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Abstract

The communication within particle agglomerates in industrial alloys can have significant
impact on the macroscopic reactivity, putting a high demand on the adaptation of wide-field
methodologies to clarify this phenomenon. In this work, we report the application of correlated
optical microscopies probing operando both local pH and local surface chemical transformation
correlated with identical location scanning electron microscopy to quantify in-situ the structure-
reactivity of particle agglomerates of foreign elements in Al alloy. The optical operando
analyses allow (i) to reveal and quantify the local production of OH" from proton and oxygen
reduction at individual Si- or Fe-rich microparticles and (ii) to quantify (and model) the
chemical communication between these active sites, within a few um range, on the local
chemical transformation of the material. Wide-field image analysis highlights the statistical
importance of the chemical communication that may introduce a new conceptual framework
for the understanding the mechanisms in related fields of charge transfer, electrocatalysis and

corrosion.

Keywords: Chemical communication, Optical microscopy, Correlative microscopy, Local
electrochemistry, Alloy

Corresponding authors: frederic.kanoufi@univ-paris-diderot.fr,

viacheslav.shkirskiyv@cnrs.fr




O 00 N o U b W N BB

W W W W W N N N N NN NNNNNPRP R P R R R R R RB p
B WO N P O W W N O 1 B W N P O O KWK NO UL M W N L O

1. Introduction

Industrially relevant metal interfaces are often structured at micro and nanoscales as
they are composed of (sub)microparticles of diverse chemical composition embedded into a
metal matrix.!? Under operating conditions, these particles serve as centers of local
electrochemical activities and define the macroscopic material’s properties. It is often assumed
that the averaged activities over individual particles define the macroscale material’s response,
implying that within the locally probed cluster each particle acts independently.*>> However, in
more and more recent cases, the electrochemical activities of individual particles do not match
the averaged or macroscopic response.> These examples highlight that individual particles can
also interact with their neighbors, a phenomenon known as crosstalk or cooperative
communication, of chemical and/or electrical origin. For example, in heterogeneous systems,
cooperative chemical communication, can be established in a solution via overlapping of
diffusion fields of species (as shown in a recent example between Pd and Au nanoparticles),’
as well as on a surface (via spillover effects in catalysis).” Corroding metal interfaces are another
example of heterogeneous systems where communication can occur.®!*'* The origin of this
communication emerges from the dissimilar metals composing the alloy being in electrical
contact with each other, forming myriads of local galvanic cells and sites of local
degradation.'>!® Having a high social impact, industrially relevant metal alloys also offer a
wealth of complexity due to a wide range of size or compositional distribution of particles."”
Industrial Al alloys are the typical example of such complex system that is considered in this
work.

A few studies on industrial Al2024 alloy suspected the presence of cooperative
communication around dense particle clusters, visible from the appearance of rings of corrosion
products 31914 It was further hypothesized that the crosstalk manifests through overlapping of
OH- fluxes generated on the surface of individual particles, creating complex patterns of local
pH distribution.!®!! Some authors suggested that the crosstalk in particle clusters can be
responsible for the low consistency of corrosion tests for Al alloys, highlighting a high practical
importance and the necessity of developing tools for the detailed quantification of particle
communication.

The in-situ diagnosis of such situation and the screening of the crosstalk remains a
challenging experimental task, because, unless under forced corrosion, no current is exchanged
with an external device. It is worth mentioning that recently developed high resolution local
electrochemical strategies offer tremendous capabilities in the structure-function

characterization at the true nm size.'®?! In particular, nanopipet methods have emerged as a
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robust and versatile toolbox for single entity characterization in the fields of biology,?
electrocatalysis,” batteries** and corrosion®~¢ to name only a few. Despite their great success,
these strategies belong to the family of scanning methods and at their best, will always be
limited in a time domain imposed by the physical displacement of the probe between active
sites.?’ This is a crucial limitation as in principle, the crosstalk can interconnect active sites 10s-
100s of xm away, instantaneously and dynamically, manifesting itself through nanoscopic solid
conversion.'?!* Therefore, the development of wide field highly resolved methods are required,
among which optical methods are proved to be the most prominent to probe operando wide
range of chemical processes in electrochemical energy-related systems.?-%

In the present work, we use correlated fluorescence microscopy?!*? and reflection-based
optical microscopy (RM)?*334 to address these challenges and provide the direct measurement of
chemical crosstalk communication between particles on the example Al6061 alloy. RM is a
label free optical imaging technique relying on local changes in the refractive index of the
imaged surface. Therefore, it is highly sensitive to various chemical phase conversion.?30-35-3¢
Reflection-based optical microscopy are particularly appealing for their ability to image local
fluxes of chemical species from local detection of refractive index variations, illustrated from
the pioneering detection of local gas electrogeneration at nanocatalysts®’ to more recent imaging
of flux of Li" ions within individual microparticles during a battery electrode material
dis/charge.’®3° In contrast to RM, fluorescence microscopy relies on the use of a fluorescent
probe sensitive to the formation of specific products which has enabled imaging different
electrochemical reaction.?# Herein, we combined the unique advantages of these two
approaches as illustrated in Fig. 1a and correlate them to ex-sifu identical location structural
identification of the particles within the alloy. We used the pH-dependency of fluorescence
emission of fluorescein isothiocyanate (FITC) to map the distribution of local OH™ production.
On the other hand, the reflection imaging is used to evaluate the local conversion of the surface
coating over Fe- and Si-rich particle clusters embedded in an Al matrix of Al6061 alloy. In this
way, the holistic picture of localized electrochemical processes is provided. The conversion is
studied during the first minutes of immersion of a polished Al6061 alloy sample surface in a
slightly acidic environment. Underpinned by complementary numerical analysis using finite
element method (FEM) modeling and correlated scanning electron microscopy, this work rises
the importance of investigating the inter particle communication for better understanding of

macroscopic material reactivity.
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2. Experimental

2.1 Correlative microscopy approach

Detailed experimental conditions are provided in supplementary information (SI-1).
Briefly (Fig. 1), fluorescence imaging was carried out on an inverted epifluorescence
microscope (Olympus IC71) equipped with a x40 0.6-NA air objective (Olympus LUMPIlanFL
N). The sample was illuminated with a white light source (Hg lamp) coupled through Olympus
U-MSWB2 cube (with excitation filter within 450-480 nm and emission at 500 nm) to excite
and reveal fluorescence emitted from the deprotonated FITC probe, occurring for pH higher
than ca. 6 (Fig. S1-1).*! A digital USB color camera (UI-3080CP Rev. 2, IDS with CMOS
2456%2054-pixel detector) collected the fluorescence emitted from the solution. FL images
covering a wide field of 288 x 288 um? were recorded at a speed of 2 frames per second (fps)
with 500 ms accumulation time.

