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Reflective microscopy (RM) is a robust, label free optical imaging technique that allows fast operando measurements of structural changes on metal interfaces at nanoscale in a wide field. Based on the analysis of the reflected light, RM can be simply understood as "video camera" to produce optical photographs of studied interfaces and thus, it has been used for many years as a complementary tool for the visual inspection. However, recent developments in the optical models and refining the experimental design provided means for the quantitative conversion of reflected light intensities into the variations in roughness, thickness of surface films, chemical composition etc., all indispensable for the surface sciences. This review highlights recent advances and contemporary challenges in the methodological developments of RM specifically tailored for the corrosion research.

Introduction

The urgent need of increased energy efficiency and durability of materials is pushing forward the development of novel metal materials of increased complexity. [START_REF] Zhong | Global greenhouse gas emissions from residential and commercial building materials and mitigation strategies to 2060[END_REF][START_REF] Bender | Corrosion challenges towards a sustainable society[END_REF] This development is often based on the idea of mixing the multiple components with the formation of local structural and compositional inhomogeneities (intermetallic particles, inclusions, grains, and grain boundaries simply called single entities (SE) herein). [START_REF] Bender | Corrosion challenges towards a sustainable society[END_REF][START_REF] Birbilis | A perspective on corrosion of multiprincipal element alloys[END_REF][START_REF] George | High-entropy alloys[END_REF] Generally, the presence of SE can be beneficial for improving its mechanical, electrical, catalytic, etc. properties. However, in metal systems, SEs are often detrimental for the corrosion performance serving as the main limiting factor for the immediate use of these materials. [START_REF] Li | Controlling Surface Contact , Oxygen Transport , and Pitting of Surface Oxide via Single-Channel Scanning Electrochemical Cell Microscopy[END_REF][START_REF] Bentley | Scanning electrochemical cell microscopy for the study of (nano)particle electrochemistry: From the sub-particle to ensemble level[END_REF] Understanding the corrosion properties of SE is challenging experimentally because, unless under forced corrosion, no current is exchanged with an external device. The most basic corrosion mechanism implies the formation of localized galvanic couplings (down to nm) around dissimilar SE causing the local surface conversion and mass transfer up hundreds of µm range. [START_REF] Hayden | Genesis of Nanogalvanic Corrosion Revealed in Pearlitic Steel[END_REF][START_REF] Kosari | In-situ nanoscopic observations of dealloying-driven local corrosion from surface initiation to in-depth propagation[END_REF][START_REF] Denissen | Interpreting Electrochemical Noise and Monitoring Local Corrosion by Means of Highly Resolved Spatiotemporal Real-Time Optics[END_REF] Therefore, the development of highly localized wide field measurements is required to screen simultaneously both, highly localized corrosion at the scale of single SE and long-range galvanic communication between assemblies of SEs. A range of optical microscopies (e.g. fluorescence microscopy, [START_REF] Chen | A review of fluorescence based corrosion detection of metals[END_REF] confocal laser microscopy, [START_REF] Serfass | Microstructural Defects of Epoxy-Phenolic Polymers on Metal Substrates during Acidic Corrosion[END_REF] etc.) were proposed to address these issues. This article, in particular, considers the application of Reflective Microscopy (RM). [START_REF] Lemineur | Emerging Optical Microscopy Techniques for Electrochemistry[END_REF] The most basic principle of all RM experimental setups consists in the registration of maps of reflected optical light from a non-transparent interface in-situ during its transformation (Fig. 1). [START_REF] Lemineur | Emerging Optical Microscopy Techniques for Electrochemistry[END_REF][START_REF] Godeffroy | Decoupling the Dynamics of Zinc Hydroxide Sulfate Precipitation/Dissolution in Aqueous Zn-MnO 2 Batteries by Operando Optical Microscopy: A Missing Piece of the Mechanistic Puzzle[END_REF][START_REF] Olgiati | When all intermetallics dealloy in AA2024-T3: Quantifying early stage intermetallic corrosion kinetics under immersion[END_REF][START_REF] Linpé | An electrochemical cell for 2-dimensional surface optical reflectance during anodization and cyclic voltammetry[END_REF] In other words, it is a "video camera" that allows to register movies of surface activities. The source of light is usually controlled and illuminates the surface of interest perpendicular from the top, but in principle the ambient diffuse light can be also used for the most basic measurements. The objective is placed on the top and is either immersed directly in corrosive electrolyte or separated by an optically transparent window. It serves to direct the reflected light to the optical detector where the signal registration occurs. The intensity of the reflected light is directly proportional to the refractive indexes of SEs as well as their masses, therefore making it sensitive to any chemical phase conversion. [START_REF] Lemineur | Emerging Optical Microscopy Techniques for Electrochemistry[END_REF] Details on the operational principles of particular RM setups can be found elsewhere. [START_REF] Godeffroy | Decoupling the Dynamics of Zinc Hydroxide Sulfate Precipitation/Dissolution in Aqueous Zn-MnO 2 Batteries by Operando Optical Microscopy: A Missing Piece of the Mechanistic Puzzle[END_REF][START_REF] Denissen | Reducing subjectivity in EIS interpretation of corrosion and corrosion inhibition processes by in-situ optical analysis[END_REF][START_REF] Sullivan | In situ monitoring of corrosion mechanisms and phosphate inhibitor surface deposition during corrosion of zinc-magnesium-aluminium (ZMA) alloys using novel time-lapse microscopy[END_REF][START_REF] Pfaff | Operando Reflectance Microscopy on Polycrystalline Surfaces in Thermal Catalysis, Electrocatalysis, and Corrosion[END_REF] Standalone, RM provides wide field (up to a few mm wide) highly resolved (down to ca. 200 nm) and sensitive (down to 30 nm particles) measurements while also being amenable to coupling with another methods. [START_REF] Lemineur | Emerging Optical Microscopy Techniques for Electrochemistry[END_REF] Due to unique advantages, RM and its derivative optical methods have gained a significant momentum in battery, [START_REF] Godeffroy | Decoupling the Dynamics of Zinc Hydroxide Sulfate Precipitation/Dissolution in Aqueous Zn-MnO 2 Batteries by Operando Optical Microscopy: A Missing Piece of the Mechanistic Puzzle[END_REF]19] electrocatalysis,[20] biology fields [START_REF] Taylor | Interferometric Scattering Microscopy: Seeing Single Nanoparticles and Molecules via Rayleigh Scattering[END_REF] while still having very limited applications in corrosion research. In this communication, we present a succinct summary of novel applications of RM for the examination of metal degradation mechanisms. The focus is on the critical examination and comparison of advancements in the interpretation of optical signals, with an emphasis on identifying potential avenues for further improvement. 

