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ABSTRACT: Scanning electrochemical microscopy (SECM) is widely used to
measure local electrochemical reactivity of corroding surfaces. A major criticism of
using SECM in feedback mode for corrosion studies is the requirement of an external
redox mediator (RM) as it could react with the metal and affect the Nernst potential at
the metal—solution interface. Consequently, it becomes challenging to differentiate the
interference caused by the RM from the local reactivity of the metal. Herein, a
multiscale electrochemical approach is presented to investigate the effect of RM choice
on the corroding substrate. Two common RMs, ferrocenemethanol and
hexaammineruthenium(III) chloride, were used to perform SECM over copper and
aluminum. It was found during macroscale electrochemical measurements that
Ru(NH)* acted as an oxidant and promoted corrosion. The SECM feedback behavior
varied for copper depending on the RM used, suggesting that the corrosion reactions
controlled the negative feedback mechanism, not the formation of an insulating passive
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film. The passivated aluminum surface consistently exhibited negative feedback, regardless of the RM used. SECM approach curves
also displayed a distortion in the steady state current, which was caused by the deposition of substrate-generated species on the
microelectrode. These deviations in feedback response were accounted for during analysis through incorporation into a finite
element model to accurately extract the RM kinetic rate constants. The importance of understanding these processes is highlighted
to avoid misinterpretation of passive behavior and advances toward a more quantitative use of SECM for corrosion studies.

B INTRODUCTION

Corrosion is a thermodynamically favorable process that costs
society 3.4% of our global domestic products." Oxidation of
the world’s metallic infrastructure poses an environmental
threat of heavy metal contamination, jeopardizes mechanical
integrity and safety of objects, and contradicts sustainability.”
Many corrosion failure mechanisms stem from localized attack
due to microstructural heterogeneities and defects, such as
metallic/nonconductive inclusions,’ grain boundaries,* differ-
ent crystallographic orientations,” and dislocations, especially
in halide-rich environments.®”” Local breakdown mechanisms
are complicated by the application and residuals of stress.'’
Scanning electrochemical microscopy (SECM) has become
a vital technique in corrosion research to measure local
reactivity of corroding metals and elucidate local corrosion
mechanisms. The technique’s high spatial resolution stems
from using an ultramicroelectrode (UME). The UME can be
used amperometrically or potentiometrically while scanned

close to the substrate’s surface to collect local current or Received: February 3, 2024
potential maps of the metal studied. There are different Revised: ~ May 9, 2024
operating modes of SECM that have been used to study Accepted:  May 13, 2024
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corroding metals, including feedback mode,'"*? generation-
collection mode,"*'* redox competition mode,ls’lé AC
mode,'”'® and potentiometric mode.'”*” The use of SECM
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in corrosion science has been reviewed by many authors over
the past decade.”' ~°

Feedback mode is the most popular for corrosion studies.”’
In this mode, a redox mediator (RM) is added to the
electrolyte to probe the substrate’s local electrochemical
reactivity. The RM should be stable in solution and undergo
fast heterogeneous kinetics at the UME. The regeneration of
the mediator at the substrate’s surface then determines the
teedback current. The current is also sensitive to the distance
between the UME and the substrate. Quantitative analysis of
the substrate’s local reactivity can be realized by performing
approach curve measurements at regions of interest, typically
identified by a previous current map. Typically, a negative
feedback response is a verification of the presence of an
insulating passive film over the corroding metal. Electroactive
regions that may play a role in local breakdown tend to present
positive feedback behavior. Established analytical approxima-
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tions can be used to relate the tip-to-substrate distance and the
measured current to the RM’s kinetic rate constant at the
substrate’s surface,”® where efforts have been made to ensure
the accuracy of the fitting procedure.”” SECM in feedback
mode has been used to estimate rate constants at distinctive
features,”® detect surface heterogeneities,zg’?’0 and reveal
passive film formation.*"**

Despite their popularity in corrosion science, utilizing the
analytical approximations for feedback mode has some
fundamental assumptions that may be compromised when
studying an actively corroding substrate. For instance, the
surface area of the region being probed is assumed to be
infinitely larger than the UME. In reality, many microstructural
features are within the same dimensions as the UME, where
modeling the system’s estimated geometry is required to
extract local kinetic parameters.” In addition, when positive
feedback is measured at a conductive surface, the feedback
mechanism (i.e., RM regeneration) is assumed to be due to the
opposite reaction occurring at a different location along the
surface to liberate/consume the electron(s) needed to
regenerate the mediator. If regeneration is not measured,
then the substrate is considered to be insulated. Lastly, the RM
is assumed to be chemically stable and unreactive toward the
substrate.

