By using semi-logarithmic plots, the integrated peak
areas (determined from CV and SWV measurements) and the limiting
current reached at ca. —0.30 V (from CV measurements) were correlated
to the concentration of copper ions in Fig. 3. Dotted lines reflect linear
fits for all the parameters (RZ = 0.999), except for the integration of the
SWV peak in the potential window corresponding to the oxidation of the
Cu-Au bond (labelled Q; in Fig. 3B, left axis). The latter is affected by the
saturation of the gold microdisc. The slope of the proportional trend
between i), and concentration (Fig. 3A, right axis) gives 2.49 nA mM,
close to the theoretical value of 4 n F D r = 2.39 nA mM ! according to
Eq. (1). Although these results should be taken with caution due to lack
of analytical merits and validation, they demonstrate the ability of the
technique to provide at least semi-quantitative information on the
copper content from rapidly evolving Cu?* sources. Care must be taken
as complete recovery of the gold microdisc cannot be guaranteed, while
the formation of copper oxides and/or detachment of copper clusters
must be examined in more detail to address multiscale quantification.
Additional information on the linear fits derived from the semi-
quantitative estimations presented here is included in the Section S.1
of the Supporting Information, demonstrating the promising effective-
ness of the methodology proposed here.

3.2. CV-SECM study of copper corrosion in chloride solution

The information accessible via the variety of SECM modes depends
on the system under study and the electrical conditions attained by the
probe and the substrate. Therefore, multiple parameters can be accessed
sequentially by selecting potentiodynamic methods, i.e. performing CVs
at the probe sensor while rasterizing the surface of the substrate in a
coupled methodology as proposed in this work, that is actually a
modification of the known CV-SECM operation. The following novelties
were envisaged: (1) the tip-substrate distance is always kept constant
throughout the measurement process, including the deposition and
redissolution steps that occur at the tip during the voltammetric oper-
ation in each cycle. And (2) the SECM tip continuously scans the surface,
while the potential of the tip is scanned at a different sweeping rate for
the voltammetric operation. In this way, the deposition stage occurring
at the tip (corresponding to the active dissolution from the corroding
surface below), occurs at different locations of the surface studied from
those where the tip is during the redissolution stage (and no information
is obtained from the surface location just below). This methodology
involves some loss of spatial resolution because not all the points in the
X-Y grid will be rasterized while the tip is actually in the collecting re-
gion of the voltammograms. Then it is necessary to combine the spatial
rasterization rate with the sweep rate of the voltammetric measurement,
so that the points along one line of the grid without information on the
corrosive process (corresponding with the stripping stage at the tip), can
become accessible in the following line, when the tip passes near those
location while in the collection potential range of the sweep. Although
this is a simplified description, because there are other potentials values
in the voltammetric range where the tip neither collects nor redissolves
copper, this can be taken as an advantage for the method proposed in
our work. Fig. 4 shows sketches of the measurement principle applied
for a zig-zag (so-called, meander) movement of the SECM tip, as applied
in a real measurement within this work. This scheme also takes into
account the time required for the software to acquire the current and
potential data point for each grid position; the scanning rate of 30 um s
applies when tip moves from one point to the next.

Although this method effectively reduces the spatial resolution in the
X-Y scan map, since only collection of dissolving metal will occur at
certain places during each line (and not actively collecting data at all the
points along the line), it should allow a sufficiently fast collection of data
to properly identify and monitor the position of the active front or sites
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Fig. 4. Schematics of the potentiodynamic method based on CV-SECM proposed in this work. (A) 2D schematics with starting position labelled as *, dashed lines and
black arrows indicate the tip position and movement in the zig zag (so-called, meander) mode. (B) 3D schematics reflecting the actual potential at each X-Y position.

Voltammetric scans are not collected at each point of the X-Y scanning grid, but they are continuously recorded in a coupled way to the motion of the tip. Scan rate:
30 um s! in the X direction. Potential and current data-points are collected by the Sensolytics Software every 5 um.

in a dissolution process.