RM imaging was carried out an Olympus microscope, equipped with a water immersion
objective (magnification X60 1.00-NA (Olympus LUMPlanFL N)) with a focus distance of ca.
3 mm and a MV-D1024-160-CL-12 CCD camera (Photonfocus, 1024x1024 pixels, 14 bit). A
halogen white lamp, filtered in the blue at 490 nm with an interference filter (spectral bandwidth
of 20 nm), served as the light source. Each acquired image, corresponding to 184x184 um? wide
field, consisted of a stack of 4 snapshots, each integrated over 50 ms, for a total duration of 200
ms. All reflectivity maps were normalized by the intensities from the first reflectivity image
and converted to the change of the thickness of surface films according to the Fresnel model
described in SI-1.

Identical locations from fluorescence and RM imaging were analyzed with scanning
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) before and after
the optical experiments. The image analyses were performed with Python scripts in graphical
user-friendly interface available in GitHub repositories [LINK ADDED AFTER
PUBLICATION] under GNU General Public License. Original and processed images are
available in Zenodo repository [LINK ADDED AFTER PUBLICATION].

The FEM model was built in a 3D geometry with COMSOL Multiphysics 5.5 software
(1) to simulate the steady-state pH distribution and (2) to simulate the transients of AI(OH)3
dissolution/precipitation in the case of galvanic coupling of Fe- and Si-rich particles dispersed

in Al matrix observed optically for A16061 alloy (details in SI-2).
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Fig. 1 Correlative multimicroscopy approach. (a) Scheme of the setup for correlative operando
observations with RM and fluorescence microscopy of the mirror polished Al6061 interface (<
40 nm roughness, SI-3) exposed to 10 mM H>SO,. Bottom left: diagram of the optical signal
generation in RM during precipitation of AI(OH); surface films induced by galvanic coupling
between cathodically active particle embedded into anodically active Al matrix. Incident light
(E) filtered at 475 nm is focused on the metal surface. The collected light includes the
contributions of reflected light (E,) from the surfaces of oxide/hydroxide film and the metal.
Their interference lies the foundation for the quantification of local surface thickness changes
via the Fresnel equations. Bottom right: optical signal generation in fluorescence microscopy
during OH" generation over single particles. E; filtered at 450-480 nm is focused on the metal
interface exposed to 10 mM H>SOy solution saturated with a fluorescein molecule. When the
local pH over overpasses ca. 6, the fluorescein probe deprotonates and emits the light (E.)
collected with a system of filters at 500 nm.*! Details on optical configurations can be found in
SI-1. (b) Identical location images over a zoomed region of interest (wider optical field of view
presented in Fig. 4) of an Al6061 interface: ex-situ secondary electron SEM, EDX maps of Si,
O and Fe distribution and operando reflectivity and fluorescence imaging. The particle shapes
of one Fe-rich and one Si-rich particles are outlined for the visual reference. Arrows on the
fluorescence image show cases of overlapping of OH" diffusion fields generated in neighboring

particles, called herein chemical communication. The scale bars are 10 um.
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3. Results and Discussion
3.1 Distribution of pH over particle clusters

The investigation of inter-particle chemical communication was performed in a
correlative multimicroscopy approach (Fig. 1, see also SI-1 for experimental details). The
surface of the mirror polished Al6061 sample was firstly analyzed with SEM and EDX, then
placed in a corrosive 10 mM H>SOys electrolyte (estimated pH of 1.87) in the optical setup (Fig.
la). Wide field optical images (110x170 um?) have been recorded either under white light
illumination (reflectivity) or in the presence of a fluorophore for fluorescence analysis. White
light reflectivity images of the sample show (see Fig. 4 and related SI-7 for the wide field image
and zoom over a selected region of interest in Fig.1b) the presence of contrasted features which
will be later identified as region of interest identical to SEM-EDX ex-sifu images. The presence
of FITC in the corrosive electrolyte allows, by switching to the fluorescence imaging mode (ca.
2 min after the contact electrolyte/sample contact), to reveal the local alkalinization of the
sample/solution interface: once pH locally overpasses the value of ca. 6, the bright green
fluorescence emission of the deprotonated FITC is detected.*!

The ex-situ SEM analysis shows that there are two types of particles identified from
secondary electron images with bright and dark contrast (Fig. 1b). EDX analysis (SI-4)
complemented with XRD characterization of bulk Al6061 composition (SI-5) revealed that
particles with the dark contrast are SiO> phase (or simply Si-rich) and the particles with bright
contrast are AlsFe phase (or Fe-rich). RM microscopy also reveals the presence of these
particles as regions of lower reflectivity than the surrounding Al matrix (Fig. 1b): SiO2 particles
appear as dark spots while AlsFe particles are shown as grey areas, nearly indistinguishable in
contrast to the dark SiO» regions but clearly visible on 2D profiles (SI-6). The fluorescence
image at identical location (Fig. 1b) exhibits diffusive spots of green lights around all particles
while there is no light emission over the Al matrix. This is a direct evidence of pH increase over
Si02 and AlsFe particles, which according to the literature, are polarized cathodically relative

42-44 Remarkably,

to Al matrix and serve as the center of local proton and oxygen reductions.
the fluorescence image also provides evidence of overlapping of OH- diffusion fields,

suggesting a chemical communication of OH" fluxes between neighboring particles.
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Fig. 2 Dynamics of chemical communication surveyed with RM. (a) SEM-EDX analysis
of surface inspected with RM, showing the distribution of particles and their chemical
composition. (b) Evolution of the relative film thickness at 17, 28, 37 and 84 s exposure to 10
mM H>SOs4. The whole collection of frames is in Movie S2. The scale bars are 2 um. (c) The
evolution of relative film thickness averaged over red (region 1) and blue (region 2) zones over
the particle in the center at 84 s. Inferred regions of stability of Al(Ill) species are mentioned
on the top. (d) Diagram of Al(Ill) stability as a function of pH calculated in Hydro-Meduza
software®  (soluble species taken into account. AP', AI(OH):;', AI(OH)3, Al(OH)s,
Al1304(0H)>4" AL(OH)**, Al;(OH)yS*, AIOH?*, solid species: AI(OH)3(s), AIOOH(s),
ALOs3(s)).
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3.2 Localized transformation of surface films over particle clusters

The as-prepared Al6061 interface was shown to be covered by a 10 nm layer of Al>O3,
Al(OH); and AIOOH species (SI-1).*47 For the sake of simplicity we mention only the
thermodynamically stable AI(OH); phase® in the graphics and further discussions. The in-situ
transformation of this pre-formed Al(OH)s layer is elucidated from the dynamic mono-
wavelength (A=490nm) optical RM monitoring of the surface reflectivity while exposed to 10
mM H>SO4 with reflectivity images taken at 0.5 Hz acquisition rate during ca. 3 min (details in
SI-1). The change of the intensities of the reflected light from raw images are related to the
transformation of the preformed Al(OH)3 surface films. In a first approximation, an optical
model based on Fresnel equations (details in SI-1) can be used to deduce, from the raw images,
maps of relative AI(OH); thickness over the surface as presented in Fig. 2b. Note that in this
section, we focus on a small region of 7.5x7.5 pm? presented in Fig. 2a containing a few Fe-
and Si-rich particles. The discussion on the full wide-field imaged surface, 110x170 pum?
showing > 1000 particles is provided section 3.4. Fig. 2b presents several selected maps of the
Al interface during dynamic change for times up to 84 s where the most drastic changes are
visible. The values of the surface film thickness are relative to t = 0 s when H.SO4 was added.
The whole sequence of images recorded over the full field of view was reconstructed into the
movie and is available in Movie S1.