Qualitative interpretation of optical movies

The most spread application of RM is the detection of localized corrosion through the observation of changes in pixel intensity in optical movies captured in situ. This technique, commonly referred to as Time-Lapse Microscopy (TLM), often serves to provide qualitative information about the surface state, including the presence of bubbles and local surface defects. [START_REF] Kurchavov | Synergistic effect of ionic liquid (IL) cation and anion inhibits negative difference effect on Mg in water -IL mixtures[END_REF][START_REF] Wang | High rate oxygen reduction reaction during corrosion of ultra-high-purity magnesium[END_REF][START_REF] Sullivan | In situ monitoring of the microstructural corrosion mechanisms of zinc-magnesium-aluminium alloys using time lapse microscopy[END_REF] Additionally, TLM results can aid in guiding further analysis using quantitative local methods. [START_REF] Maltseva | Effect of pH on Mg(OH)2film evolution on corroding Mg by in situ kinetic Raman mapping (KRM)[END_REF] For example, in-situ local electrochemical impedance microscopy (LEIM) was guided with TLM surface observations during delamination of polymer on Zn-based substrate. [START_REF] Sanchez | Detection and quantification of defect evolution at buried metal-oxide-polymer interface on rough substrate by local electrochemical impedance mapping[END_REF][START_REF] Denissen | Corrosion Inhibition at Scribed Locations in Coated AA2024-T3 by Cerium-And DMTD-Loaded Natural Silica Microparticles under Continuous Immersion and Wet/Dry Cyclic Exposure[END_REF] The appearance of defects in polymer is stochastic and could be anticipated in advance, while the analysis of the whole studied interface is time-consuming with scanning methods such as LEIM. Therefore, TLM was used, as an intelligent instrument, to spot the region of interest with initial activity from large-view observations apparent from the bubble formation or/and change in the pixels contrast.