For CV-SECM operation, a primary consideration is the need for
sufficient copper release for detection by the occurrence of a reoxidation
peak such as those observed in Fig. 2. The associated features were
investigated using a copper surface shown in Fig. 5A, scanning the 500
x 500 um? area inside the yellow square drawn on this figure. Fig. 5B
shows the initial feedback scan recorded under potentiostatic conditions
(with the probe sensor polarized at +0.50 V) and maintaining the sub-
strate in its OCP in a solution of NaClO4 that contains ferrocenemetha-
nol, that is used only for surface location. The solution was then
carefully replaced with the test solution (acidified 3.5 wt.% NaCl, pH
3.5) also containing ferrocenemethanol as a redox mediator. A series of
CV-SECM scans were recorded while rastering the SECM probe above
the sample. Meanwhile, the copper substrate was held at a constant

potential. Figs. 5C and 5D show typical CV measurements acquired by
scanning over the insulating resin, the boundary region, or the copper
surface while polarized at —0.15 or —0.10 V, respectively. It is clear that
the increase of the anodic overpotential for WE#2 from Fig. 5C to 5D
favours the release of Cu?t, generating a diffusion-limited cathodic
signal accompanied by a reoxidation peak as the probe passes over the

copper surface.

Conscientious data processing and evaluation allowed the different
electrochemical signals of the CVs to be assigned to corresponding tip
positions on the scanned area. Although the intercomparison of such
signals is not straightforward, their representation relative to the probe
location allows a local estimation of the extent of copper degradation. A
small cathodic peak was observed at the tip potential of —0.20 V in
Fig. 5C under mildly corrosive conditions, and the diffusion-controlled
current around —0.35 V observed in Fig. 5D for strongly anodic sub-
strate polarization. Both of these signals could be attributed to concen-
tration gradients of local release of Cu®" ions, although the cathodic
signal in Fig. 5C must be taken with caution as the response is likely to be
affected by the onset of oxygen reduction, and in particular by pro-
gressive modification of the microdisc morphology while scanning.
Fig. 6 shows the values of the electrochemical signals observed in
Figs. 5C and 5D monitored during scan acquisition, limited to an area of
interest of 400 x 400 um? to optimize scan duration. The signals shown
are associated with the local release of copper cations via (i) the cathodic
peak area in Fig. 6A, of the peak around —0.20 V in Fig. 5C; (ii) the
diffusion cathodic current in Fig. 6B, of the cathodic current around
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Fig. 5. (A) Optical image of the studied copper surface. (B) SECM map in feedback mode of the yellow square drawn in (A) while the sample was exposed to a
solution of 0.1 M NaClO4 + 0.5 mM ferrocenemethanol. (C, D) CV measurements obtained at the SECM probe when scanning the sample in the vicinity of the
insulating region, the boundary region or on metallic copper, as indicated in the legend, all immersed in acidified 3.5 wt.% NaCl solution (pH 3.5) containing 0.5 mM
ferrocenemethanol. The electrical conditions of the copper substrate were: (B) at its spontaneous OCP, or polarized at (C) —0.15 and (D) —0.10 V. Tip-substrate
distance: 10 pm; tip diameter: 10 um; CV scan rate 0.1 V s~; SECM scan rate: 30 um s .
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Fig. 6. Electrochemical signals recorded during CV-SECM measurements of the area located in the yellow square in Fig. 5A. (A) Cathodic peak area from the peak
around —0.20 V in Fig. 5C. (B) Diffusion cathodic current from the cathodic peak around —0.35 V in Fig. 5D. (C) Anodic peak area from the anodic reoxidation
current in Fig. 5D. Copper substrate exposed to acidified 3.5 wt.% NaCl solution (pH 3.5) containing 0.5 mM ferrocenemethanol, and polarized to: (A) —0.15, and (B,
C) —0.10 V. Tip-substrate distance: 10 pm; tip diameter: 10 um; CV scan rate: 0.1 V s~!; SECM scan rate: 30 ym s ..

—0.35Vin Fig. 5D; and (iii) the anodic peak area in Fig. 6C, of the anodic
reoxidation current seen in Fig. 5D.