The most remarkable observation in Fig. 2b is that every Si-rich particle shows a unique
pattern of evolution of the relative oxide film thickness, visible from different color changes
over timeframes. After the initial decrease over all Si-rich particles (visible from the blue color
at 17 s), the film thickness abruptly increases over the particle at the left bottom corner (depicted
in red at 37 s and 84 s), whereas only a slight increase in the film thickness is observed over the
particle at the bottom center (becoming greener at 37 s and yellow at 84 s). The most striking
(and likely unexpected) behavior is detected at the particle present in the center of the image.
If the film thickness initially increases homogeneously over its whole surface (becoming
yellow/red at 28 s and 37 s), in the last frame a region of strong decrease in film thickness
appears in the top corner of this central particle (visible from the blue color at 84 s). To highlight
these noteworthy local effects, the average values of the film thickness evolution over the two
regions of distinct activities of the central particle (named regions (1) and (2) in Fig. 2b) are
plotted as a function of time in Fig. 2¢ for a detailed analysis.

An initial film dissolution is observed in both regions in Fig. 2¢, continuing to up to 18
s. It can be explained by the initial low solution pH enabling the solubilization of AI(III) as it
is thermodynamically stable in solution according to the Al(IIT)-pH diagram given in Fig. 2d.
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Then, the local pH should increase due to the release of OH™ from cathodic processes on particle
surface, causing the precipitation of AI(OH);s. It explains the increased film thickness between
18 s and 53 s. The sudden decrease in film thickness over region (2) after 53 s suggests a
redissolution of the film. This situation at alkaline pH can be explained if the pH increase above
10 which would lead to the formation of AI(OH)4™ soluble species. Schematically, the behavior
of both regions could be rationalized by a pH change along the trajectories depicted on the
Al(IIT)-pH diagram following the arrows depicted in Fig. 2d. Therefore, the optical
observations, rationalized according to the pH diagram of AI(III) species stability, suggest a
strong local pH gradient over the surface of this single Si-rich particle, caused by the
superposition of OH" fields from individual particles as observed in fluorescence image Fig. 1b.
The FITC fluorescence mapping in Fig. 1 depicts regions of pH > 6-7, suggesting the local
conversion of ca. 20 mM H" from the 10 mM H2SOy4 solution. Noteworthy, the reach of pH 10
region requires only a supplemental 0.lmM OH- production which is possible owing to the
presence of O, within the solution.

Differently, the film thickness does not change over any of the Fe-rich particles during
exposure to 10 mM H>SO4 (Fig. 2b). On the one hand, surface films over Fe-rich particles can
be composed of Fe oxides/hydroxides, which are stable in basic pH and will only dissolve in
extremely basic conditions (pH > 14).*® On the other hand, Fe-rich phases also serve as local
cathodes (Fig. 1b) and therefore, the release of Fe ions seems to be significantly suppressed as
well as the growth of Fe-rich films. The chemical communication between these Fe-rich
particles and central Si-rich particle, via superposition of localized OH" fluxes, is rationalized

in detail below with the aid of FEM modelling.
3.3 Numerical simulations of the particle chemical communication

Two types of galvanically coupled electrochemical reactions were considered (Fig. 3a,
left): anodic Al dissolution that produces Al** ions and cathodic oxygen reduction and hydrogen
evolution that produces OH". The distribution of cathodic and anodic areas (Fig. 3a, left) was
chosen to mimic the particle positions observed in in-situ RM experiment: the Si-rich particle
is represented by a 2 um in diameter disk, while the three Fe-rich particles are represented by
I um in diameter disks located on the same side relative to the Si-rich particle. The pH of
solution was set to 2.0 (close to theoretical pH value of 1.87 in 10 mM H>SOy4). Further details

about simulations can be found in SI-2.
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Fig. 3 Overview of FEM simulations. (a) Left, size and position of the cathodic and anodic
regions with a brief summary of electrochemical reactions considered. Right, steady-state pH
distribution over cathodic zones, showing the pH gradient over the largest cathodic region.
Regions 1 and 2 are highlighted in analogy to those chosen from the experimental observations
in Fig. 2. (b) Top, evolution of relative film thickness in regions I and 2. The schemes on top of
the film thickness evolution depict the activity of the cathodic particles in each regime. Bottom,
the spatial distribution of the relative film thickness over the large cathodic region after 17, 37

and 84 s of simulations. The scale bars are 2 um.
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Note that we do not aim to reproduce the exact conditions (particle sizes and positions)
since, in any case, other parameters (local potential and current distributions) were not
accessible experimentally. Opposed to that, we use simulations to only illustrate the underlying
physical principles that can explain this apparently unexpected distribution of precipitation

kinetics of surface films over a Si-rich particle.

A first set of simulations was carried out under steady-state conditions without
considering the processes of precipitation/dissolution of AI(OH); in order to examine the extent
of pH distribution solely related to the OH" generation from the cathodic zones. Fig. 3a (right)
shows that overlapping of diffusion fields of OH" results in pH gradients over the particles. This
is most visible from the pH distribution over the large particle where the pH varies from ca.
10.0 to 9.6 as we move away from the smaller particles. This pH gradient is an illustration of
the chemical communication between neighboring particles that can manifest itself in the
different precipitation kinetics over the particle.

The precipitation/dissolution processes of Al(OH); were then added into the simulation
now run in transient mode. The kinetic parameters of Al(OH);3 film transformation and of the
cathodic activity over the particle were chosen (within the reported in literature values) to fit
the experimental evolution over the Si-rich particle (SI-2, Table S2-1). The evolution of the
relative film thickness in regions (1) and (2) as well as the distributions of relative film thickness
at different times over the large particle are shown in Fig. 3b.

In the first period between 0 s and 18 s, the cathodic sites were considered as inactive,
suggesting they are strongly inhibited by an initial oxide layer. Therefore, the pH distribution
was homogenous and close to that of the bulk pH value. This leads to the homogeneous
dissolution of the AI(OH); film over the metal and particles. At the beginning of the second
period between 18 s and 58 s, the cathodic activity was then considered. The kinetics of cathodic
reactions was adjusted to match the precipitation kinetics observed experimentally. Finally, in
the last period starting at 58 s, the cathodic activity was set to a higher value corresponding to
that used in the steady-state simulations, which results in a nearly steady film thickness in region
(1) and the dissolution of surface films in region (2) of the large particle.

