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Abstract

The stark difference between global and local metal oxidation dynamics underscores the need for
methodologies capable of performing precise sub-um-scale and wide-field measurements. In this
study, we present Reflective Microscopy as a tool developed to address this challenge, illustrated by
the example of chronoamperometric Fe oxidation in NaCl solution. Analysis at a local scale of 10s of
um has revealed three distinct periods of Fe oxidation: the initial covering of the metal interface with a
surface film, followed by the electrochemical conversion of the formed surface film, and finally, the
in-depth oxidation of Fe. In addition, thermodynamic calculations and the quantitative analysis of
changes in optical signal (light intensity), correlated with variations in refractive indexes, suggests the
initial formation of maghemite, followed by its subsequent conversion to magnetite. The reactivity
maps for all three periods are heterogeneous, which can be attributed to the preferential oxidation of
certain crystallographic grains. Notably, at the global scale of 100s of um, reactivity initiates at the
electrode border and progresses towards its center, demonstrating a unique pattern that is independent
of local metal structure. This finding underscores the significance of simultaneously employing sub-
um-precise, quantitative and wide-field measurements for a comprehensive description of metal

oxidation processes.
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Introduction

Recent advancements in the development and application of local probe techniques have highlighted
the pronounced heterogeneity in metal oxidation, an attribute that is discernible even within pure metal
phases.' The isolation of individual grains and grain boundaries within a nanodroplet electrochemical
cell - also known as Scanning Electrochemical Cell Microscopy (SECCM) - demonstrated that these
grain boundaries exhibit the most substantial electrochemical activity within a polycrystalline metal
structure.®!! The rate of oxidation was shown to be linked with the increase in grain boundary energy,
the density of fractured bonds at the grain boundary plane, and the energy of metal oxidation on
individual facets.®”'>!3 This discovery presents a significant challenge to conventional methods of
interpreting global electrochemical measurements, which have often been premised on the assumption
of uniform metal reactivity.!*!7 Simultaneously, it is important to note that global reactivity cannot be
solely inferred from the measurements of isolated nanoscopic areas. This is due to the cooperative
interplay between metal heterogeneities resulting from the formation of extensive galvanic

2023 among other factors.** As a result,

couplings,'®!” the diffusive exchange of dissolved species,
conducting a comprehensive analysis of metal oxidation reactions necessitates the formulation and
implementation of methodologies—ones that balance both highly precise quantitative measurements,
capable of delving into nanometer-scale intricacies, and wide-field measurements that can cover
expanses up to the millimeter range.” To tackle this challenge and demonstrate the merits of dual-

pronged, precision-focused quantitative and wide-field, in-situ measurements in the realm of metal

oxidation, we utilized Reflective Microscopy (RM).

RM is a label-free optical imaging technique that leverages local changes in the refractive index at the
image interface to elucidate various (electro-)chemical phase transformations.?* Garcia et al.?233
demonstrated that, in the context of metal oxidation, light intensities correlated ex-situ with surface
analysis techniques can indicate phenomena such as de-alloying, subsurface corrosion, etching, or
pitting in Al alloys. Recently, optical models utilizing light interference at oxidized metal interfaces
have shown that variations in optical intensities can quantitatively relate to the thickness (to nanometer
precision) and composition of surface films.?3232637 These parameters are central to our understanding
of metal passivation and corrosion protection. When augmented with machine vision
methodologies,*®3° RM evolves into an automated, robust, and flexible approach. Compared to
traditional in-situ methods for characterizing passive films, such as scanning tunneling microscopy
(STM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and
others, it is significantly less costly and time-consuming.>>4** The versatility and efficacy of RM
approach are further demonstrated in this study through the examination of corrosion in pure

polycrystalline Fe metal in a NaCl medium.

With a primary focus on illustrating the methodological approach of combined quantitative global and

local observations, we selected Fe as our subject, given its status as one of the most extensively
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studied systems in the field of corrosion.*' Unlike previous studies,?>?*3¢ our work focuses on
quantitative aspects, establishing a direct link between the variations in local light intensities and the
global electrical currents — a methodological breakthrough enabled by recent advancements in optical
modeling.?>*>?637 In scenarios where RM quantification does not suffice, our efforts were centered on
finding ways to address these limits and cautioning against its inappropriate application. Moreover, we

have developed and publicly shared (https://doi.org/10.5281/zenodo.8341764) an automated data

processing procedure that reproduces all images and substantiates all the conclusions drawn in this
manuscript. Overall, this study highlights the importance of a dual-pronged approach in

electrochemical research, presenting a quantitative framework for analyzing optical signals.