Unlike inert electrodes such as Pt, C, and Au, corroding
metals do not reach an equilibrium but react with their
environment through dynamic electrochemical and chemical
processes. The steady-state potential measured at a corroding
metal’s solid—liquid interface, known as the corrosion
potential, is thermodynamically and kinetically determined
through the mixed potential theory that outlines how the
concentration of metal ions and reducing species influence
potential. Thus, depending on the redox potential and charge
of the mediator, it is possible that the mediator can react with
the substrate and alter the corrosion potential. When
employing an RM to study a corroding material using
SECM, it is important to understand whether such reactions
take place, as SECM feedback measurements performed over a
metal at its corrosion potential (or open-circuit potential,
OCP) may not reflect the true reactivity of the metal.

Although many SECM corrosion reviews raise concerns
about the influence of RMs on corrosion, the number of
studies investigating this is limited. Some early work performed
by Basame and White showed that the choice of mediator was
an important system-dependent parameter by observing the
effect of different mediators on a Ta substrate.”” It was shown
by Unwin and Bard that electrochemical (oxidative) etching of
active substrates was induced when mediators that undergo
reduction during regeneration were used.***° The corrosion
behavior of the metal becomes convoluted with the RM
regeneration reactions at the substrate, making it difficult to
quantify local etching (corrosion) rates and reactivity.

To test the validity of using an RM in SECM measurements,
macroscale electrochemical corrosion measurements can be
performed, yet are negated in most SECM studies. Measure-
ments of OCP, linear polarization resistance, and potentiody-
namic polarization (PDP) can be done with and without the
RM present to understand its influence on corrosion
parameters such as corrosion potential (E,,), polarization
resistance (R,), and corrosion current density (jc,). The
feedback mechanism can also be analyzed through studying
different mediators using SECM approach curve measurements
to indicate whether the surface is truly passivated. Herein, a
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multiscale methodology is presented that combines exper-
imental and modeling approaches, which enables a holistic
understanding of the effect of RMs on actively and passively
corroding substrates in chloride-containing environments.

B EXPERIMENTAL SECTION

Materials and Reagents. Wrought, phosphorus-doped,
oxygen-free pure Cu was provided by Svensk Karnbrinsle-
hantering (Solna, Sweden) and pure Al (99.99%) was obtained
from GoodFellow (United Kingdom). Sodium chloride was
purchased from Fisher Scientific (Ottawa, ON, Canada).
Ferrocenemethanol (FcMeOH) and hexaammineruthenium-
(1II) chloride ([Ru(NH;)4]Cl;) were purchased from Sigma-
Aldrich (Oakville, ON, Canada). All solutions were made using
ultrapure water (18.2 MQ cm).

Sample Preparation. All samples were ground and
polished using a Metaserv 2000 Single Grinder Polisher and
SiC paper (Buehler, Whitby, Canada) with grit sizes ranging
from 400 to 4000 followed by either a 1 ym diamond polish
(Cu) or 1 ym Alumina polish (Al) to obtain a mirror finish. All
samples were rinsed with ultrapure water and dried with argon.
SECM samples were fixed in EpoFix resin (Struers,
Mississauga, Canada).

Macroscale Electrochemical Measurements. A VSP-
300 potentiostat (BioLogic Science Instruments, Seyssinet-
Pariset, France) and a K0235 Flat Cell (AMETEK Scientific
Instruments, Berwyn, PA, USA) were used to perform open
circuit potential (OCP) and PDP measurements. The
experiments were conducted in a three-electrode cell arrange-
ment under aerated conditions. The samples were connected
as the working electrode, a saturated calomel electrode (SCE)
was used as the reference electrode, and a platinum (Pt) mesh
was the counter electrode. All electrochemical measurements
were done at room temperature and inside a Faraday cage.

The OCPs of the samples exposed to a 0.6 M NaCl solution
without any RMs were measured for 2 h to reach a steady state.
Then, the solution was replaced with 1 mM of either FcMeOH
or Ru(NH)?* in 0.6 M NaCl, and the OCP was recorded for
another 1.5 h. After the OCP measurements, PDP measure-
ments were performed using a scan rate of 10 mV min~".%’
The PDP started at —0.25 V vs OCP until a current limit of 1
mA cm™2 was reached. The corrosion properties, j.o, and E .,
were systematically extracted by Tafel extrapolation, using a
custom MATLAB code, where the fitting region for each
branch was selected starting from 20 mV from E_,, for one
decade of current.’® All measurements statistics were done
using the appropriately selected t-test at 95% confidence
interval.

Cyclic voltammetry (CV) was performed on a glassy carbon
(GC) electrode in 1 mM solutions of either redox mediator in
0.6 M NaCl electrolyte. CVs were conducted using a scan rate
of 50 mV s~ and the diffusion coefficients of each RM were
calculated by using the Randles—Sevcik equation.”