Simulated curves of the surface film transformation (Fig. 3b, top) are in a good
agreement with the experimental data (Fig. 2b), reinforcing hypothesis of the chemical
communication between Fe-rich and Si-rich particles. Thus, the essential conditions for
chemical communication necessitate the presence of neighboring particles and their

agglomeration on only one side in relation to the central particles. In the subsequent section,

11
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we will delve into wide-field RM observations, offering additional examples of chemical

communication to further elaborate on these aspects.
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Fig. 4 Overview of the examples of chemical communication. (a) SEM image of the entire
surface analyzed in a wide field of 110x170 um? during RM observations. The marked areas
indicate where chemical communication was detected with area 1 described in detail in the
previous section in Fig. 2. (b) Additional examples of chemical communication in areas 2, 3,
and 4. All optical images of the chemical communication are available in SI-7 and SI-8. The
image on the left shows relative film thickness (obtained in-situ), and the image on the right
shows the identical location SEM image (obtained ex-situ) during exposure to 10 mM H>SOq.
(c) Histogram depicting the number of neighboring particles within a 10 um radius surrounding
all particles, as well as those exhibiting chemical communication. (d) Histogram depicting the
standard deviation of angle between neighboring particles within a 10 um radius surrounding
all particles, as well as those exhibiting chemical communication.

3.4 Particle distribution in the examples of chemical communication

The comprehensive wide-field image (110x170 um?) showcases 10 instances of
chemical communication, all identified in Fig. 4a on the SEM image, with a few examples from

optical images in Fig. 4b and additional instances provided in SI-7 and SI-8. The chemical

12
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communication covers ca. 20 % of the analyzed interface and stresses the prevalence of
chemical communication on Al alloy interfaces. The entire sequence of optical images captured
over the full field of view has been reconstructed into a movie, available in Movie S2. As in the
previously described example, chemical communication in regions 2, 3, and 4 (Fig. 3b) is
evident from the asymmetric patterns of relative film thickness. In cases 2-4, particles
exhibiting chemical communication are surrounded by other particles (visible in SEM images
in Fig. 3b), and these neighboring particles appear to be preferentially situated on one side,
aligning with the FEM model that explains chemical communication as the overlapping of
diffusion fields of produced OH™ ions on neighboring particles. To rigorously analyze the
influence of these two parameters, we counted the number of neighbors and the angle between
them, and plotted the data in histogram form in Fig. 4c and d, respectively. We limited our
analysis to the closest neighbors situated less than 10 pm from the particle of interest, as the
contribution of particles farther away should be negligible (as observed from FEM simulations
in Fig. 3). Additionally, we excluded examples 4 and 9 from the histograms, as these areas are
in close proximity to the border of observation, and some neighboring particles may be outside
the analysis zone.

Fig. 4c illustrates that particles exhibiting chemical communication are consistently
surrounded by neighboring particles, with counts ranging from 3 to 16. The distribution of the
number of neighbors for all particles adheres to a Gaussian distribution, with a peak occurring
at 9-12 neighboring particles. This suggests that the particles are densely packed on the Al
interface. The standard deviation of the angle between neighbors provides information about
the preferential positioning of neighbors in relation to the particle of interest. When the angle
is close to 0°, neighbors are situated predominantly on one side, while an increase in the angle
up to approximately 100° results in a more homogeneous dispersion of neighbors. The angle
between particles exhibiting chemical communication varies widely, ranging from 20° to 100°,
which implies that some neighbors are inclined to be positioned on one side of the particle of
interest, while others are more evenly dispersed. The general trend for all particles peaks at 60-
100°, indicating that, on average, neighbors have a slight tendency to cluster on one side of
individual particles.

In summary, the histogram analysis reveals that particles with chemical communication
do not exhibit any specific trends in terms of their neighbors' distribution when compared to the
overall tendencies. A plausible explanation for this could be that individual particles have
varying activities, and thus, apart from their position, their individual contributions should be

also considered. It is also important to note that the transition between different

13
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dissolution/precipitation kinetic regimes in numerical simulations (Fig. 3) was defined using an
empirical parameter related to the inhibition of cathodic sites, which is also connected to the
activities of individual particles. Existing literature suggests that factors such as thickness,
composition, and structure of dynamically evolving surface films can influence the kinetics of
cathodic reactions.**=>! In light of this, direct in-situ measurements of local electrochemical
activity are necessary to complement the in-situ observation of surface deposition/dissolution
and to rigorously develop a physical model for chemical communication. An intriguing
direction for future research would be to investigate the use of local complementary probing
techniques, such as nanopipet methods in a combined opto-electrochemical approach,>>3 to
supplement optical observations with direct local electrochemical measurements.

4. Conclusions

The pH variations and accompanied transformation kinetics of surface films at the
nanoscale on Al6061 alloy in 10 mM H>SO4 was investigated around Fe- and Si-rich
micrometric particles using in-situ fluorescence and reflection-based optical microscopy in
combination with ex-situ SEM-EDX surface characterization. In contrast to the surface films
over Fe-rich particles where no significant changes were observed, the thickness of the surface
films over Si-rich particles dynamically evolved over time. The reactivity over each Si-rich
particle could be monitored with sub-micrometric spatial resolution. It demonstrated a unique
pattern, presumably defined by the position of surrounding particles. In particular, we have
shown with fluorescence imaging and numerical simulations that the presence of cathodically
active small particles nearby a large particle can generate a sufficient pH gradient over the large
particle to result in the simultaneous precipitation on one side and dissolution of the surface
films on the other side of the large Si-rich particle. This phenomenon, coined as a chemical
communication, was observed experimentally on Si-rich particles, and particularly those
located near Fe-rich particles. The wide-field reflective image showed that a significant part
(ca. 20 %) of the observed interface is subjected to chemical communication. Overall, the
presence of chemical communication implies that the macroscopic reactivity of Al alloy
interfaces is not simply defined by the sum of its individual entities but can be a result of the
communication between them. This opens an interesting avenue for future works on the detailed

investigation of reactivities of particle assemblies and their impact on bulk material properties.
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SI-1 Experimental part
Sample preparation

A foil of aluminum 6061-T6 alloy (Al6061), provided by Goodfellow, was cut into ca. 20 mm x 6 mm
rectangle, which was mount in a carbon-based conductive mount (KonductoMet™ 20-3375-016). The
sample was polished successively with 320, 400, 600, 1200 grit SiC cooled with tap water. The final
polishing step employed a polishing cloth (Presi™) with 30 nm alumina suspension (Presi™). The
sample was then washed in acetone and deionized water, before being gently blown dry. Then, the
sample was left under atmospheric conditions for ca. 1 week to spontaneously oxidize the Al
interface in a humid O, containing environment and thus, to form a layer of surface
oxides/hydroxides.[1-3] The Al surface was also manually marked in a grid with a scalpel to provide a
visual reference for the identification of analyzed surface area. Just before the optical experiment,
the surface was again washed with deionized water and gently blown dry.