The measurements shown in Fig. 6 demonstrate that copper(lIl) is
mainly collected around a central region of the scanning area, where the
copper surface is actually placed. Disturbances due to diffusion and
convection caused by the tip movement appear to cause distortion in a
more precise location of the active zone. Furthermore, the peaks seen in
all three figures indicate more intense Cu®* dissolution at localized sites,
likely corroding pits, particularly for the copper electro-reduction signal
in Fig. 6B with copper polarized at —0.10 V. The signal in Fig. 6C has
lower resolution, mainly due to the difficulty in assigning a probe
location for the reoxidation of the copper collected during the previous
cathodic scan. Despite this limitation, the image obtained agrees with
the expectations, and considering that the main objective of the reox-
idation step is to recover a clean surface of the microelectrode rather
than to locally quantify the copper content, these measurements could
be considered satisfactory for a semi-quantitative chemical and spatial
determination of the extent of degradation. A local estimation can be
further attempted by considering the signals and prior characterization
of the probe response in the bulk solution (Fig. 3A), based on the
parametric data provided in the Supporting Information (Section S.1).
The limiting currents of 3 to 7 nA found in Fig. 6B then correspond to
concentrations of 1.2 to 3 mM, respectively, while the local signals of 10
to 40 nC in Fig. 6C correspond to concentrations of 2.1 to 5 mM.

The signal from the probe potentials that normally correspond to
ferrocenemethanol oxidation (that is, corresponding to a feedback

response) could also be extracted from the continuous CV measurements
in Figs. 5C and 5D, taking advantage of the intended presence of this
mediator in the solution. The current of the probe when its potential
reached the maximum value of +0.50 V varied from scan to scan
depending on the kinetic constant for the electron exchange [12,60]), its
conductivity (hindered by the formation of passive layers) and the
controlled electrical state of the substrate. This is visible in Fig. 7 by the
feedback current detected at the tip when scanning the substrate with
the copper polarized at increasing potentials from —0.20 (Fig. 7A) to
—-0.10 V (Fig. 7Q).

The feedback effect observed when copper was polarized at —0.15 V,
shown in Fig. 7B, was poorly resolved, mainly due to greater hetero-
geneity in the surface distribution of the kinetic ability for electron
transfer. However, a significantly higher signal was recorded in the
central part of the scanned area, revealing higher conductivity. In the
case of the sample subjected to the most anodic polarization (Fig. 7C),
the feedback effect was very localized and represented current values up
to 10 nA. Again, diffusion and convection effects can make precise signal
localization difficult, which is further hampered by the heterogeneous
nature of the copper surface as it degrades. This characteristic reflects
that, although the electrical state of the sample favours a lower tendency
to donate electrons due to the lower cathodic potential applied sub-
strate, this is compensated by the formation of a less compact passive
layer, which has greater conductivity leading to facilitated charge
transfer at the active sites. The continued release of copper(II) under
these conditions, according to the concentration distribution responsible
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Fig. 7. Probe current signals recorded during CV-SECM measurement scans of the area in the yellow square in Fig. 5A when the potential of the SECM probe reached
+0.50 V. Copper sample exposed to acidified 3.5 wt.% NaCl solution (pH 3.5) containing 0.5 mM ferrocenemethanol, and polarized to: (A) —0.20, (B) —0.15, and (C)

—0.10 V. Tip-substrate distance: 10 um; tip diameter: 10 um; CV scan rate 0.1 V s~; SECM scan rate: 30 um s ..

for the results in Figs. 6B and 6C, correlates well with the decrease in the
protective character of the passive layers, thus facilitating electron ex-
change. In contrast, the lack of a distinct Cu?>* distribution at the sub-
strate potential of —0.20 V (not shown) was accompanied by a more
conductive substrate that was still kinetically capable of promoting
reoxidation of ferrocenium ions on the copper surface (see Fig. 7A).
However, an anodic dissolution of Cu?" ions from the polarized sub-
strate was to be expected, since —0.20 V means sufficient anodic over-
potential for copper to locally release copper(Il) cations [32], although
the CV-SECM method used may not be sensitive enough to detect small
amounts of this chemical species.