Scanning Electrochemical Microscopy. A M470 scan-
ning electrochemical workstation (BioLogic Science Instru-
ments, Seyssinet-Pariset, France) was used. Pt ultramicroe-
lectrodes (UMEs) with electroactive diameters of either 25 or
10 pum were fabricated according to a published procedure.”
The UME tips were polished with 3, 1, and 0.3 um polishing
pads, followed by characterization via optical microscopy and
CVv.

The Cu and Al samples that were mounted in epoxy served
as SECM substrates. The substrates were fixed in a sample

https://doi.org/10.1021/acs.analchem.4c00683
Anal. Chem. 2024, 96, 9122-9131


pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c00683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

(a)

(b)

210

E (V vs. SCE)

-0.57

——No Redox Mediators
0601 ___ 1mm Ru(NH)*
.0.63{ —— 1mM FcMeOH

\

(d)

-0.14
—— No Redox Mediators
-0.16 4 —— 1mM Ru(NH)?*
—— 1mM FcMeOH
-0.18 -
m
3 -0.20
g
> -0.22
w
-0.24 -
-o.ze-\ N
-0.28 . . T — T
0 30 60 9 120 150 180
t (min)
(c)
0.1{ —— No Redox Mediators
—— 1mM Ru(NH)%"
0.04 __ 1mM FcMeOH
o -0.1-
O
w
¢ -0.2
>
2
w -0.31
0.4
0.5
-3 2 -1 0 1 2 3
log|j| (WA cm™®)

-0.81+ T T T T T T
0 30 60 90 120 150 180 210
t (min)
-0.4
—— No Redox Mediators
-0.5{ —— 1mM Ru(NH)%"
——1mM FcMeOH
_. -0.64
w
(@)
9D 0.7
[
>
2 .0.8
w
0.9
1.0 4
4 3 2 A 0 1 2 3 4 5
log || (WA cm™®)

Figure 1. OCP curves of (a) Cu and (b) Al exposed to 0.6 M NaCl solution with and without the presence of the RMs. Gray arrows indicate the
moment of addition of the RM in each solution upon reaching steady state. PDP curves of (c) Cu and (d) Al acquired right after OCP
measurements. During PDP measurements, the initial potential was set to —250 mV vs OCP. It is noted that the apparent E_, values extracted
from the PDP plots for Al in 0.6 M NaCl and FcMeOH are shifted about-200 mV compared to their OCP values (Table S2). This can be attributed
to the cathodic corrosion effect. When the passive film dissolves, the oxidative RM, Ru(NH)Z*, can then react with the underlying Al substrate and
induce corrosion. The apparent E,,, shifted to more positive values compared to the blank sample (~200 mV), in agreement with mixed potential
theory. The apparent j,,, value for Ru(NH);* was 2 orders of magnitude higher than for the other cases (Table S2), thus confirming the increase in

corrosion rate of Al promoted by Ru(NH)Z".

holder in such a way that the metal surface occupied
approximately a quarter of the available area. The holder was
leveled and fixed on an antivibration table inside a Faraday
cage. Before SECM experiments, the substrates were exposed
to 0.6 M NaCl, unbiased, until reaching a steady state. To
perform SECM in feedback mode, the solution was exchanged
for 1 mM of FcMeOH or Ru(NH)}* in 0.6 M NaCl
electrolyte. CVs were recorded using a scan rate of 10 mV
s™! to verify UME behavior and to select the potential to apply
to the UME during approach curve experiments. Approach
curves were performed at 1 ym s~' while holding the UME
potential at 0.3 V vs SCE for FceMeOH or —0.3 V vs SCE for
Ru(NH);*. An initial approach curve was obtained over the
epoxy to position the UME, where it was manually stopped
once a deflection in the current was observed. Once the
position was established, the UME was lifted 150 ym and
moved to a region over the metal to record approach curves
over the metal of interest.

UME Surface Modification Experiments and Cleaning
Procedure. A 25 um Pt UME was used to conduct approach
curves on Cu at OCP after the metal reached steady state in
0.6 M NaCl solution. Approach curve measurements were
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stopped 20 um above the surface to prevent UME tip damage
while showing changes in steady state current.

For SECM experiments performed over Cu, a cleaning
procedure was required in between approach curve measure-
ments to maintain a stable steady state current response.
Chronoamperometry cycles at —0.55 V vs SCE for 5 s each
were applied to the Pt UME to drive H, evolution on its
surface. The potential of the UME was released to OCP in
between cleaning cycles. Cleaning cycles were performed until
the steady state current was consistent, taking approximately 8
cycles per cleaning procedure. The cleaning procedure was
performed 5000 um away from the epoxy substrate. The
cleaning procedure was employed for all SECM approach
curve measurements performed over Cu.

