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Optical techniques can afford a powerful characterization of the solid/liquid interface that is composed of an electrode immersed in an electrolyte. While a typical electrochemical measurement such as current intensity is averaged over the entire electrode surface, the access to surface heterogeneity can provide an increased level of information enabling to rationalize and optimize the performance of chemical or biochemical sensors. In this opinion paper, we will briefly review the different strategies developed to translate an electrochemical process into a luminescence signal. Also, several key examples will be selected and commented in order to highlight the key advantages of coupling electrochemistry with optical imaging, essentially fluorescence and electrochemiluminescence.

Introduction

In the context of analytical chemistry, electrochemistry offers a wide variety of techniques, methods and strategies to enable a precise determination of a given molecular target. Compared to other approaches, electrochemistry offers a number of advantages such as the possibility to monitor several variables (current, charge, potential, impedance, etc.). However, an intrinsic limitation arises from the use of a solid/liquid interface since the electron transfer process is averaged over the whole electrode surface. That is why a classic electrochemical measurement except scanning electrochemical microscopy (SECM) is blind to surface heterogeneity. However, in most cases, the electrode surface cannot be considered as ideal or defect less. Therefore, the space-resolved mapping of the electrochemical response can play a major role in the development and optimization of modified electrodes for sensing applications.

The combination of electrochemistry with an appropriate imaging technique appears necessary in order to solve such a problem [START_REF] Wang | Imaging the chemical activity of single nanoparticles with optical microscopy[END_REF], [START_REF] Wang | Optical methods for studying local electrochemical reactions with spatial resolution: A critical review[END_REF], [START_REF] Lozeman | Spectroelectrochemistry, the future of visualizing electrode processes by hyphenating electrochemistry with spectroscopic techniques[END_REF], [START_REF] Kanoufi | Electrochemistry and Optical Microscopy[END_REF]. There are indeed several possibilities but in most cases, a so-called in situ coupling is more complicated to be performed in comparison with a sequential characterization (i.e. ex situ). This opinion paper will focus on luminescence as a tool to image electrode surfaces. The selected examples are not meant to be exhaustive but the idea is to illustrate key analytical strategies involving wide field microscopy, fluorescence confocal laser scanning microscopy (F-CLSM), [START_REF] Bouffier | Coupling electrochemistry with in situ fluorescence (confocal) microscopy[END_REF] or electrochemiluminescence (ECL) imaging [START_REF] Zhang | Electrochemiluminescence Imaging for Bioanalysis[END_REF].

Main text

Electrochemically-induced fluorescence modulation

The goal of this section is to introduce the various strategies that have been proposed in the literature for fluorescence imaging of an electrochemical process. The first approach implies the use of a dye whose fluorescence is modulated at the vicinity of the electrode surface. In most cases, a pH-sensitive fluorescence probe is selected. Fluorescein can be considered as the archetype and was first used in such a context by Engstrom et al. and more recently by many others [START_REF] Engstrom | Fluorescence imaging of electrode-solution interfacial processes[END_REF], [START_REF] Cannan | Three-dimensional imaging of proton gradients at microelectrode surfaces using confocal laser scanning microscopy[END_REF], [START_REF] Bouffier | Imaging Redox Activity at Bipolar Electrodes by Indirect Fluorescence Modulation[END_REF], [START_REF] Xu | Coupling of Independent Electrochemical Reactions and Fluorescence at Closed Bipolar Interdigitated Electrode Arrays[END_REF], [START_REF] Pande | Electrochemically Induced pH Change: Time-Resolved Confocal Fluorescence Microscopy Measurements and Comparison with Numerical Model[END_REF]. In all these examples, a potential step is applied to an electrode surface to enable an electrochemical reaction that either produces or consumes protons such as the 2 e -, 2 H + reduction of benzoquinone. Therefore, a pH gradient is promoted at the vicinity of the electrode surface in unbuffered or low-supported buffered solutions. This gradient is revealed by fluorescein, which exhibits a massive increase of brightness (B = ε × φ, i.e. product of the molar absorptivity and fluorescence quantum yield) between the mono-and dianionic forms (pKa = 6.43, B = 10,700 and 71,500 M -1 cm -1 , respectively). It is noteworthy that several other pH sensitive dyes have also been reported such as quinine employed to reveal oxygen evolution or oxide formation [12]. More recently, a water-soluble hydroxypyrene derivative (HPTS) was used to visualize the diffusion layer surrounding a carbon fibre microelectrode, [START_REF] Yang | Reaction Layer Imaging Using Fluorescence Electrochemical Microscopy[END_REF] or to convert quantitatively an electrochemical current into a fluorescence signal [START_REF] Djoumer | Real-time Conversion of Electrochemical Currents into Fluorescence Signals Using 8-Hydroxypyrene-1,3,6-trisulfonic Acid (HPTS) and Amplex Red as Fluorogenic Reporters[END_REF].