Results and Discussion

Chronoamperometric Analysis of Fe Oxidation: The Three Periods
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Fig. 1 (a) Schematic illustration of the RM approach, coupled with electrochemical characterization of
a millimeter-sized Fe electrode. The top part of the figure provides a general view of the apparatus,
while the bottom part illustrates the optical signal generation. Incident light (E;), filtered at 475 nm, is
focused on the metal interface during potentiostatic oxidation. The collected light includes
contributions from the reflected light (E.) from the surfaces of Fe oxides and the metal, which is
proportional to the thickness of surface films and their chemical composition. (b) Optical image of the
polished Fe interface, the back square corresponding to the surface optically monitored in Fig. 2c. (c)

Plots of electrochemical current (top) and averaged normalized reflectivity (bottom) as a function of
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time during potentiostatic metal oxidation performed at -0.3 V vs. 3.4 M KCI Ag/AgClI (or +0.1 V vs.
the OCP value) in a 5 mM NaCl solution. Dotted lines highlight the three distinct periods (P1, P2, and
P3) observable from both the electrochemical and optical data. This experiment was repeated 4 times

in total.

We coupled a conventional three-electrode electrochemical setup with in-situ RM observations to aid
in interpreting the global electrochemical current during potentiostatic Fe oxidation (Fig. 1a). Before
Fe oxidation, the Fe electrode was polished with 1200 grit SiC, thereby creating a surface roughness of
5 um. This process rendered visible, optically discernable directional polishing lines, as illustrated in
Fig. 1b. This procedure was carried out deliberately to investigate any possible correlation between the
direction of the polishing lines and the propagation pattern of corrosion. To ensure complete visibility
under an optical microscope (Fig. 1b), the Fe electrode was designed with a surface area of 0.0015
cm?, comparable to standard sizes in macroscale electroanalytical analysis. This setup facilitated direct
correlation between the measured electrical current and the averaged optical reflectivity. The sample
was then positioned in a corrosive electrolyte of 5 mM NaCl (neutral pH) within the opto-
electrochemical setup. The OCP was measured for 5 minutes, yielding a value of -0.4 V vs 3M
Ag/AgCl. During this period, no variations in the optical intensity were observed. An anodic potential
of +0.1 V vs OCP was then applied for approximately 3 minutes. During this period, we recorded two
independent measurements: the global electrochemical current from the potentiostat and the dynamic
optical images of the Fe surface. The latter was achieved through a x10 water immersion objective
under illumination with blue light (490 nm) collected onto a CCD camera. Both electrochemical and
optical measurements were recorded at an identical acquisition rate of 10 Hz. This experiment was

repeated 4 times in total (with the whole dataset available in the Zenodo repository

(https://doi.org/10.5281/zenodo.8341764) and complementary experimental details available in

Supplementary Information(SI)), yielding identical trends that we analyzed in detail based on a typical

example discussed below.

First, we examine the global electrical current and averaged optical signal, expressed as the evolution

of averaged normalized intensity (Fig. 1¢). Both curves reveal three distinct periods.

Period 1 (P1) initiates immediately upon potential imposition and lasts approximately 2-3 s. This
period is characterized by a sudden current density increase up to 0.04 A/cm?, coupled with an abrupt
decrease in surface reflectivity, by approximately 30 %. These observations indicate surface-controlled
oxidation, leading to the formation of surface films. Extensive previous research using in-situ STM*'~
4 and in-situ synchrotron X-ray diffraction*®*’ has suggested that the surface film formed is crystalline
and comprises y-Fe>O; (maghemite) and Fe;O4 (magnetite) compounds, dependent on the pH and
extent of Fe oxidation. For guidance in identifying these species, refer to Fig. 2b, which displays the

potential-pH relationship of Fe, calculated using the latest thermodynamic data on Fe corrosion
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products. Details on the derivation of this figure are available in the SI. It shows that at neutral pH,

maghemite should form with a concurrent acidification of the environment due to water hydrolysis:
2Fe + 3H,0 & Fe, 05+ 6H* + 6e~ (1.