3.3. SWV-SECM study of copper corrosion and inhibition in chloride
solution

In order to improve the sensitivity of the potentiodynamic technique
towards copper(Il) cations under less aggressive conditions, the SWV-
SECM mode was adopted although it was insensitive to the feedback
effect that could be employed with CV-SECM. Similar to our method for
CV-SECM, achieved by continuous sweeping of the potential and at the

1

same time maintaining the raster of the tip, in our case SWV-SECM
performs deposition and anodic stripping without stopping the move-
ment of the tip. SWV was not recorded at every point of the grid, but
each deposition-stripping application took less than completing one line
in the grid. This method was implemented using a copper sample
initially imaged in a similar manner to that employed in Fig. 5B. The cell
was then washed and the electrolyte solution was replaced with the
corrosive acidified 3.5 wt.% NaCl solution (pH 3.5) without losing the
probe position, and a 500 x 500 um? potentiodynamic map was recor-
ded. No redox mediator was added to this solution because the SWV
measurements were not expected to clearly provide a feedback response.
Throughout this measurement, again distributed over a region of the
same or equivalent geometry, a series of SWV runs were recorded
continuously until the collection of the SECM map was completed.

In a first data visualization approach, similarly to the graphs shown
in Fig. 5C and 5D, the SWVs were extracted from areas where the probe
moved mainly over a region in the absence of copper (named as zone I),
when the probe approaches the boundary between the resin and the
surface of copper (zone II), and when the tip is mostly on the metal (zone
III). The information related to each of them will be extracted from the
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Fig. 8. SWVs recorded with a gold microelectrode moving over a copper sample exposed to 3.5 wt.% NaCl (A, B, C) in the absence and (D, E, F) in the presence of 0.5
mM BTAH. The copper substrate was polarized as indicated in the legends. The SWVs were recorded while the tip travelled over the scanning zones corresponding to:
(A, D) the insulating resin, (B, E) the boundary region between resin and copper surface, and (C, F) the copper surface. Tip-substrate distance: 10 um; tip diameter: 10

um; SECM scan rate: 30 ym s~ 1.
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SWV measured in the absence and in the presence of BTAH, at different
polarization potentials applied to the substrate (see Figure S2 in the
Supporting Information). The voltammograms in Fig. 8 correspond to
measurements made in the 3.5 wt.% NaCl solution, either in the absence
(A to C) or in the presence (D to F) of 0.5 mM BTAH. It should be noted
that the graphical scales vary by two orders of magnitude for the current
between the two experimental series, since the maximum difference in
tip current measured in these voltammograms was 57 nA and 0.57 nA in
the solutions without and with inhibitor, respectively. This reflects the
proven effectiveness of BTAH as a corrosion inhibitor for copper.

Interestingly, the signals in the absence of BTAH reveal reoxidation
peaks in the potential range 0.30 < E < 0.40 V, much larger than those
registered as maxima for the complete coverage by copper of the gold
surface that was deposited in the bulk solution in Fig. 2. This fact
apparently contradicts the gold saturation hypothesis, preventing the
analysis of the peak after UPD. The reasons behind this phenomenon
require further investigation, although they are likely related to the
presence of the inhibitor and the subsequent presence of additional
species resulting from corrosion of the copper surface, such as Cu(I)BTA
or CuCl adsorbates, which could be next electrochemically converted at
the probe [61]. The probe is expected to slightly shift the onset poten-
tials for deposition and reoxidation, and it is unlikely to be recovered as
a pristine gold surface. Therefore, only a qualitative discussion can be
considered at this stage and additional experiments are needed to pro-
vide sufficient information for a quantitative estimation.

From a cursory observation of Fig. 8A to 8C, that is to say in the
absence of corrosion inhibitor, we can see that the more negative is the
potential applied to the substrate, the smaller is the observed release of
copper(Il) ions from the sample in all the three zones. Furthermore, as
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expected, the larger the area of metallic substrate covered during the
SWV acquisition in each section (mainly in sector III, cf. Fig. 8C), the
greater the quantity of reoxidized copper detected at the tip. When the
solution contains BTAH (see Figs. 8D to 8F), the same trend of increasing
current is observed with increasing presence of copper surface for each
sector, but the opposite trend is observed with respect to polarization of
the substrate. That is, the measured current coming directly from copper
dissolution is higher when more negative potentials are applied to
WE#2 (which would result in greater cathodic protection in the absence
of the corrosion inhibitor). This is explained by the mechanism of for-
mation of the inhibitor film, which would depend on the aggressiveness
of the applied conditions, such as chloride anions and applied potential,
according to reports [10,62]. The formation of the protective polymeric
layer containing the inhibitor is further promoted by the increased
release of copper ions as the key for the formation of the Cu(l)BTAH
complex as a rate-limiting step. The interaction of the inhibitor,
particularly with the electrodeposited copper during its detection, may
also play a role [61]. As an additional observation, even when the
quantities of copper detected were very low, we can observe the
appearance of signals in the potential range corresponding to the
breakdown of Cu-Cu bonds (cf. Figs. 8D-E). This indicates that the
deposition of copper on the gold microdisc did not occur uniformly; in
other words, the reduction of Cu?* can take place from small regions of
the microelectrode in which the copper has previously been deposited,
without it being necessary to cover the entire gold surface.