In-situ fluorescence microscopy

A glass slice with deposited on it a 2 pL droplet of 10 mM H,SO, saturated with fluorescein iso-
thyocyanate FITC (Sigma Aldrich, HPLC purity) was placed on the top of the inverted microscope. The
polished sample was placed on a 2 ulL droplet and gently pressed against the glass slice, forming a
thin layer of electrolyte (estimated thickness of ca. 25 um) between transparent glass and metal
interface. Firstly, we registered the images of reflected light, coming from the sample to find the
region of interest and then we placed the cube filter to register fluorescence images. Fluorescence
imaging was carried out on an inverted epifluorescence microscope (Olympus IC71) equipped with a
x40 0.6-NA air objective (Olympus LUMPlanFL N). The sample was illuminated with a white light
source (Hg lamp) coupled through Olympus U-MSWB2 cube (with excitation filter within 450-480 nm
and emission at 500 nm) to excite and reveal fluorescence emitted from the deprotonated FITC
probe, occurring for pH higher than ca. 6 (Fig. S1-1).[1] A digital USB color camera (UI-3080CP Rev. 2,
IDS with CMOS 2456x2054-pixel detector) collected the fluorescence emitted from the solution. FL
images are recorded at a speed of 2 frames per second (fps) with 500 ms accumulation time. Data
analysis was done on selected regions of interest using Python.

(a) (b)

Al6061
- - <
10 mM H,S0, - s .° Al6061
+ sat. solution of FITC (2 uL) . 10 mM H,SO,

_
Glass slice Glass slice (transparent)
g X40 objective

_——450-480 nm

cube N ] :I

filter
Hg lamp

objective x40

500 nm

e

N Camera

Fig. S1-1 Schemes (not to scale) (a) of the entire setup for an operando fluorescence microscopy
observation of the mirror polished Al6061 interface exposed to 10 mM H,S0,4 + sat. FITC solution and
(b) of the solution cell.



In-situ reflective microscopy (RM)

The mirror polished Al6061 sample was fixed at the bottom of a cylindrical home-made cell with the
circular exposed surface area of ca. 50 mm? and placed into RM setup with the light
illumination/collection from the top. (Fig. S1-2) The details of an in-house developed RM setup can
be found elsewhere.[4,5] Briefly, it consisted of an Olympus microscope, equipped with a water
immersion objective (magnification x60 1.00-NA (Olympus LUMPIlanFL N)) with a focus distance of
ca. 3 mm and a MV-D1024-160-CL-12 CCD camera (Photonfocus, 1024x1024 pixels, 14 bit). A halogen
white lamp, filtered in the blue at 490 nm with an interference filter (spectral bandwidth of 20 nm),
served as the light source. The low light intensity of ca. 2 mW cm? guaranteed a negligible heating of
the studied interface to ca. 10° °C during the time of experiment. The substrate was illuminated
from the top by the blue light beam via the microscope objective. The reflected light was collected by
the same objective and sent to the CCD camera, which allows real time imaging of the light flux
reflected by the analyzed surface. Before the experiment, planarity of the analyzed surface area (1072
© precision) was achieved using an interference Mirau objective (magnification x10 (CF Plan, Nikon))
via minimizing the interference fringes. Then, 20 mL of distilled water (MilliporeTM system, 18
MQxcm) was poured gently into the cell to expose the Al6061 interface to the liquid medium without
causing much corrosion due to the low electrolyte conductivity. After focus adjustments in distilled
water, image acquisition (at 0.5 Hz acquisition rate) was started and a concentrated solution of 1 mL
H,SO, (analytical grade, VWR) was gently added to the distilled water in the cell to provide 10 mM
H,SO, final concentration. Each acquired image consisted of a stack of 4 snapshots, each integrated
over 50 ms, for a total duration of 200 ms. After ca. 3 min, the image acquisition was stopped, the
substrate was removed and dried under Ar flow.

The image processing was performed in two steps. At the beginning, 4 particles were identified in
each corner of the reflectivity map, then the reflectivities over these particles were fitted to a 2D-
gaussian distribution and the maxima of this fit were extracted for each frame. The positions of the
maxima for each particle did not vary more than 1 pixel that ensured insignificant thermal drift
during image acquisition. Later, we located identical particles on SEM and EDX images (vide infra)
using similar procedure of fitting to a 2D-gaussian distribution to further perform the alignment of in-
situ RM and ex-situ SEM/EDX images with a pixel precision. All reflectivity maps were normalized by
the intensities from the first reflectivity image and converted to the change of the thickness of
surface films according to the Fresnel model described below. The described image analyses were
performed with Python scripts in graphical user-friendly interface available in GitHub repositories
[LINK ADDED AFTER PUBLICATION] under GNU General Public License.
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~ Teflon cell
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Al6061

S e T L S a O-ring

Al6061

Fig. S1-2 Schemes (not to scale) (a) of the entire setup for an an operando reflective microscopy
observation exposed to 10 mM H,S04 and (b) of the solution cell.



Description of the Fresnel model for the conversion of reflectivity changes to the changes of surface
film thickness.[4,6]

In the case of a normal incidence, the light reflectivity (R) of an electromagnetic wave propagating in
a medium A (characterized by its real index na) reflecting on a plane substrate S (characterized by its
complex refractive index ns), is the square of the modulus of the reflection coefficient and is given by
eq. 1:

ng—ns 2

(1)

Rys = |TA5|2 =

nptng

When an intermediate thin film of thickness 6 (with refractive index nf) is formed between the
substrate and the medium (such as an aluminum oxide/hydroxide film which is located between the
Al6061 interface and the electrolytic solution), the expression of the light reflectivity can be
expressed as

. 2
TAF+TF59212T[/A”F5

i2TC
1+TAFTp5€ZL /lnFS

(2)

Ryps =

where A is the wavelength of the incident light, i = V=1, and 4z and rzg are the reflection
coefficients at the medium A/surface film and surface film/substrate interfaces, respectively. The
intensity of the reflected light as a function of time (/,(t)) normalized by the light intensity at t=0 (/,(0))
is then linked to the relative variation of the reflectivity as

Ir(t) ARAFs
FE) _ 28AFS 3
I1(0) + Rars(t) (3)

where ARyps = Ryps(t) — Ryps(t = 0).

Fig. S1-3a illustrates the variations in relative reflectivity calculated with eq. 2 for Al/AI(OH)3/H,0
interface. A nearly linear correlation is observed between the change in the thickness of the surface
film and the relative reflectivity with the calibration factor found as 0.1 % light intensity change
corresponds to a 1 nm change in 4. This sensitivity factor was used throughout this manuscript.

Note that the assumption is made that the layer formed at the Al surface is pure Al(OH)s, reported as
the most thermodynamically stable phase.[9] Using this assumption, the ex-situ ellipsometry
measurements (SE 400adv ellipsometer (SENTECH)) provided a value of 10 nm surface film thickness
of a naturally oxidized Al interface that is in in order of magnitude with the reported value of 3-5 nm,
I brovided from X-ray photoelectron spectroscopy (XPS). In addition, calculations of sensitivity of the
calibration factor as a function of refractive index variations of surface films (Fig. S1-3b) shows that
within the reported values of n-(1.56-1.77 [7,8] for Al species such as Al,0s3, AIO(OH) and AlI(OH);[1,3]
and 1.46 [7] for SiO, sandwiched between Al and surface films in some analysed areas) the
calibration factor should not vary more than 0.5 — 2 times. Altogether, this provides confidence in the
optical model and defines limits in the estimation of absolute values of surface film thickness.
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Fig. S1-3 (a) Calculated change in reflectivity as a function of the surface film thickness using eq. 2 for

Al/AI(OH)s/H;0 interface at A = 490 nm, ng! = 0.46+4.69i,[7] na' " = 1.67[8] and n’2°=1.33.[7,8]

(b) shows the sensitivity (ratio between reflectivity change in % per nm of surface film) as a function
of the refractive index of surface film ne.