Upon analyzing raw optical images captured on a scale of 10s of pm, as demonstrated in Fig. 2c, a
distinct heterogeneous darkening pattern emerges at the metal interfaces within the 0-s to 2-s
timeframe. This pattern corresponds to the localized extent of surface oxidation. Intriguingly, the
direction of polishing seems to exert minimal influence on this pattern's distribution. Areas exhibiting
a polygonal shape and sizes smaller than 10 um (circled for emphasis) notably sustain a lighter hue,
which closely resembles the metal crystallographic texture.>!! It is crucial to mention that our
experiment utilized pure Fe, effectively eliminating chemical heterogeneities as a potential explanation

for the observed patterning.

Period 2 (P2) follows immediately and lasts about 5 seconds. It is discernable by a slight decrease in
current density (Fig. lc, top graph, P2) and a marked increase in normalized reflectivity, from
approximately 70 % to about 75 % (Fig. lc, bottom graph, P2). An assessment of localized raw optical
images at the 7-s mark, as depicted in Fig. 2c, reveals a notable contrast shift. Areas that appeared
bright in the 2-s image have since darkened, while areas that were initially dark have become
noticeably brighter. A modest reduction in current density at this point could be indicative of cathodic
(reduction) processes. Examining the potential vs pH diagram in Fig. 2b suggests that a shift in local
pH, as a result of Eq. 1, might prompt the reduction from the maghemite Fe(IIl) phase to the mixed
Fe(Il)/Fe(Ill) magnetite phase at a set potential of -0.3 V (highlighted by an arrow in Fig. 2b),

consistent with the conditions of our experiment:
3Fe,05 + 2H* + 2e~ & 2Fe;0, + H,0 (2).

The simulated optical response in Fig. 2a concurs with this explanation. Given the similar densities of
maghemite and magnetite (ppe,0, = 4.9 g/cm® and Pres0, = 5.0 g/cm?), their interconversion would
not yield a substantial alteration in the thickness of the surface layer. At the same time, for identical
thickness of surface films, the maghemite layer absorbs more light than the magnetite layer, therefore
causing the reflectivity to increase during the described surface layer transformation (indicated with

the dashed arrow in Fig. 2a).
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Fig. 2 (a) Evolution of normalized reflectivity as a function of surface film thickness for magnetite
(blue line) and maghemite (green line), estimated using the Fresnel equation. The input values of
refractive indices (n) for simulations are as follows (for A = 490 nm): ng, = 1.06 + 4.99i, nge o, =
2.3, Ny_pe,0, = 2.6, Ny, = 1.3%> with more details reported in SI. (b) A potential-pH diagram for
Fe, calculated using the HYDRO Medusa Chemical Equilibrium Software> with details reported in SI.
The green dotted line represents proton reduction. The dotted arrow in both (a) and (b) illustrates the
proposed transition between Periods 1 (P1) and 2 (P2) observed in the chronoamperometric
experiment. (c) Optical images of the Fe surface (see inset in Fig. 1b) taken at 0, 2, 7, and 30 seconds
into the chronoamperometric process, showcasing the transition between Pl, P2, and P3. The white

dotted circles are depicted over identical locations to serve as visual references.

https://doi.org/10.26434/chemrxiv-2023-stbm1-v3 ORCID: https://orcid.org/0000-0003-4289-9678 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-stbm1-v3
https://orcid.org/0000-0003-4289-9678
https://creativecommons.org/licenses/by-nc-nd/4.0/

Period 3 commences around the 7-second mark, extending until the culmination of the polarization
experiment. This phase exhibits a consistent increase in current, as seen in Fig. lc. Local optical
image, captured at the 30-second interval and presented in Fig. 2¢, demonstrates a marked darkening
of the initially bright sections on the Fe surface. These sections were first observed in the 2- and 7-
second snapshots (indicated by white circles for easy reference). Contrarily, the areas that were dark in
the 2- and 7-second images exhibit increased reflectivity. This phenomenon, as discussed earlier, could
potentially result from the transformation of the initially formed maghemite layer into magnetite on
the surface. Interestingly, the reflectivity enhancement covers a much larger area than the localized
surface darkening. However, despite the broadened region of increased brightness, the total reflectivity
diminishes (Fig. 1c, bottom graph). This observation emphasizes that, in terms of absolute values, the
darkening effect is dominant. Its confined distribution suggests a highly localized metal oxidation,

which could be indicative of pits.