Surface Analysis. All surface morphology and chemical
composition investigations of the UMEs and corroded metal
substrates were analyzed by scanning electron microscopy
coupled with energy-dispersive X-ray spectroscopy (SEM/
EDX) using a SU3900 variable pressure SEM instrument
(Hitachi, Toronto, Canada) combined with an Oxford ULTIM
MAX 65 SDD X-ray detector.

https://doi.org/10.1021/acs.analchem.4c00683
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The surfaces of the Cu samples post immersion in 0.6 M
NaCl solutions with and without Ru(NH)2" were analyzed by
X-ray photoelectron spectroscopy (XPS) using an AXIS Supra
X-ray photoelectron spectrometer (Kratos Analytical, Man-
chester, United Kingdom). The survey scan analyses were
carried out with an analysis area of 300 ym X 700 gm and a
pass energy of 160 eV. The high-resolution analyses were
carried out with an analysis area of 300 gm X 700 ym and a
pass energy of 20 eV.

B RESULTS AND DISCUSSION

Bulk Electrochemical Corrosion Measurements. Cor-
rosion experiments for copper (active) and aluminum
(passive) were conducted in the presence of two readily
employed RMs: FcMeOH"' ™ and Ru(NH):".*7°* The
OCP of Cu (Figure la) exposed to a 0.6 M NaCl solution
(blank) reached an average of —268 + 3 mV vs SCE after 2 h.
Next, Cu samples were exposed to solutions containing each
RM, and their OCPs were monitored for another 1.5 h to
observe any changes due to polarization from the RMs present.
A shift of approximately 100 mV in the positive direction was
observed for the sample exposed to Ru(NH)3', with an
apparent OCP of —158 + 10 mV. Conversely, the presence of
FcMeOH did not significantly alter the Cu OCP, leading to an
apparent value of —266 + 6 mV.

The OCP is a result of a mixed potential that depends on
the rate of both cathodic and anodic reactions where its value
lies between the reversible potentials of these reactions.>
Because Cu’s apparent OCP increased in the presence of
Ru(NH)¥, it is likely that Ru(NH)?* acts as an oxidant, in
addition to O, (Figure S1), where Ru(NH)?" reduction (eq 1)
induces Cu-oxidation.

Ru(NH);(,+e~ = Ru(NH), ) 1)

The results from PDP measurements (Figure 1c) confirmed
that the addition of Ru(NH)3* enhanced the corrosion rate of
Cu. The apparent j.o, (i.€., jeorr measured with a RM present)
was about an order of magnitude higher in the presence of
Ru(NH)?" than in the other two cases (Table S2).

In contrast, FcMeOH is in its reduced state and does not act
as an oxidant toward Cu. Even so, for FcMeOH oxidation to
occur at the Cu surface (eq 2), a redox potential of 0.18 V vs
SCE (Figure S2 and Table S1) is required, which is much
more positive than the OCP of Cu. Therefore, there is no
significant difference in the Cu j,, values obtained with and
without FcMeOH present (Table S2).

FcMeOH,) = FcMeOHZraq) +e” (2)

The E,,,, and apparent E_, values (ie., E,,, measured with a
RM present) extracted from PDP measurements followed a
similar trend to that of the OCPs measured for Cu.

For the Al substrate, the presence of the passive oxide layer
prevents surface reactions involving the RMs, so no significant
shift in OCP was observed from the average value of =735 + 7
mV vs SCE (Figure 1b). However, the passive film can break
down in the presence of CI™ ions, promoting localized
corrosion. According to the experimental potential-pH dlagram
for Al in 3 wt % NaCl solution from Gimenez et al.,
potentials between —764 and —720 mV vs SCE, the Al surface
undergoes anodic pitting corrosion. This can explain the noise
levels in the OCP data presented in Figure 1b.
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In addition, when a negative potential is applied to Al vs its
OCP, hydroxide is formed from hydrogen evolution and/or
oxygen reduction, which 1ncreases the pH at the surface and
solubilizes the Al oxide (eq 3).%” This phenomenon is known
as cathodic corrosion.”” >’

ZAI(S) + ZOH(_aq) +2H20(1) g ZAIO;(aq) +3H2(g) (3)

To confirm the experimental observations, finite element
modeling (FEM) was employed to fit the PDP curves and
evaluate the effect of the RM reactions on corrosion (All R-
squared values for fitting can be found in Table S3). The
model considered Cu-oxidation to Cu?* ions and oxygen
reduction as the main anodic and cathodic reactions,
respectively. The anodic reaction involving cupric species
aligned better with the model (Figure S3a) due to high
polarization generating sufficient electrochemical force to drive
the Cu/Cu®* reaction. At OCP, cupric production is limited,
resulting in the formation of only cuprous, which can react
with chloride as depicted in eqs Sla and Sl1b.