Ex-situ scanning electron microscopy (SEM)/energy-dispersive X-ray spectroscopy (EDX) surface
analysis of identical locations

Identical locations of optical images were retrieved in secondary electron images during SEM analysis
with the aid of grid marked on the Al6061 surface. SEM and EDX analyses were performed on a
Gemini SEM 360 from Zeiss, with an acceleration voltage of 10 kV and 5 kV correspondingly, and 60
um aperture window. Spectra and elemental mappings were processed using the AZtec software.
The alignment to a pixel precision of optical and SEM/EDX images were performed with the
automated feature-based algorithms implemented in OpenCV library, described in detail in ref.*”
and available in GitHub repository under GNU General Public License.

Ex-situ atomic force microscopy (AFM)

Atomic force microscopy (AFM) experiments were performed using the NT-MDT AFM Instruments,
installed on a dynamic anti-vibration device. Imaging of Al6061 surface was performed in air using
standard tapping AFM mode, with Al-coated silicon probes from Nanosensors (cantilevers 40 + 10
N/m spring constant and 290 * 10 kHz resonance frequency). The pyramid-shaped tips had a radius
of curvature of less than 10 nm. Topographic images were recorded at scan rates of 1 or 0.5 Hz.
Image processing (flatten, plane fit, edge, and profiles, etc.) was performed with the WSXM
processing software. At least three different areas of each sample were scanned, and typical images
were presented. Values of nanoparticles height and size were determined.

X-ray diffraction (XRD) analysis

The XRD measurements were performed on a Panalytical X’'pert pro diffractometer equipped with a
Co anode (M« = 1.79031 A) and a multichannel X'celerator detector. The diffraction peaks were
attributed using the HighScore Plus software.



SI-2 Finite Element Method (FEM) simulations of particle crosstalk

The FEM model was built in a 3D geometry with COMSOL Multiphysics 5.5 software (1) to simulate
the steady-state pH distribution and (2) to simulate the transients of AI(OH);
dissolution/precipitation in the case of galvanic corrosion of Fe- and Si-rich particles dispersed in Al
matrix of Al6061 alloy. The geometry of simulated area (Fig. S2-1) was chosen to mimic the particle
positioning observed in in-situ RM experiment: Si-rich particle is represented by a 2 um in diameter
disk (2D) while Fe-rich particles are 3 small disks (2D) of 1 um in diameter located on the same side
relative to Si-rich area, all positioned at the bottom of the simulation box in the shape of hemisphere.
Note that we do not aim to reproduce the exact conditions (particle sizes, shapes, and positions)
since in any case, other parameters (local potential and current distributions) were not accessible
experimentally. Opposed to that, we use simulations to only illustrate the underlying physical
principles that can explain the observed distribution of the precipitation kinetics of surface films over
a Si-rich particle.

103 um

VY
Ak
WY

O um

0um 10° um

Fig. S2-1 Geometry (up to scale) of the simulated box in FEM model. (a) show the whole view in xy
and zy planes while (c) is the zoom of the whole electroactive area located at the bottom of simulated
hemisphere (the anode area is highlighted with blue) and (d) is the zoom around 2D disks, where the
cathode areas are highlighted in blue. Triangles represent free tetrahedral meshing employed in the
model.

In both types of simulations, the 2D disks were set to generate OH", representing local cathodes,
while the rest of the area within 10 um radius was set to produce AI**, representing anode of the
galvanically coupled corrosion around Fe- and Si-rich particles. Diffusion coefficients of all species
were set to 10° m?/s. The initial concentration of OH" in the bulk as well as the constant boundary
OH" concentration (top surface of the hemisphere) were set to 10° mol/m3. The electrolyte
conductivity was set to 0.5 S/m. Both values should closely mimic 10 mM H,SO4 aqueous solution.



In the first type of simulations (steady-state), two modules were used: “secondary current
distribution” to account for the formation of galvanic couplings between cathodic and anodic zones
and “transport of diluted species” to account for the diffusive transport of electrochemically
generated species. The considered electrochemical reactions are galvanically coupled Al dissolution
and oxygen reduction reaction (ORR):

Anode: Al - AIPT + 3e” (4)
Cathode: 0, +2H,0 + 4e™ - 40H™ (5a)
2H,0 + 2e~ » H, + 20H~ (5b)

The kinetics of two types of reactions were described with anodic and cathodic Tafel equations:
Jioc = Jo X 107/2 (6)

where j;,. is the local current density, ij is the exchange current density, a is the Tafel slope and 7 is
the overpotential defined as the difference between equilibrium and imposed potentials
(n = E¢q — E). The anodic currents were considered to be positive, and the cathodic ones were
negative by convention. The electrochemical constants were taken within the range of values
reported in the literature for Al alloy and Fe- and Si-rich phases.[15,16,22—-24] The used values are
reported in Table S2-1.

Table S2-1. Input electrochemical constants for steady-state FEM simulations

Type of boundary Jo/ (A/ecm?) E.q/ (V) a / (mV/decade)
2 um disk (cathode) 5.7x10° -0.6 -300
1 um disks (cathode) 5.1x10* -0.55 -370
the rest (anode) 10* -0.7 50

The results of steady-state simulations were used to estimate the pH distribution on disk areas,
presented in the main text (Fig. 3, right). Also, we noticed that the formation of galvanic couple
computed in “secondary current distribution module” leads to a nearly homogeneous flow on
electrochemically active boundaries: 1.74x10°° mol/(m?s) on the 2 um and 1.74x10* mol/(m?s) of OH"
on the 1 um disks, and 1.59x10® mol/(m?s) of AI** on the rest of the surface (Fig. $2-2). It was due to
sufficient electrolyte conductivity to minimize for the Ohmic drop between the anode and the
cathodes areas.

Flow of species (mol/(m®*s)) 2
| [ I

x107

]
-10 0 HMm

Fig. S2-2 Flow of species on the electrochemically active regions.