We wish to emphasize that, although the current reached significant values (ca. 0.05 A/cm?) by the end
of the experiment, the total charge consumed was only around 1.3 C/cm?, given the brief duration (30
s) of the chronoamperometric test. This translates, on average, to the formation of surface films of
about 300 nm (detailed in Eq. 3). Considering the density difference between Fe (pp,=7.8 g/cm?) and
Fe oxides (assumed as ppe,o, = 4.9 g/cm®), the height of the interface should increase by
approximately 150 nm at the end of the experiment. With the high x10 magnification of our objective
lens, such a minor shift in focus distance should not impact our optical measurements, which would
need to be in the pm range to be noticeable.

In the subsequent sections, we will describe the spatial distribution of reflectivity alterations for the
entirety of oxidized Fe interface and establish a quantitative correlation between current and optical
intensities. This validation confirms the initial assignments of the chemical composition of the passive
layer, identified as being composed of maghemite and magnetite, initially based on literature review*!~
47 and the potential-pH diagram in Fig. 2b. We emphasize that we did not conduct in-situ STM, in-situ
synchrotron X-ray diffraction, or other sophisticated analyses, as these have already been performed in
the literature.*'” Instead, we demonstrate how the simple yet data-rich RM approach, based on

refractive index analysis, can facilitate the chemical identification of a nanometer-thick passive layer.

Period 1: Initial Formation of Surface Films on Fe Interface

Fig. 3a illustrates the spatial distribution of normalized optical intensities across the entire surface of
the Fe electrode during the initial stages of chronoamperometry, reflecting the propagation of surface
film formation. To improve contrast and enhance visual representation, light intensities of frame (V)
were normalized by frame (N-10), as indicated by the subscript ARio throughout the manuscript. This
normalization method is particularly useful for highlighting subtle differences in a series of images

and is consistently applied to all image series below.
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Upon examining the images of the entire Fe interface at 0.8 s, 1.0 s, and 1.5 s in Fig. 3a, it is apparent
that the darkening of the metal interface starts preferentially at the edge of the Fe electrode and then
propagates towards the center of the electrode. It is important to note that the initial image at 0 s (not

displayed here but available in the Zenodo repository) exhibits a completely white appearance. This

corresponds to 100% of 1+AR;/R, indicating that there were no observable changes prior to the
application of chronoamperometry, which commenced at the 0-second mark. The areas outside of the
electrode are filled with an epoxy resin where no changes occur, hence the normalized reflectivity
remains at 100%, as indicated by the white color in the chosen color scheme of Fig. 3a. The surface
darkening towards the electrode center is not discernible on the 10 pm scale from the image insets in
Fig. 2c and is only noticeable due to the observation of the entire active area at the scale of hundreds
of um. This observation suggests that the kinetics of localized oxidation are significantly influenced
by the electrode's border at the mm scale, apart from the influence of the Fe interface's
crystallographic structure at the um scale. It should be noted that the border of the Fe electrode in Fig.
3a, as well as in all subsequent electrode images in Figs. 4 and 5a, is distinctly defined, exhibiting an
abrupt color change. This indicates the absence of confined spaces at the electrode border, allowing us

to rule out crevice corrosion on the electrode edges.

Assuming that the reflectivity change obeys the Fresnel law — that is, it is directly related to the
formation of surface films — the first derivative of the averaged reflectivity change should be
proportional to the current density. We considered only data from the initial 2 seconds, during which
the surface films were presumed to be predominantly composed of maghemite, as discussed in the
previous section. As shown in Fig. 3b, the current density and optical reflectivity - both independent
measurements - indeed share a relationship during the initial period of oxidation. Subsequently, we
used current density values to recalculate the average thickness of maghemite surface films as function

of time (J(?)), assuming 100% Faradaic efficiency:

5(t) = Q(t)MFezo3/2anFeZO3 3).
where Q(?) is the cumulative charge normalized by the electrode surface area of 0.0015 cm?, M Fe,05 18
the molar mass of maghemite (160 g/mol), n is the number of electrons per consumed Fe metal (n=3),
F is the Faraday constant (96500 C/mol) and pg,, 0, is the density of maghemite layer (4.9 g/em’).
Factor 2 was added to account the stoichiometry between Fe and Fe;Os in Eq. 1. The evolution of
surface films thus calculated is plotted against the change in normalized reflectivity in Fig. 3¢ (dotted
line). The solid lines in Fig. 3¢ shows the theoretical optical response for a maghemite and magnetite

layers, replicated from Fig. 2a.
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Fig. 3 Analysis of Fe reactivity during Pl. (a) Maps of normalized reflectivities after 0.8, 1.0, and 1.5
seconds of chronoamperometry. Reflectivity of frame (N) is normalized by the reflectivity of frame (N-
10), as denoted in the subscript of the reflectivity change. The black line, which is placed for visual
reference, underlies the area of the Fe electrode. (b) First derivative of averaged normalized
reflectivity plotted as a function of electrochemical current density. (c) Experimental optical and
electrochemical data, recalculated as the thickness of surface films using Eq. 3 (represented by black
dots), overlaid with theoretical curves of normalized reflectivity for maghemite (green line) and

magnetite (blue line), replicated from Fig. 2a.

Among the two theoretical curves presented in Fig. 3c, the curve corresponding to maghemite shows a
superior correlation with the experimental data derived from Eq. 3. This finding is consistent with
thermodynamic calculations and corroborated by extensive previous research.*#” The minor
divergence between the curve corresponding to maghemite and experimental data could arise due to
the surface film already transitioning from maghemite to magnetite, as slight surface brightening can
be noticed on the peripheries of the 1.5 s image in Fig. 3a. Another possible source of this deviation
could be attributed to the initial Fe surface not being flawlessly flat. Instead, it exhibits an
approximate 5 um roughness, akin to the roughness of the applied polishing pad. As a result, the
optical simulations, ideally meant for flat surfaces, might diverge from the measured data’*>” and the
current density, since the geometric surface area was utilized for current density calculations. Despite

these oversimplifications, the congruence between the completely independent electrochemical and

optical measurements strengthens the validity of the estimated chemical composition. This also
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illustrates how an optical Fresnel model, based on refractive index analysis, can be effectively

correlated with calculations of surface film compositions derived from Faraday's law.
Period 2: Transformation and Evolution of Surface Films

During period 2, the surface brightens, as can be observed from Fig. 4, an effect associated with the
transformation of maghemite to magnetite in the surface layer. The normalized reflectivity starts to
increase at the border of the Fe electrode in the image at 2.5 s, which rapidly propagates towards the
center at 3.0 s and 3.5 s (Fig. 4). This transformation from maghemite to magnetite is fundamentally
electrochemical, but its rate should be strongly influenced by local pH as suggested by the potential vs
pH diagram in Fig. 2b. In turn, the local pH should be dictated by the local oxidation rate of metallic
Fe (Eq. 2). Consequently, despite its dependence on pH, the observed pattern of normalized
reflectivity change - beginning at the border and gradually spreading towards the center of the
electrode - likely mirrors the gradient of electrochemical activity, similar to the variations in optical

intensity witnessed during period 1.

Having demonstrated the adequacy of estimating the average surface film thickness in Eq. 5 in the
preceding section, we can reframe it to estimate the average flux of H" (J,+). By factoring in the

stoichiometry from Eq. 3, we can express J,+ as follows:

Ju+ =Yg (6),

where i represents the electrochemical current density. Applying the first Fick's law in a one-

dimensional scenario,*® the surface pH can be formulated under the steady-state assumption as:

]

PHsyrs = _lg( H+/DH+ x+ Cbulk) (7,

where D+ is the diffusion coefficient of H" (9.3+107° m?¥s),”® x signifies the thickness of the
diffusion layer (presumed to be 150 nm, a typical measure for a stagnant electrolyte under natural
convection conditions),® and Cp,,; represents the bulk concentration of H" (considered as 10”7 M).
According to Eq. 7, the observed current increase from 0.001 to 0.04 A/cm? during the initial 0.1-2.5 s

(during P1) of the experiment could result in a pH decrease to values between 5.7 and 4.2.
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Fig. 4 Analysis of Fe reactivity during P2. This figure displays maps of normalized reflectivities at 2.5,
3.0, and 3.5 seconds into the chronoamperometry. The reflectivity of each frame (N) is normalized by
the reflectivity of the preceding frame (N-10), as indicated in the subscript of the reflectivity change.