The cathodic branch of the PDP curve in Figure S3b
represents the combined effects of both oxygen reduction and
the reduction of Ru(NH)?*. This, in turn, leads to the anodic
branch reaching higher current densities, thereby enhancing
Cu-oxidation and results in an overall increase in the j_,,. By
assuming that the oxygen reduction kinetics are constant in the
presence of Ru(NH);*, any changes in the cathodic branch can
be attributed to the Ru(NH)3*/Ru(NH)2* reaction on the Cu
surface. More details about the simulation can be found in the
Supporting Information. The introduction of Ru(NH)" also
plays a crucial role in determining Cu’s E_,,, which resides at a
position intermediate to the three concurrent redox reactions
within the system. The R-squared value for this fit is 0.95.

The inclusion of FcMeOH, as depicted in Figure S3c, exerts
negligible influence on the polarization curve, thereby
preserving the cathodic reaction in the model as exclusively
oxygen reduction. This was confirmed by experimental PDP
results obtained in oxygen-free conditions, where Ru(NH)3*
acted as an oxidant and FcMeOH did not (Figure S4).

For Al, as illustrated in Figure SSa, the presence of a passive
layer on the metal’s surface is apparent. The fitted standard
rate constant (k°) for Al-oxidation was in the range of 1.3 X 10
~1% ¢m 57!, formed on the metal surface, which hindered the
oxidation of Al. However, as explained above, cathodic
corrosion can destabilize this oxide barrier and then a similar
trend in the PDP shifts was observed, where Ru(NH)Z*
promoted higher current densities (Figure SSb) whereas
current densities with FcMeOH present were within the
same range as the blank (Figure S5c).

UME Surface Modifications during SECM on Cu. Initial
SECM approach curve measurements over Cu using a 25 pm
Pt UME and FcMeOH showed a decrease in current as the
number of approach curves performed increased (Figure S6a).
This was attributed to UME fouling, caused by the deposition
of species produced during Cu corrosion onto the UME. This
inactivation of the UME surface has been observed previously
in the presence of Cu and high concentrations of Cl ions by
Zhao et al,, where the precipitation of insoluble CuCl blocked
the UME surface.”” Similarly, the stability of the UME current
was also evaluated while using Ru(NH)Z*. Contrary to the
behavior observed when using FcMeOH, the UME current
increased as the number of approach curve measurements
increased (Figure S6b). The reason for such trend was
attributed to an increase in surface area caused by the
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Figure 2. SEM—EDX images of the Cu distribution on the 10 yum Pt UME after performing approach curves over Cu in 0.6 M NaCl using (a)
FcMeOH (oxidation at 0.3 V vs SCE) and (c) Ru(NH)Z* (reduction at —0.3 V vs SCE). The complete EDX maps are available in Figure S8.
Comparison of approach curves of a fouled UME and a cleaned one for the (b) FcMeOH or (d) Ru(NH)?* cases.

electrodeposition of Cu onto the UME. The onset potential for
the reduction of Cu in 0.6 M NaCl is about —0.3 V vs Ag/
AgCl,61 which is close to the potential applied to the UME to
induce Ru(NH)}" reduction (Figures S2 and S7b), indicating
that electrodeposition of Cu onto the UME is possible.

To confirm the fouling and electrodeposition hypotheses,
SEM—EDX were used to analyze the 10 gm Pt UME surfaces
after the approach curves over Cu. A layer of chloride-based,
and possibly some oxide-based, compounds covered the UME
after SECM measurements using FcMeOH (Figures 2a and
S8a). On the other hand, a Cu film was found on the UME
when Ru(NH)Z" was used (Figures 2c and S8b), which was
confirmed by stripping voltammetry (Figure S9a). It can also
be seen that the feedback response differs depending on the
RM used, which is explored in the next section.

The impact of UME surface modifications during corrosion
SECM experiments can influence the interpretation of the
results since the current measured at the UME will be a
convolution of the substrate surface kinetics and the change in
UME surface reactivity and/or surface area. The supporting
electrolyte choice and concentration may also play an
important role in UME fouling, where the anion could induce
metal complexation and/or precipitation. In this work, NaCl
was used due to its popularity as a supporting electrolyte and
because of its presence in groundwater where Cu containers
will be placed to store used nuclear fuel.”>~**
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Although it is common to report CVs before and after
SECM corrosion measurements,” ' inspection of the UME tip
post analysis is rare. The possible necessity of an UME
cleaning procedure should be checked during SECM corrosion
measurements. In this work, chronoamperometry cycling
(Figure S9b) was performed far from the substrate. At the
selected potential of —0.55 V vs SCE, the surface of Pt
promotes the hydrogen evolution reaction (HER) to
mechanically remove surface deposits (Figure S10a).