Immediately after the identified zone was analyzed with LEIM to extract size and nature (anode or cathode) of electrochemical zones. [START_REF] Sanchez | Detection and quantification of defect evolution at buried metal-oxide-polymer interface on rough substrate by local electrochemical impedance mapping[END_REF] The primary advantage of this RM approach is its low cost and ease of use and interpretation. However, it has the drawback of limited information output. To mitigate this limitation, TLM is commonly utilized in conjunction with other methods, or, more recently, the optical signals are subjected to more in-depth analysis in order to extract quantitative information regarding corrosion mechanisms.

Extraction of quantitative information from optical movies

Expanding TLM capabilities beyond qualitative interpretation is often achieved by quantifying the number of pixels affected by localized corrosion. This information, presented over time, provides valuable insights into various corrosion phenomena, including filiform corrosion, [START_REF] Kousis | The kinetics and mechanism of filiform corrosion affecting organic coated Mg alloy surfaces[END_REF][START_REF] Wint | The kinetics and mechanism of filiform corrosion occurring on zinc-aluminiummagnesium coated steel[END_REF] delamination kinetics, [START_REF] Williams | A mechanistic investigation of corrosiondriven organic coating failure on magnesium and its alloys[END_REF] inhibition efficiency, [START_REF] Sullivan | In situ monitoring of corrosion mechanisms and phosphate inhibitor surface deposition during corrosion of zinc-magnesium-aluminium (ZMA) alloys using novel time-lapse microscopy[END_REF][START_REF] Wint | A Method for Quantifying the Synergistic Inhibitory Effect of Corrosion Inhibitors When Used in Combination: A 'Chromate Generating Coating[END_REF] drop spreading, [START_REF] Gateman | Measuring changes in wettability and surface area during micro droplet corrosion measurements[END_REF][START_REF] Zhao | Initial atmospheric corrosion studies of copper from macroscale to nanoscale in a simulated indoor atmospheric environment[END_REF][START_REF] Schindelholz | Electrochemical aspects of copper atmospheric corrosion in the presence of sodium chloride[END_REF] pitting corrosion, [START_REF] Denissen | Interpreting Electrochemical Noise and Monitoring Local Corrosion by Means of Highly Resolved Spatiotemporal Real-Time Optics[END_REF] and trenching. [START_REF] Olgiati | When all intermetallics dealloy in AA2024-T3: Quantifying early stage intermetallic corrosion kinetics under immersion[END_REF] In some cases, TLM can even replace more costly and time-consuming kinetics studies. For instance, the evolution of disbonding in metal substrates coated with transparent polymer coatings can be monitored optically, replacing complex scanning kelvin probe (SKP) [START_REF] Williams | A mechanistic investigation of corrosiondriven organic coating failure on magnesium and its alloys[END_REF] or LEIM approaches. [START_REF] Shkirskiy | Development of quantitative Local Electrochemical Impedance Mapping: an efficient tool for the evaluation of delamination kinetics[END_REF] The group of S. J. Garcia has reported in recent works [START_REF] Denissen | Interpreting Electrochemical Noise and Monitoring Local Corrosion by Means of Highly Resolved Spatiotemporal Real-Time Optics[END_REF][START_REF] Olgiati | When all intermetallics dealloy in AA2024-T3: Quantifying early stage intermetallic corrosion kinetics under immersion[END_REF][START_REF] Denissen | Reducing subjectivity in EIS interpretation of corrosion and corrosion inhibition processes by in-situ optical analysis[END_REF] that the evolution of intensity in individual pixels can be linked to the type of corrosion occurring, further extending the application of TLM beyond kinetics studies. When correlated with ex-situ scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX), changes in pixel intensity can be linked to de-alloying, subsurface corrosion, etching, or pitting. [START_REF] Denissen | Interpreting Electrochemical Noise and Monitoring Local Corrosion by Means of Highly Resolved Spatiotemporal Real-Time Optics[END_REF][START_REF] Olgiati | When all intermetallics dealloy in AA2024-T3: Quantifying early stage intermetallic corrosion kinetics under immersion[END_REF] Once a correlation between the optical signal and the corrosion phenomenon is established, TLM can be used on its own or in combination with global electrochemical measurements to provide a wealth of information on corrosion. This has motivated the development of appropriate optical models to replace empirical correlations with physicsbased modeling.