The conditions of the SWV-SECM measurements, in terms of depo-
sition time, tip movement speed and duration of the potential scan, were
optimized and analysed so that each reoxidation signal could be corre-
lated to tip positions on the scanned area, which allowed the acquisition
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Fig. 9. (A) SWV-SECM map of a copper sample immersed in acidified 3.5 wt.% NaCl (pH 3.5). The colour scale reflects the values of the peak areas scanned with the
tip polarized at +0.35 V. (B,C) Graph of the average probe current (black line, left axis) and average probe potential (red line, right axis) when scanning in the X
direction at positions: (B) Y = 300 pm and (C) Y = 100 pm in the map of Fig. 9A. Each graph shows the values of the corresponding peak areas in the SWV
measurements as well as the X position where the peak value was assigned. Scanned area: 500 x 500 um?. Polarization of the copper sample: —0.15 V. Tip-substrate

distance: 10 um; tip diameter: 10 um; SECM scan rate: 30 um s~ 1.
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of a chemical image of the released copper cations. Fig. 9A shows the
scan image obtained by integrating the tip current values recorded over
a copper surface polarized at —0.15 V during its immersion in the
acidified NaCl solution without corrosion inhibitor. For map visualiza-
tion, the reoxidation peak corresponding to a tip potential of +0.35 V
was considered. The peak area expressed in A V was plotted as a function
of the tip position (X,Y) at the end of an optimized 30-second deposition
step at —0.40 V. After each deposition step, the tip experienced anodic
stripping using SWV. During this anodic dissolution step, no net
reduction or oxidation of copper occurs between approximately —0.40
and ca. -0.20 V and the reoxidation steps initiated subsequently give the
integrated peaks and ensure copper redissolution. Since the Cu®" ions
generated from the substrate are collected while the deposition steps
occur at the tip, the actual integration of the copper peak must be
ascribed to the locations where the tip was actually collecting
(compared to other locations where the tip reoxidizes the collected
species). To assign a specific point location, we selected the last location
were the tip performed that deposition as shown by the green ellipses in
Figs. 9B and 9C. For example, Fig. 9B shows one deposition-acquisition
sequence in SWV performed along the Y = 300 um line when the tip
moved towards the positive direction of the X axis. Copper deposition
started when the tip was at X = 240 um and ended when the tip reached
X = 350 um. The X = 240 to 350 um conveys the deposition step at the
tip, and the position where the signal was next ascribed in the map in
Fig. 9A is X = 350 pym. This is the only position for the data point
considered in the map coming from the entire measurement seen in
Fig. 9B, but the signal on the vertical Z axis of the map originates from
the subsequent reoxidation (not from the previous collection) step.
Then, stripping commences and no net current signal was observed
between X = 350 and 380 um (cf. Fig. 9B), whereas reoxidation (i.e.,
copper stripping) occurred as the tip travelled from X = 380 to 475 pm.
For the complete Y = 300 um line, one more measurement was made just
before that seen in Fig. 9B, but no more than 2 or 3 points were taken for
each line, with some consequent loss of resolution. Despite the loss of
resolution compared to what is usually achieved using a tip diameter of
10 pm, the quick scanning of the investigated surface and the monitoring
of data showing differences in reactivity across the material are major
advantages that were not feasible until now for a corroding material
such as copper and its alloys.