This cleaning procedure successfully restored the UME
steady state current to the original value obtained in bulk
solution, as demonstrated by the comparison of approach
curves before and after cleaning in the presence of FcMeOH
(Figure 2b) and Ru(NH)$* (Figure 2d). The effectiveness of
implementing the cleaning procedure in between measure-
ments is evident in the replicate approach curves presented in
Figure S10b,c for Ru(NH);* and FcMeOH, respectively. This
suggests that Cu electrodeposition is mitigated during the
cleaning procedure. It should be noted that this procedure is
applicable to Pt UMEs, owing to their catalytic activity toward
the HER. Consequently, it may be ineffective if applied to
other type of materials such as C-based UMEs.

The UME current was stable during approach curve
measurements over Al This is due to the Al passive film,
which limits corrosion and UME surface modifications. Thus,
the cleaning procedure was not used during SECM measure-
ments performed over Al
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Figure 3. Normalized approach curves of (a) Cu and (b) Al exposed to 0.6 M NaCl solution with and without the presence of the RMs. Pure
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obtained from replicates (n = 3).

Substrate and Mediator Dependency of the Feed-
back Response of SECM. The feedback behavior over
electrically insulating (epoxy) and inert conductive (Au)
substrates was first measured using both RMs (Figure 3a,b).
The approach curves performed over the epoxy portrayed
negative feedback regardless of the RM used, which is
governed by the hindered diffusion of the RM toward the
UME, causing a decrease in the current as the tip moves closer
to the insulating substrate (Figure 3c,d).

In the case of positive feedback over Au, the reduced
(Ru(NH)", Figure 3e) or oxidized (FcMeOH?*, Figure 3f)
species generated at the UME reacted with the substrate to
return to its original charged state. The mechanism for RM
regeneration is mediator electrolysis supported by electron
transport through the substrate,*”°® which causes an increase
in the current as the UME moves closer to the conductive
surface, independent of the RM used.

For an active metal, the feedback mechanism can be
influenced by corrosion. As expected, approach curves
performed over Cu using FcMeOH displayed a behavior
toward positive feedback. However, approach curves using
Ru(NH)?* showed a negative feedback response (Figure 3a).

One hypothesis to rationalize the negative feedback
observed is the formation of a passive layer when exposed to
Ru(NH){*. However, results from XPS (Figure S11) and SEM
(Figure S12a) demonstrated that the corrosion products on
samples exposed to 0.6 M NaCl with and without Ru(NH)2*
were similar, indicating that no passive film formed.
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To observe positive feedback while using Ru(NH);*, the tip-
generated Ru(NH)4** should be reoxidized at the Cu substrate
to complete the feedback loop. This process requires mediator
electrolysis (Process 2, Figure 3g). However, as demonstrated
by the macroscale electrochemical corrosion measurements,
Ru(NH)?" is an oxidant toward Cu (Process 1, Figure 3g).
The consumption of Ru(NH)}" at the Cu surface created an
RM depletion zone and hindered mediator -electrolysis,
resulting in negative feedback. As a result, the Ru(NH)Z"
reduction at the UME is dependent on diffusion of this species
from the bulk solution.

The positive feedback behavior observed over Cu when
using FcMeOH was due to successful mediator electrolysis
(Process 3, Figure 3h) and the local dissolution of Cu triggered
by the tip-generated oxidant species, FeMeOH" (Process 4,
Figure 3h). This phenomenon has been reported,** %%
where a flux of oxidative species restricted to a very small
surface area can lead to local oxidation, or etching, of Cu.

To assess the effect of RM choice on a passive metal,
approach curves were carried out over Al Results showed that
regardless of the RM employed, a negative feedback response
was observed (Figure 3b). This was expected as the Al passive
film is insulating; however, the magnitude the of negative
feedback current was lower when Ru(NH)3* was used.