The black line, which is placed for visual reference, underlies the area of the Fe electrode.

The decline in pH to around 5 aligns with the proposed transition from P1 to P2, as illustrated in the
potential-pH diagram in Fig. 2b. This observation suggests that the proposed transition may begin as
carly as 0.1 seconds into the chronoamperometry process, as previously discussed. Notably, the slight
surface brightening indicative of magnetite formation is observable at the peripheries in the 1.5-second
image shown in Fig. 3a. A further decline in pH to values below 5 could potentially instigate the
subsequent shift into the Fe?" region, thereby causing the dissolution of surface films. While the
scenario seems thermodynamically feasible, the evident darkening at the metal interface points
towards negligible metal dissolution. This could denote a kinetic hindrance in the dissolution process

and/or elevated local concentrations of Fe ions, which could foster the formation of surface films.
Period 3: Progressive In-Depth Metal Oxidation

Fig. 5a presents the spatial distribution of the evolution of normalized reflectivity during the last stage
(t > 7 s) of chronoamperometry application. In this period, the changes are more subtle, providing a
milder contrast between different areas of the electrode. Consequently, the scale of the color scheme
was adjusted with a reflectivity of 100%, representing the epoxy surface surrounding the Fe electrode,

depicted in light blue color.
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Fig. 5. Analysis of Fe reactivity during P3. (a) Maps of normalized reflectivities taken at 14.0, 24.0,
and 30.9 seconds into the chronoamperometry process. The reflectivity of each frame (N) is
normalized by the reflectivity of the preceding frame (N-10), as indicated in the subscript of the
reflectivity change. The black line, which is placed for visual reference, underlies the area of the Fe
electrode. (b) The first derivative of averaged normalized reflectivity is plotted as a function of the

electrical current density.

The darkening of the Fe electrode becomes apparent in the images taken at 14.0 s, 24.0 s, and 30.9 s
(Fig. 5a). Notably, we also observe macroscopically that the darkening tends to initiate preferentially
at the edge of the Fe electrode, gradually advancing towards the electrode's center. As discussed
carlier, the darkening of the Fe interface during this period indicates localized in-depth progression
that can exceed the penetration depth of light into the surface film (several hundreds nm).!' In theory,
no changes in visible light should be discernible. However, the subtle changes observed in this case
could be attributed to the fact that on certain grains, in-depth corrosion does not surpass the light

penetration depth, rendering optical detection still feasible.

The proportion of the current resulting from the oxidation of these grains should be marginal
compared to the typically in-depth, pit-like corrosion.®! Therefore, only a minor correlation should
exist between the current density and changes in normalized reflectivity. This hypothesis is validated
in Fig. 5b, where we plot the first derivative of the changes in averaged normalized reflectivity against
the current density, similar to what was done for period 1. As anticipated, a minor correlation was

detected, observable through periodic intensity fluctuations in the range of 0.15% s™' (as shown on the
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y-axis in Fig. 5b). However, this observed variation is characteristically noisy and could be
confounded by the stability of the light source at these signal levels, thereby complicating the
interpretation of data for quantitative analysis. In line with the above discussions, these perceived
periodic variations may signify subtle transformations in the surface film and/or film dissolution due

to localized pH acidification.

In summary, observations made on a larger scale of hundreds of um enabled us to probe the
electrochemical dynamics of reactivity that begins at the electrode border and advances towards the
center. We reiterate that the border of the Fe electrode, as seen in Fig. 3a and in all subsequent
electrode images in Figs. 4 and 5a, is distinctly defined by an abrupt color change between the epoxy
resin and the metal substrate. This distinct delineation indicates the absence of confined spaces at the
electrode border, enabling us to rule out the possibility of crevice corrosion along the electrode edges.
Intriguingly, the direction of macroscale metal oxidation remained unaffected by the directional
polishing lines present on the Fe substrate after sample preparation. While it is anticipated that
electrode reactivity begins at the edge because of its increased accessibility,> this detail is
frequently omitted in discussions on local metal oxidation and in considerations of polycrystalline
metal surface reactivity in macroscale electroanalysis.''*'7 Our study offers direct evidence that
enhanced reactivity at the electrode edge substantially influences grain-dependent localized current