Towards nanoscale

Recent advancements in experimental configurations and optical models, adapted primarily from related fields of batteries [19,[START_REF] Merryweather | Operando monitoring of single-particle kinetic state-of-charge heterogeneities and cracking in high-rate Li-ion anodes[END_REF] and electrocatalysis, [20,[START_REF] Onderwaater | In Situ Optical Reflectance Difference Observations of CO Oxidation over Pd(100)[END_REF] have expanded the range of phenomena that can be quantified in RM. The key developments include improved light source stability and the use of mirror flat substrates. In the case of normal incidence, the variation of reflected light intensity can be correlated with the thickness of the formed passive layer (down to a monolayer thickness) on metal interfaces using Fresnel equations.

[12] One of the first examples employing this principle in corrosion research included the degradation of mild steel in 1 M NaOH solution. [START_REF] Chakri | Imaging of a Thin Oxide Film Formation from the Combination of Surface Reflectivity and Electrochemical Methods[END_REF] The change in the reflectivity of a steel surface was shown to evolve quickly with time (Fig. 2a) that was correlated with nanometric changes in relative film thickness. In the case of steel surface, such calibration curve indicates that the dissolution of preliminary formed oxide layer makes the surface more reflecting (the reflectance 1 + ∆𝑅𝑅 𝑅𝑅 � > 1) and vice versa. This suggests that RM can probe and quantify the change in surface layer thickness with a sensitivity of less than 0.2 nm over time during corrosion processes, similar to other nanoscale surface techniques such as X-ray photoelectron spectroscopy (XPS) [START_REF] Chakri | Imaging of a Thin Oxide Film Formation from the Combination of Surface Reflectivity and Electrochemical Methods[END_REF] and transmission electron microscopy (TEM). [START_REF] Chen | Imaging the kinetics of anisotropic dissolution of bimetallic core-shell nanocubes using graphene liquid cells[END_REF] The most recent examples on the oxidation of Au and stainless steel surfaces showed that RM can be used to track grain specific electrochemical activities (Fig. 3). [START_REF] Pfaff | Operando Reflectance Microscopy on Polycrystalline Surfaces in Thermal Catalysis, Electrocatalysis, and Corrosion[END_REF] Identical colocalization of reflectivity images with electron backscatter diffraction (EBSD) analysis provided a direct correlation of activity from RM with crystallographic orientation. The reflectance voltammograms showed that the step atoms on Au interface (( 110) and (111) steps on (210), ( 111) and ( 221) surfaces) are less stable during electrooxidation and oxidize at lower potentials than (111) terrace atoms. This is a remarkable example showing how RM can link the structure and activity at micro scale. Nanoscale resolution imaging should be possible using the advanced optics equipment [START_REF] Godeffroy | Decoupling the Dynamics of Zinc Hydroxide Sulfate Precipitation/Dissolution in Aqueous Zn-MnO 2 Batteries by Operando Optical Microscopy: A Missing Piece of the Mechanistic Puzzle[END_REF] that would place RM in the same category as the state-of-the-art electrochemical scanning probes [START_REF] Bentley | Nanoscale Electrochemical Mapping[END_REF] (for example scanning electrochemical cell microscopy (SECCM) [START_REF] Bentley | Scanning electrochemical cell microscopy for the study of (nano)particle electrochemistry: From the sub-particle to ensemble level[END_REF]), widely used for characterization of polycrystalline metal electrodes. [START_REF] Daviddi | Nanoscale electrochemistry in a copper/aqueous/oil three-phase system: surface structureactivity-corrosion potential relationships[END_REF][START_REF] Daviddi | Screening the Surface Structure-Dependent Action of a Benzotriazole Derivative on Copper Electrochemistry in a Triple-Phase Nanoscale Environment[END_REF] 