As discussed previously, the Al passive film can be attacked
by CI” ions at defective sites to promote localized corrosion
(Figure S12b). At such defective film locations, Ru(NH)$* can
act as an oxidant (Process S, Figure 3i) since the redox
potential of Ru(NH)3* (—0.205 V vs SCE, Table S1) is more
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Figure 4. Comparison of experimental approach curves and simulated curves obtained using a 10 ym Pt UME over a copper substrate: (a) in the
presence of Ru(NH)Z* as a mediator with consideration of surface area growth, (b) variation of Ru(NH);" rate constants on the substrate, (c)
investigation of mechanistic pathways of Cu-oxidation, including the formation of cuprous (Cu*) or cupric (Cu®*) ions, and (d) utilization of

FcMeOH as an RM.

positive than the OCP of Al in 0.6 M NaCl (—0.735 V vs SCE,
Table S2). This is about ten times the potential difference for
Al (=500 mV) compared to Cu (%50 mV), indicating that Al
has a higher driving force for Ru(NH);" reduction than Cu. In
this case, Ru(NH)" regeneration is limited not only by a very
slow rate of electron transport through the passive film
(Process 6, Figure 3i) but also by the depletion of Ru(NH)*
at the Al surface.

When using FcMeOH, the measured negative feedback
current was higher (Figure 3b). Since FcMeOH does not act as
an oxidant, there was no competition between the cathodic
corrosion reaction and mediator electrolysis. In this case, the
measured feedback current can be attributed to (1) possible
mediator electrolysis occurring at the passive film (Process 7,
Figure 3j), and (2) local tip-generated oxidant species,
FcMeOHY, that can promote localized corrosion at a defective
film region (Process 8, Figure 3j). There may be other
processes involved in the feedback current response, such as
oxygen reduction, but those mentioned in this work appear to
be the main contributors.

Without a comprehensive understanding of the mechanisms
governing the feedback response that depend on the RM used,
results can potentially be misleadingly attributed to passivity.
For instance, Ru(NH);" was used to study changes in passivity
during applied tensile stress to a T-316 stainless steel. The RM
kinetic rate constant decreased with increasing tensile load.*’
Such results were deemed counterintuitive as the applied stress
would disrupt the passive film to reveal fresh (active) metal;
thus, it was hypothesized that the rate constant would increase.
However, the OCP of Fe is lower than Cu, indicating that the
driving force for metal oxidation in the presence of the oxidant
Ru(NH){" is high. The depletion of Ru(NH)Z" at the substrate
during SECM approach curve measurements would result in a
similar feedback response as reported here. Furthermore, when
RMs that undergo reduction at the substrate were utilized in
similar tensile stress SECM studies, positive feedback
responses were observed.”””
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It is typical to fit the experimental data to analytical
approximations to extract the heterogeneous rate constant of
the RM at the substrate’s surface. However, the approxima-
tions assume that the substrate is nonreactive, the regeneration
of the RM stems from mediator electrolysis, and the
electrochemical active area of the UME remains constant
over time. As demonstrated, the corroding substrate can
contribute to the regeneration of the RM and UME surface
modifications are possible. This makes it difficult to use the
analytical approximations to quantify reactivity using SECM
and may lead to erroneous conclusions about the substrates
local surface kinetics. To overcome this challenge, modeling is
required, as described in the next section.

Modeling Electrochemical Dynamics during Ap-
proach Curves over Cu and Al Substrates. A 2D
axisymmetric model was constructed for the Ru(NH):'/
Ru(NH)Z" and FcMeOH*/FcMeOH reactions on a Pt UME
as it approached a Cu or Al substrate (Scheme S2). Focusing
on the UME response, the model incorporated the
experimentally obtained corrosion potential of the substrates.
This was done to understand how the electron transfer
between either Ru(NH)3" or FcMeOH occurs at the substrates
during mediator regeneration. To achieve this, the concen-
tration profiles of these species at the substrates under the
corrosion potential were examined (Figure S13). This
concentration profile controls the magnitude of the current
that is measured by the approaching UME toward the
corroding surface. Migration and convection effects were
considered negligible, focusing solely on the diffusion of
reactants under an applied potential. The general diffusion
equation for the oxidation/reduction forms was based on
Fick’s diffusion law

% + V-(-DV¢) =
ot V) =) )

where ¢ is the concentration, t is the time, D is the diffusion
coeflicient, and R is the reaction term for the species i. The
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values for the diffusion coefficient of both oxidized and
reduced species (D) were determined experimentally (Figure
S2). The concentration boundary conditions were used at
outer boundaries of the phases (¢; = bulk concentration). The
boundary conditions at the surface of the Pt UME and
substrate were set as inward fluxes of the RMs governed by
Butler—Volmer kinetics (eqs S10—S24).

For the system involving Cu as the substrate and Ru(NH):*
as the RM, a concave curvature in the experimental approach
curve (Figure 4a, black dotted line) was observed. This was
due to Cu deposition onto the UME during induced Cu-
oxidation from the RM, resulting in a higher effective surface
area. In contrast, a simulated approach curve for a constant
UME surface area demonstrated a decrease in current during
the approach (Figure 4a, red line).