densities and cannot be overlooked.
Conclusions

We investigated the anodic oxidation of polycrystalline pure Fe metal in 5 mM NaCl using a dual-
pronged, precision-focused, and wide-field opto-electrochemical RM approach. This was done to
reveal the interplay between local (at the scale of a 10s um) and global (at the scale of a 100s um)
oxidation dynamics. The global electrochemical data and the averaged normalized intensities of
reflected light across the entire surface indicated three distinct periods. These periods, backed by a
direct correlation between electrochemical and optical data and thermodynamics simulations, were
attributed to: (i) the initial covering of the Fe interface with a maghemite layer, (ii) the subsequent
transformation of maghemite to magnetite, and (iii) in-depth Fe oxidation. Across all three periods, at
a local scale, the absolute magnitude of reactivity consistently followed a polygonal pattern
approximately 10 pm in size, a pattern that resembles the crystallographic structure of the metal.
Contrastingly, at a macroscopic level, the electrode's proximity to the edge dictates its kinetics and the
degree of local oxidation. This research underscores the importance of considering both local and
global dynamics in a comprehensive analysis of electroactive interfaces, offering a quantitative

framework for optical signal analysis to address this challenge.
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SI-1 Experimental part

Materials

A rod of > 98% pure Fe, with a diameter of 9.5 mm and a length of 50 cm, was sourced from
GoodFellow. This rod was manually sharpened and cut to form an approximate 1 cm cone. The
resulting cone was then embedded in a quick-set epoxy adhesive (RS PRO 850-940), allowed to air-
dry, and then polished using 320-grit SiC until the Fe surface at the tip of the cone was exposed with
the surface area of 0.0015 cm?. Immediately prior to experimentation, the sample was successively
polished using 400, 600, and 1200 grit SiC under tap water cooling. The sample was subsequently
cleaned with ethanol and deionized water, gently air-dried, and then placed in the electrochemical cell.
All experiments were conducted in aqueous solutions of 5 mM NacCl (analytical grade, VWR Prolabo),

prepared using water purified by a MilliporeTM system (18 MQxcm).

Reflective microscopy (RM) methodology

Measurement principle

The Fe sample, embedded in epoxy and polished, was fixed at the bottom of a homemade cylindrical
cell. This setup exposed a circular area of approximately 50 mm?. Of this area, only 0.0015 cm? was
the Fe surface, while the remaining area consisted of the epoxy resin. The cell was then placed into a
Reflective Microscopy (RM) setup, with light illumination and collection occurring from the top (Fig.
la). The Fe electrode was connected as the working electrode at the base of the cell, while the Pt
counter and 3.4 M Ag/AgCl reference electrodes were also positioned at the bottom, controlled by a
CHI 660A Potentiostat. Further details of the in-house developed RM setup can be found elsewhere.!
Briefly, the setup included an Olympus microscope equipped with a water immersion objective
(magnification x10, 1.00-NA, Olympus LUMPIlanFLN W) having a focal distance of approximately
3.5 mm, and an SVCam ex0541MU3 CCD camera (SVS-Vistek GmbH, 4496x4504 pixels, 12 bit)
operating at 10-25VDC. In this work, we employed binning to reduce the resolution by a factor of 2 in
both x and y dimensions, thereby increasing the acquisition rate of the camera. Therefore, the size of
each individual pixel was approximately 0.5 um. A halogen white lamp, filtered at A = 490 nm blue
light using an interference filter (spectral bandwidth of 20 nm), served as the light source. The
substrate was top-illuminated by the blue light beam via the microscope objective. The same objective
collected the reflected light, directing it to the CCD camera, thus enabling real-time imaging of the
light flux reflected by the analyzed surface. Prior to the experiment, we ensured the planarity of the
analyzed surface area (with a precision of 102 degrees) using an interference Mirau objective
(magnification x10 (CF Plan, Nikon)) by minimizing the number of interference fringes over the
imaged plane. Next, we gently poured 20 mL of 5 mM NaCl solution into the cell. After making focus
adjustments in the optical microscope and measuring the open circuit potential (OCP) for about 5

minutes, we initiated chronoamperometry at a potential of +0.1 V vs OCP. Simultaneously, image
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acquisition began at a rate of 10 Hz. After 3-6 minutes, we halted the image acquisition and potential
application, then removed and repolished the substrate. To ensure the statistical significance of our