Therefore, in the next set of simulations (transient), we simplified the model using only “transport of
diluted species” module and the aforementioned values of fluxes as boundary conditions to reduce
the time of the calculations and improve on convergence. We also introduced the precipitation and
dissolution of Al(OH)s species as the boundary conditions on the anodic and cathodic sites (Fig. S2-1)
according to chemical reactions:

AR +30H o AL(OH), (7)
AL(OH); + OH™ o Al(OH); (8)

To implement this in Comsol, general form boundary partial differential equation (PDE) was added in
the form of first order PDE: dC{AlL(OH)3}/0t = r, where C{Al(OH)3} is the surface concentration
of Al(OH)3 and r is the rate of its formation. r was defined as r = r; + rg where

r, = k'(CyC3y — K') (9)

Tg = k”(CAlOH4/K,, - COH) (10)

Ca1, Con and Cyyop,are the solution activities of AP*, OH and Al(OH)4 defined as their concentrations
normalized by 1 M; K’ is the solubility constant of Al(OH)s, K'' is the complexation constant of
Al(OH)4, k' and k'’ are the kinetic constants of reactions (3) and (4) correspondingly. K’ = 10 and
K" = 0.257 were retrieved from the database of chemical equilibrium software [9] while k' =
4.5%10%” mol/(m?s) and k" = 1.0x10%° mol/(m?s) were chosen empirically to provide the best fit of
experimental data on the evolution of surface films (Fig. 2b in the manuscript). The initial
concentration of C{Al(OH)3} was set to 3.1x10™* mol/m? that corresponds to the experimentally
measured (vide supra) 10 nm surface oxide/hydroxide layer, taking into account the density of
Al(OH)s as 2.42 g/cm?3. Finally, the input fluxes of OH and AI** were multiplied by an empirical
parameter p that equaled to 0 between O s - 20 s then 0.23 between 20 s - 53 s and 1.0 between 53 s
- 120 s. In this way, we provided the transition between different regimes of surface film evolution
observed experimentally in Fig. 2b. The exact physical reason of parameter p is not known. Some
literature suggests that the thickness, composition, and structure of dynamically evolving surface
films can have an impact on kinetics of cathodic reactions.[25-27] All of it is discussed in detail in the
manuscript, showing the results of the time-dependent simulations in Fig. 3b.



SI-3 Roughness of polished Al6061 sample

AFM image in Fig. S3-1 shows that roughness of mirror polished Al6061 is within 40 nm, particles and
Al matrix considered altogether. This value is small enough (way below the diffraction limit) to
consider the surface to be flat in optical models described in SI-1.

50 nm
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Fig. S3-1 (a) Typical AFM image of mirror polished Al6061 samples and (b) is the 2D section along the
back dash line in (a)
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SI-4 Comparison of surface states before and after immersion tests

Before the optical experiments, we tested the impact of 5 min exposure to 10 mM H,SO, aqueous
solution on the surface state of Al6061 interface. The SEM/EDX observations (Fig. S4-1) reveal little to
no difference in surface topography and chemical composition. This was supposedly due to the short
time of exposure and low concentration of corrosive electrolyte that, according to the literature,[11—
14] are very mild corrosive conditions.

Note that even though Mg signal was detected from the EDX map in Fig. S2-1e, Mg species are not
located on the interface (and do not contribute to the reactivity during the immersion tests). Cross
correlation of identical locations in Fig. S4-2 shows no particles in the optical images and only fade
contrast in SEM and Si EDX maps on spots where Mg signal is detected. Most likely Mg,Si particles
(supported with XRD in Fig. S3-1) are located in the bulk of Al6061 in a close proximity to the
interface. For the reference, we used 10 kV and 5 kV acceleration voltage for SEM and EDX analysis
correspondingly, that should give ca. 2 um penetration depth into the material bulk. The absence of
Mg containing particles on the interface can be explained by selective dissolution of Mg from the
Mg.Si particles due to the metal interface polishing operated in the presence of water, as reported in
ref [2].

Therefore, the as-prepared Al6061 interface is composed of Si, O-rich particles, and Fe-rich particles,
which are identified as SiO, and AlsFe phases from XRD analysis in SI-5.
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Fig. S4-1a Representative SEM images of Al6061 surface before and after 5 min immersion in 10 mM
H.S0, aqueous solution. Slightly different contrast between images is due to contrast differences set
in SEM image acquisition software and is not related to the differences in the surface states. Below
we provide EDX maps of Si, O, Fe and Mg distribution.
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Fig. S4-1b Si distribution from EDX mapping
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Fig. S4-1d Fe distribution from EDX mapping
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Fig. S4-1e Mg distribution from EDX mapping
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Fig. S4-2 Zoom of the maps in Fig. S4-1 showing SEM, Si and Mg EDX maps complemented with
optical image. Identical locations that correspond to the most intense Mg spots on EDX map are

highlighted with arrows in all four images.

14



SI-5 Bulk material structure

The Al6061 sample was cut and embedded into the conductive resin matrix of cylindrical shape prior
to any experiments (Fig. S5-1a), including XRD. This was to mount sample into a fully automated
polishing equipment and thus, simplify polishing procedure crucial for operando RM experiments.
Since the analysis volume of XRD is large, the diffractogram of Al6061 mounted sample contains the
contribution from the resin that we ruled out by recording a separate diffractogram of pure resin
(orange curves in Fig. S5-1). Analysis shows that crystalline graphite and SiO, make up for the signal
from the resin, while the AI6061 is composed of Al crystalline, Mg,Si, AlsFe, SiO, and Al,Os;
(Fig. S5-1b). The particles of Mg,Si and AlsFe are the main constituents of Al6061 bulk reported in the
literature.[14—17] The SiO, and Al,0s phases are located on the interface, that was partly oxidized
during the polishing procedure (see SI-1 and the main text for details).
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""*;i._:‘g sample : ‘ * Al

# Mg,Si
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Fig. S5-1 (a) Macroscopic picture of Al6061 sample placed into the resin (top) and the diffractograms
of individual resin and sample embedded into resin (bottom). (b) Zoomed diffractogram with peak
attribution: Al (ref ICSD 98-004-3492), Mg,Si (ref ICSD 98-016-7510), AlsFe (ref. [18]), SiO; (ref ICSD
98-015-6198) and Al,Os (ref ICSD 98-017-3014). Ensemble of small peak, related to resin, are not
marked but attributed to graphite (ref ICSD 98-007-6767).
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SI-6 2D profile of reflectivity image over Fe-rich particle

The 2D profile of reflected light along the location of Fe-rich particle in Fig. S6-1c shows the decrease
in intensity of the reflected light. It shows clearly that RM is sensitive enough to detect Fe-rich phases
even though it might be hard to distinguish them looking at reflectivity images (Fig. S6-1a) due to
high contrast between black and white regions. The main reason is that the Si-rich particles (dark
regions) are strongly contrasted and with the whole sensitivity scale the Fe-rich particles may be
invisible. Reflectivity (as ellipsometry) is a highly sensitive technique to local refractive index
variations. The higher the image pixel depth (in bit) the higher the reflectivity sensitivity. For the
dynamic analysis we used a 12 bit pixel (4096 a.u.) which allows a measurement with < 1% accuracy,
especially when accumulating (stacking) successive images. In the Fig. 1 of the main manuscript, we
use a less sensitive camera (8bit: 256 a.u.) as we would like to show the fluorescence/reflectivity
coupled measurement.
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Fig. S6-1 (a) Reflectivity and (b) SEM image of identical locations taken from Fig. 1b from the main
manuscript. (c) presents the 2D profile of intensity of reflected light along the dash line in figure (a).
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SI-7 Wide-field view of analyzed interface

The total size of surface, analyzed in operando RM, is 110x170 um?. It is presented in Fig. S7-1 and
Movie S1. Regions, where the crosstalk was suspected, consist of ca. 20 % of the analyzed interface.
The total number of analyzed Fe-particles (with light contrast) and Si-rich particles (with dark
contrast) is 710 and 479 correspondingly. The majority of particles are < 1 pm? in size as shown in Fig.
S7-2.