Prospects of RM application in corrosion science

Although RM has seen initial success, it is still in its early stages of development for corrosion science. The use of the Fresnel model has already transformed RM into a powerful nanoscale quantitative methodology for investigating surface film conversion, as demonstrated on Febased substrates. We anticipate this methodology will be expanded to a wider range of metal systems, such as Mg alloys, [START_REF] Esmaily | Fundamentals and advances in magnesium alloy corrosion[END_REF][START_REF] Yao | Micro-arc oxidation of magnesium alloys: A review[END_REF] high entropy alloys, [START_REF] George | High-entropy alloys[END_REF][START_REF] Qiu | Corrosion of high entropy alloys[END_REF] and multi-principal element alloys, [START_REF] Birbilis | A perspective on corrosion of multiprincipal element alloys[END_REF][START_REF] Han | Current state of electrochemical techniques and corrosion rate analysis for next-generation materials[END_REF] where in-situ localized characterization is urgently needed but would be costly and time-consuming using traditional surface characterization approaches (XPS, TEM, etc.). Furthermore, fine-tuning experimental conditions and applying other optical models is expected to enable the characterization of particle chemical conversion, bubble formation, and other phenomena, which are already established in the fields of batteries and electrocatalysis. [START_REF] Godeffroy | Decoupling the Dynamics of Zinc Hydroxide Sulfate Precipitation/Dissolution in Aqueous Zn-MnO 2 Batteries by Operando Optical Microscopy: A Missing Piece of the Mechanistic Puzzle[END_REF]20,[START_REF] Merryweather | Operando monitoring of single-particle kinetic state-of-charge heterogeneities and cracking in high-rate Li-ion anodes[END_REF][START_REF] Chen | Operando video microscopy of Li plating and reintercalation on graphite anodes during fast charging[END_REF] Another promising avenue of the future development consists in coupling of RM and scanning probe methods. In particular, emerging nanopipets methods (scanning ion conductance microscopy (SICM) and SECCM) offer a wealth of capabilities complementary to optical observations: [START_REF] Valavanis | Hybrid scanning electrochemical cell microscopyinterference reflection microscopy (SECCM-IRM): tracking phase formation on surfaces in small volumes[END_REF] nanoscale measurements of corrosion currents and potentials, localized measurement of surface charges, localized inhibitor delivery via nanopipet injection etc., [START_REF] Bentley | Scanning electrochemical cell microscopy for the study of (nano)particle electrochemistry: From the sub-particle to ensemble level[END_REF][START_REF] Zhu | Scanning Ion Conductance Microscopy[END_REF][START_REF] Caniglia | Probing and Visualizing Interfacial Charge at Surfaces in Aqueous Solution[END_REF] all essential in corrosion research. For example, SECCM, already used to map corrosion relevant data on polycrystalline metal interfaces and alloying intermetallics, [START_REF] Daviddi | Nanoscale electrochemistry in a copper/aqueous/oil three-phase system: surface structureactivity-corrosion potential relationships[END_REF][START_REF] Daviddi | Screening the Surface Structure-Dependent Action of a Benzotriazole Derivative on Copper Electrochemistry in a Triple-Phase Nanoscale Environment[END_REF][START_REF] Yule | Nanoscale Active Sites for the Hydrogen Evolution Reaction on Low Carbon Steel[END_REF] does not provide in-situ information on evolution of surface films that can be easily observed if coupled with RM. [START_REF] Valavanis | Hybrid scanning electrochemical cell microscopyinterference reflection microscopy (SECCM-IRM): tracking phase formation on surfaces in small volumes[END_REF] SECCM can also be used to deposit droplets of corrosive electrolyte and create thin water films on metal interfaces. In hyphenated optical approach, it can used for localized in-situ investigations of atmospheric corrosion, complementing SKP observations. [START_REF] Nazarov | Application of Scanning Kelvin Probe in the Study of Protective Paints[END_REF][START_REF] Khayatan | A new insight into the rate determining step of cathodic delamination[END_REF] Lastly, it is worth mentioning that RM methodologies often produce an important amount of complex multi-dimensional data that cannot be handled with conventional tools and require data automatization and advanced data processing. [START_REF] Godeffroy | Bridging the Gap between Single Nanoparticle Imaging and Global Electrochemical Response by Correlative Microscopy Assisted By Machine Vision[END_REF] We anticipate the wide integration of artificial intelligent algorithms in the next decades to address this issue. This trend is already present in literature in optics, [START_REF] Guo | Adaptive optics based on machine learning: a review[END_REF] corrosion [START_REF] Coelho | Reviewing machine learning of corrosion prediction in a data-oriented perspective[END_REF] and other fields. [START_REF] Krenn | On scientific understanding with artificial intelligence[END_REF] Unsupervised learning techniques will be useful to reveal internal data structure and reduce dimensionality of the corrosion relevant optical data. [START_REF] Zaadnoordijk | Lessons from infant learning for unsupervised machine learning[END_REF] Generated optical datasets will contribute to the supervised and reinforcement learning models aimed at prediction and optimization of electrochemical activities of novel generation of metal substrates. [START_REF] Gow | A review of reinforcement learning in chemistry[END_REF] 