This manner, the values of the red lines in Figs. 9B and 9C are read on
the right axis representing the average tip potential during the deposi-
tion and reoxidation stages; while the black lines correspond to the left
axis and reflect the average current signal from the probe during the
measurement. Note that these two graphs plot the average current and
potential values recorded via the analogue outputs of the CH In-
struments electrochemical workstation feeding the inputs of the SECM
interface (which correlates the electrochemical signal with the position
of the probe). However, the resolution of such analogue data collection
was not sufficient to reflect the pulses applied during SWV measurement
in Sensolytics software. As for the X axis, it represents the actual position
of the tip when scanning a single line at the given Y position indicated in
each graph. Thus, Figs. 9B and 9C reflect this strategy with each
potentiodynamic signal recorded during rasterization over the copper
surface (see Fig. 9B for the individual SWV recorded for Y = 300 pm) and
on the resin (cf. Fig. 9C for an individual SWV registered while travelling
for Y = 100 pm). Accordingly, the scan acquisition in Fig. 9A provides a
semi-quantitative image of copper dissolution as the sample is scanned.
A similar scan was recorded in the presence of 0.5 mM BTAH, although
no significant values could be recorded for the peak areas due to the
inhibitory effect of this species (not shown).

The integration of these peaks is also given with the graphs in
Figs. 9B and 9C, which depict data in the order of nA V, estimated
relative to the apparent baselines defined by the average current
response. Reoxidation at approximately -0.10 V, attributed to bulk
copper reoxidation, only results in a clear signal above the copper sur-
face, representing 0.664 nA V, corresponding to an approximate copper
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concentration of 0.4 mM. However, this quantification is not completely
reliable due to the distinctive behaviour leading to the appearance of a
clearer copper reoxidation signal around +0.35 V, which was not
registered for this concentration range in the bulk solution. Overall, the
SWV-SECM operation mode exhibits higher sensitivity for the determi-
nation of copper dissolution at a slightly anodic potential than the
previous CV-SECM approach, although the latter may provide additional
simultaneous information from a feedback response. The difference
between the voltammograms obtained for the different sections in Fig. 8
shows that the SECM is capable of performing surface analyses on
different zones, since it is able to differentiate the signals collected in a
study area of 500 x 500 pm?. Fig. 9 finally shows that the method can be
exploited to further localize the source of metal cations during their
anodic dissolution, thus contributing to the goal of continuing to
advance the search for methodologies to increase the spatial resolution
of highly sensitive measurements for the quantification of corrosion
products.

4. Conclusions

SECM has been used as a microelectrochemical technique for the
analysis of electrochemically active substrates and their surface prop-
erties, combining, for the first time, electrochemical potentiodynamic
control of the corroding material with the application of voltammetric
methods at the scanning tip. The voltammetric techniques include
square wave voltammetry (SWV) and cyclic voltammetry (CV), although
coupled in the potential scan with the movement of the tip, advancing
the search for new modes to chemically characterize surfaces in corro-
sion reactions. The proposed experimental methodology was shown to
be applicable both when the corroding substrate is at spontaneously
corroding OCP, as well as when polarization was applied to the user
using the bipotentiostat built in the SECM configuration.

It has been observed that the electrochemical behaviour of the gold
microelectrode is modified when its surface becomes completely
covered by the deposited copper, especially when considering milli-
molar concentrations. Overall, quantitative estimates of the copper
content in solution from dissolving metal surfaces appear accessible
using these potentiodynamic scanning method.

Thanks to the SWV-SECM combination, it was possible to image the
effectiveness of BTAH as a corrosion inhibitor for the protection of
copper substrates against corrosion in weakly acidic environments and
in the presence of chloride anions. The results showed that the more
aggressive the conditions imposed to the copper surface, the greater the
protection apparently provided to the material. Further inspections of
the inhibitor interaction during electrodeposition are necessary to
confirm the formation of protective layers.

Analysis of the potentiodynamic SECM results allowed the copper
reoxidation current values to be correlated with the locations of the
probe, revealing the dissolution of even small amounts of copper from
the surface. The limitations of the proposed methods were explored,
finding uncertainties in the attribution of the signal position. However,
results were found on the local dissolution of copper under fairly pro-
tective (cathodic) thanks to the sensitivity of the SWV-SECM method.
Meanwhile, continuous CV recording during SECM mapping allowed a
correlation between the degradation rate and the distribution of locally
released Cu®", with surface conductivity and electron donation capacity.
The method has not been able to provide information on inhibited
surfaces at this stage, but the correlation of the two characteristics opens
avenues and methodologies to comprehensively describe and charac-
terize systems of great interest to the industrial and social communities.
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