214

Reflectivity / a. u.

Fig. S7-1 (a) Wide-field optical and (b) SEM images of analyzed Al6061 interface. Regions, where the
crosstalk was suspected, are highlighted with rectangles.
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Fig. S7-2 Distribution of (a) Si- and (b) Fe-rich particles in the analyzed zone from SEM image in Fig.
S7-1
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SI-8 Summary of the crosstalk appearances in the wife-field image

Table S8-1 List of areas with the crosstalk appearances highlighted in Fig. S4-1 containing short
description of the chemical communication manifests itself, cropped SEM image and 4 images of
relative surface films thicknesses at different times are given.

1. This example of the chemical communication is described in detail in the manuscript and
provided in Movie S2. The chemical communication is visible from the appearance of dissolution
(blue) and precipitation (red) regions on the single Si-rich particle (dark contrast in SEM image),
presumably defined by the impact of neighboring Fe-rich particles (bright contrast in SEM image).
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4. In this example, the neighboring Si-rich particles seems to have an impact on the

surface layer on the neighboring Si-rich particle.
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5. The separation of dissolution/precipitation regions on Si-rich particle becomes apparent early
on in this area that can be related to the chemical communication between neighboring Si-rich

particles.
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6. The chemical communication appears after 28 s of immersion and can be due to the presence
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of sub micrometer Si-rich particles.
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7. In this example, the separation of dissolution/precipitation is apparent on two neighboring
particles that can be an indication of mutual impact on each other’s activities.
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17s 28s 37s 112s ®

‘ A, Ims=

: T S TH, et ‘1 l s

R o e & . » .,

¢ yf, ) ¢ "“r : v r’y. | &, i‘ sign'of‘ ‘ -5:

'3 v ) '3 203 : : ¥, ‘{ crosstalk | 0 o

: ', : =is ./,' E

WL e et eesd | :

" ' t : b ¢ a

W A s R e |

s

3

20




9. Similar to the 1% case.
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10. In contrast to other examples, herein the separation of dissolution/precipitation regions does
not match with the particle positioning. This is very similar to the reported in the literature
distribution of corrosion products around particles agglomerates on Al2024 alloy after a few hours
of immersion in NaCl aqueous solutions.[12,19-21]

17s 28s 37s 84s 5
" _' - Y " ".‘ “-. signof . . .'..-"‘
: - o crosstalk rf ]
-' " o 2 A

=P 0

L ".l‘ 2um “. e ‘,*‘ It :
s it TG | i

. "

)
wu / ssauwydIy} wyiy anne|dy

21




References

(1]
(2]
(3]
(4]

(5]

(6]

(7]
(8]

(9]

(10]

(11]
[12]
(13]
(14]
[15]
[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

N. Li, C. Dong, C. Man, J. Yao, Adv Eng Mater 2019, 21, 1900386.
I. Olefjord, H. J. Mathieu, P. Marcus, Surface and Interface Analysis 1990, 15, 681-692.
P. Cornette, S. Zanna, A. Seyeux, D. Costa, P. Marcus, Corros Sci 2020, 174, 108837.

S. Chakri, A. N. Patel, I. Frateur, F. Kanoufi, E. M. M. Sutter, T. T. M. Tran, B. Tribollet, V. Vivier,
Anal Chem 2017, 89, 5303-5310.

S. Munteanu, J. P. Roger, Y. Fedala, F. Amiot, C. Combellas, G. Tessier, F. Kanoufi, Faraday
Discuss 2013, 164, 241-258.

L. Godeffroy, I. Aguilar, J. Médard, D. Larcher, J. M. Tarascon, F. Kanoufi, Adv Energy Mater
2022, 12, 2200722.

https://refractiveindex.info/

Mastersizer 2000, Sample Dispersion and Refractive Index Guide. Reference Manual., UK,
2007.

I. Puigdomenech, “Chemical Equilibrium Diagrams,” can be found under
https://sites.google.com/site/chemdiagr/home, 2015.

L. Godeffroy, J.-F. Lemineur, V. Shkirskiy, M. M. Vieira, J.-M. Noél, F. Kanoufi, L. Godeffroy, J.-
F. Lemineur, V. Shkirskiy, M. Miranda Vieira, J.-M. Noél, F. Kanoufi, Small Methods 2022,
2200659.

Y. Zhu, K. Sun, G. S. Frankel, J Electrochem Soc 2018, 165, C807—C820.

P. J. Denissen, A. M. Homborg, S. J. Garcia, J Electrochem Soc 2019, 166, C3275-C3283.

A. Boag, A. E. Hughes, A. M. Glenn, T. H. Muster, D. McCulloch, Corros Sci 2011, 53, 17-26.
D. Veys-Renaux, N. Chahboun, E. Rocca, Electrochim Acta 2016, 211, 1056—-1065.

N. Birbilis, R. G. Buchheit, J Electrochem Soc 2005, 152, B140.

S. K. Kairy, N. Birbilis, Corrosion 2020, 76, 464—-475.

N. L., X. Zhou, N. Birbilis, A. E. Hughes, J. M. C. Mol, S. J., X. Zhou, G. E., Aluminium Alloys - New
Trends in Fabrication and Applications 2012, DOI 10.5772/53752.

M. Li, Z. Shi, X. Wu, H. Wang, Y. Liu, Materials 2019, Vol. 12, Page 172 2019, 12, 172.

A. Hughes, T. H. Muster, A. Boag, A. M. Glenn, C. Luo, X. Zhou, G. E. Thompson, D. McCulloch,
Corros Sci 2010, 52, 665-668.

A. E. Hughes, A. Boag, A. M. Glenn, D. McCulloch, T. H. Muster, C. Ryan, C. Luo, X. Zhou, G. E.
Thompson, Corros Sci 2011, 53, 27-39.

P. J. Denissen, S. J. Garcia, Electrochim Acta 2019, 293, 514-524.

M. Mokaddem, P. Volovitch, F. Rechou, R. Oltra, K. Ogle, Electrochim Acta 2010, 55, 3779—-
3786.

M. A. Jakab, D. A. Little, J. R. Scully, J Electrochem Soc 2005, 152, B311.

22



[24]
[25]
(26]

(27]

R. G. Buchheit, J Electrochem Soc 1995, 142, 3994—-3996.
L. Liu, Y. Xu, Y. Zhu, X. Wang, Y. Huang, J Electrochem Soc 2020, 167, 141510.
S. Thomas, I. S. Cole, M. Sridhar, N. Birbilis, Electrochim Acta 2013, 97, 192—-201.

J. D. Yoo, K. Ogle, P. Volovitch, Corros Sci 2014, 83, 32-37.

23



	AnalChem_new2_clean.pdf
	SI_new.pdf