Conclusions

In the last few years, RM has gained momentum in corrosion research due to being simplistic and easily accessible while also offering unprecedented opportunities of measuring in-situ solid conversion at nanoscale in wide field at intricate heterogeneous interfaces. In this article, we reunited diverse optical setups based on the analysis of reflected light and showed how they can be used at increasing levels of complexity: qualitative analysis on localization of corrosion sites in coupling with scanning probe methods and qualitative analysis of de-alloying, etching, pitting, subsurface corrosion and surface films formation.

Elaboration on optical models and the experimental conditions of RM pushed resolution and sensitivity to a true nanoscale level providing a wealth of opportunities for corrosion research yet to be explored.

From a material perspective, there are limitless possibilities of RM application to the corrosion of any industrially relevant metal interface. Future studies will expand the libraries of studied substrates and phenomena taking inspiration from electrocatalysis and battery fields on localized bubble formation and solid chemical transformations. RM is amenable to various instrumental couplings. We envision the in-situ combination of RM with emerging nanopipet scanning methods for complementary structure-electrochemistry material screening and for surface pattering. Generation of large unstructured data sets will boost the application of artificial intelligent algorithms for automatization, prediction, and optimization tasks. Finally, RM and related optical methods will no doubt play an important role in the elucidation of corrosion mechanisms and rational material design.
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Figure 1 .

 1 Figure 1. Schematic representation of a generic RM setup used in corrosion research based on the registration on reflected light in-situ during the exposure to a corrosive environment. Insets highlight the analytical capacity, studied phenomena, existing in-situ couplings as well as perspectives of RM applications.

Figure 2 .

 2 Figure 2. (a) Image of relative change in the reflectivity (denoted as 1 + ∆𝑅𝑅 𝑅𝑅 � ) of a steel surface immersed in 0.1 M NaOH at open circuit potential after ca. 1 min of exposure. (b) shows the relation from the relative thickness of surface films and 1 + ∆𝑅𝑅 𝑅𝑅 � according to Fresnel equations. Nanometric changes in surface film thickness lead to nearly linear changes in surface reflectivity, accessible experimentally with RM. Adapted from [38].
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 3 Figure 3. (a) EBSD image of polycrystalline Au surface and (b) is the relative reflectivity changes at different potentials in 0.1 M H2SO4 solution of identical location. The grain 1 is (210) surface, the grain 2 is close to (111) and the grain (3) is the (221) surface. Adapted from [18].
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