observations, we repeated the experiment a total of four times.
Data processing

The central concept underpinning our data processing is that the light reflectivity (R) is proportional to
both the thickness (J) and the composition (via its refractive index n) of surface films on metal
substrates.!”* This principle, rooted in the notion of light interference reflected from the metal interface
and surface films (Fig. la in the main text), has already been substantiated for flat Fe? and Al-based
substrates.!” It is derived from the Fresnel equations, the specifics of which can be found in another
sources.'™ Extensive previous research using in-situ STM®' and in-situ synchrotron X-ray
diffraction'!"!> has suggested that the surface film formed is crystalline and comprises y-Fe;Os
(maghemite) and Fe;O4 (magnetite) compounds, dependent on the pH and extent of Fe oxidation. We

13-16 ~ Theoretical variations of

also considered a-Fe,O; (hematite), a polymorph of maghemite
reflectivity intensities (1 + AR/R) have been plotted in Fig. 2a (main text). The input values for
simulations are as follows (for A = 490 nm): ng, = 1.06 + 4.99i, nge 0, = 2.3, Ny_pe,0, = 2.6,
Ng-re,0, = 3.2 Ny, 0 = 1.3."72 To compare the theoretical predictions with experimental values, the

intensity of the reflected light (/(¢)) has been normalized by the light intensity at /=0:

1w _ AR
1(t=0) 1+ R (1,

where ¢ stands for time. Please note that in the main text, we exclusively discuss maghemite and not
hematite. This is due to the closer alignment of the theoretical curves for maghemite (in Fig. 3¢ in the
main text), as compared to those for hematite. This determination is based on the Fresnel
approximation and the referenced values of refractive indices. All data processing was executed in a
Jupyter Lab environment powered by Python 3. The original data and Python code that produced all
images in this manuscript are available in the Zenodo repository

(https://doi.org/10.5281/zen0do.8341764) under the terms of a Creative Commons Attribution 4.0

International license.
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SI-2 Computation of chemical equilibrium diagram

A potential-pH diagram for Fe was generated using the HYDRO Medusa Chemical Equilibrium
Software to elucidate the observed Fe oxidation behavior.!* The software-provided potential versus
standard hydrogen electrode (SHE) was recalibrated, considering that the potential of a 3.4 M
Ag/AgCl solution is -0.2 V relative to SHE.2* The soluble Fe species considered in the study were
Fe**, Fe(OH),", Fe(OH);, Fe(OH)s, Fex(OH),*, Fes(OH)4**, FeOs>, FeOH*", Fe(OH),, Fe(OH)s,
Fe(OH)s>, FeOH", FeCl**, FeCly*, FeCls, FeCls and FeCl". In addition, the solid Fe species taken into
account were Fe(OH)s(s), Fe,Os(s), FeOOH(s), Fe(OH)x(s), Fes(OH)s(s), and FesOu(s) and
Fe(OH),.7Clos(s). It is important to note that Fe,Os(s) can exist in two phases: a (hematite) and vy
(maghemite). In the original Pourbaix diagram, only the hematite phase is mentioned.” However,
recent studies focusing on nanometer-thick passive film formation on Fe suggest that the maghemite
phase is actually formed.®!? Some authors argue that, in the case of nanometer layers or nanoparticles,
the maghemite phase may be more thermodynamically favored than hematite.?® To account for this,
we replaced hematite with maghemite. All equilibrium constants for the given species were used as

reported in the software database,'>?’

except for maghemite and Fe(OH), 7Clo3(s). For maghemite, we
adjusted the equilibrium constant (K) to account for a deviation in the reported values of its Gibbs free
energy of formation,'***?® thereby ensuring a better correlation with the results reported in our study.

We set the 1gK of the reaction
2Fe*" + 3H,0 <> 6H" + FexOs(s) 2)

to -1.5, in accordance with the notation used in the Hydro Meduza Database entries.'”> We also
adjusted the K value for Fe(OH),7Clos(s) formation from 3.0 (as reported in the Hydro Meduza
database) to 1.0 (as used in this study), significantly suppressing its formation. This is consistent with
literature reports indicating suppression of Cl-containing Fe corrosion products at the low Cl
concentrations we utilized.? The calculation was conducted at a temperature of 25 °C, with the total

concentration of Fe species held at 0.1 M, and a NaCl concentration of 5 mM.
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