To account for the increase in UME surface area during an
approach curve measurement, systematic adjustments to UME
surface area growth rates were performed to fit the
experimental data. This was accomplished by continuously
increasing the radius of the UME by 0.025 um/s throughout a
single approach curve. As a result, the radius of the UME
extended to 7.475 ym from its initial 5 pm, representing an
approximate 49.5% increase in surface area. This agreed with
the experimental data of the limiting current measured in bulk
solution before and after approach curves (Figure S6b).

While considering Cu deposition onto Pt, the standard
heterogeneous rate constant (k°) of Ru(NH);" on Cu was
determined by varying the value from 0.1 to 1 X 107 cm s~
and comparing the simulated approach curves to experimental
data (Figure 4b). The model was in good agreement with
experimental observations when k° was 1 X 10™* cm s7".

It has been shown previously that under similar temperature
and saline conditions, the 1predominant corrosion product of
Cu are cuprous chlorides.”' "> The model corroborates these
findings as depicted in Figure 4c, where the goodness of fit
between experimental approach curves is higher (R-squared =
0.94) when considering cuprous ion dissolution compared to
cupric ion (R-squared = 0.92). This result is complementary to
the PDP simulation results, where cupric ions gave the best fit
to experimental PDP data since the substrate was externally
polarized to positive potentials. This work highlights that
SECM can be used to determine the oxidation state of
multivalent corroding systems.

When Ru(NH)$* was replaced with FcMeOH, the model
was in excellent agreement (R-squared = 0.99) with the
experimental data when a k° value of 1 X 10™* cm s™" was used
(Figure 4d). This result indicates that the RM regeneration
surface kinetics at Cu are independent of the RM chosen and
the metal’s corrosion rate. The k° value suggests slow surface
kinetics over Cu since it is lower than reported k° values for
ferrocene derivatives on Pt.”*”’

The simulated approach curves over Al using either
Ru(NH)3" or FcMeOH are shown in Figure S14. The charge
transfer coefficient (a) for both cases equal 0.10, and the k°
was 1.5 X 107 cm s~ for Ru(NH)3* and 1.5 X 10~% cm s for
FcMeOH. The difference in values could be due to differences
in RM adsorption states or that Ru(NH)3" undergoes more
facile kinetics at the Al oxide interface. The extracted k° values
are much lower when compared to reported values at a Pt
UME surface.”” This is due to the presence of an Al oxide film
hindering the electron transfer reaction”® and lowering the
probability of electron tunneling.”” Furthermore, the value of &
in these experiments concurs with findings by Peng Sun on
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stainless steel (T-316).* a exhibits a decreasing trend as the
oxide layer thickness increases. This observation implies that
both kinetic parameters are influenced by the existence of a
passive surface film."’

It is noted that the standard heterogeneous rate constants
calculated from the approach curves should be considered as
“apparent”, owing to their dependency on the substrate
kinetics, the UME surface area variation, and the reduction
of mediators as part of the cathodic corrosion reaction
occurring at the substrate.

B CONCLUSIONS

This study advances the understanding of SECM in feedback
mode to study corroding surfaces. The dependency of the
feedback response on the RM chosen indicates that
conclusions made about a metal’s passivation state cannot be
based solely on such experimental result.

The RM’s redox potential and charge are important
parameters to consider when designing an SECM corrosion
experiment. Multiscale electrochemical analysis enabled the
discovery that Ru(NH)?" acts as an oxidant toward the metal,
causing polarization of the substrate and inducing corrosion.
The consumption of Ru(NH);* at the substrate caused a
negative feedback response. The use of FcMeOH did not
greatly affect macroscale corrosion properties but can induce
local oxidative etching of the substrate. Moreover, the
reduction of metallic ions and adherence of complexes arising
from the corrosion process can cause UME surface
modifications that deviate the feedback current response,
where UME cleaning procedures are needed.

Although the corrosion rate of Cu increased in the presence
of Ru(NH){*, the heterogeneous rate constants extracted for
both RMs were the same. This highlights that the rate
constants extracted over Cu depend on RM regeneration and
not on the metal’s corrosion rate. This is only made apparent
through the comparison of the experimental and simulated
data, which required the consideration of the increase in UME
surface area and the corrosion mechanistic pathway.

Future work involves the exploration for an RM that does
not induce oxidative etching on any length scale (i.e., is in its
oxidative form and has a redox potential that is more negative
than the OCP of the metal) depending on the metal of
interest.

By understanding the underlying effects of the corrosion
process at both the macro- and microscale, as well as on both
the UME current and substrate corrosion kinetics, more
accurate conclusions can be made when applying the feedback
mode of SECM to study corroding metals, including metal ion
oxidation states, kinetic rate constants, and rate of UME
surface modifications.
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