An alternative strategy is to use a so-called electrofluorogenic probe [START_REF] Miomandre | Luminescence in Electrochemistry[END_REF]. It means a redox-active molecule whose fluorescence properties are modulated upon electron transfer. One typical family of molecules that has been widely used during the last decade is phenoxazine. The redox couple composed of resorufin (RF) and resazurin (RZ) is very popular since RZ is mildly fluorescent (φ = 0.11 at pH 10) whereas RF exhibits a much larger quantum yield of 0.41 at the same pH [START_REF] Doneux | Coupling Electrochemistry with Fluorescence Confocal Microscopy To Investigate Electrochemical Reactivity: A Case Study with the Resazurin-Resorufin Fluorogenic Couple[END_REF]. These molecules have been used to visualize the activity of discrete electrocatalysts, [START_REF] Guerrette | Fluorescence Coupling for Direct Imaging of Electrocatalytic Heterogeneity[END_REF] convert an electrochemical response into a fluorescence output, [START_REF] Oja | Fluorescence-Enabled Electrochemical Microscopy with Dihydroresorufin as a Fluorogenic Indicator[END_REF], [START_REF] Djoumer | Converting Any Faradaic Current Generated at an Electrode under Potentiostatic Control into a Remote Fluorescence Signal[END_REF] or monitor a diffusion layer [START_REF] Doneux | Coupling Electrochemistry with Fluorescence Confocal Microscopy To Investigate Electrochemical Reactivity: A Case Study with the Resazurin-Resorufin Fluorogenic Couple[END_REF], [START_REF] De Poulpiquet | A snapshot of the electrochemical reaction layer by using 3 dimensionally resolved fluorescence mapping[END_REF]. In addition, depending on the necessity to promote a fluorescence enhancement or extinction, several pathways have been proposed. The electrochemical reduction of RZ to RF affords a positive fluorescence signal whereas the subsequent reduction of RF to the colourless dihydroresorufin (DH) results in a fluorescence drop [START_REF] De Poulpiquet | A snapshot of the electrochemical reaction layer by using 3 dimensionally resolved fluorescence mapping[END_REF], [START_REF] Guerret-Legras | Combined SECM-fluorescence microscopy using a water-soluble electrofluorochromic dye as the redox mediator[END_REF]. On the contrary, DH which is unstable and reoxidizes spontaneously in presence of O2 can be quantitatively generated in solution with an excess of glucose (i.e. through a homogeneous redox reaction) prior to be electrochemically re-oxidized [START_REF] Oja | Fluorescence-Enabled Electrochemical Microscopy with Dihydroresorufin as a Fluorogenic Indicator[END_REF]. A last alternative is offered by Amplex Red, a well-known DH derivative, which is air stable to obtain a fluorescence increase upon an electrochemical oxidation [START_REF] Lefrançois | Direct oxidative pathway from amplex red to resorufin revealed by in situ confocal imaging[END_REF]. Following a comparable strategy, the use of several other electrofluorogenic dyes is also possible and was recently reviewed by Buriez and co-workers [START_REF] Guille-Collignon | Electrochemical Fluorescence Switch of Organic Fluorescent or Fluorogenic Molecules[END_REF].

Finally, another interesting strategy takes advantage of fluorescence quenching at a metal surface. It was first proposed by Bizzotto et al. and applied to monitor the electrochemical desorption of an organic layer immobilised at the electrode surface [START_REF] Bizzotto | Fluorescence Imaging Studies of the Electrochemical Adsorption/Desorption of Octadecanol[END_REF], [START_REF] Shepherd | Selective Reductive Desorption of a SAM-Coated Gold Electrode Revealed Using Fluorescence Microscopy[END_REF]. Fluorescence is completely quenched when a dye is localized in close proximity to a bulk metal surface, which is typically the case for thiol self-assembled monolayer (SAM) on a gold electrode. In that case, a fluorescence event can be measured upon an electrochemical desorption when the fluorophore leaves the surface as illustrated in Figures 1a and1b. In this example, a well-organized SAM is prepared by using a thiol functionalized with a BODIPY (boron-difluoride-dipyrromethene) moiety. Prior to desorption, BODIPY fluorescence is quenched whereas a marked increase of fluorescence appears when scanning the potential towards negative values. The maximum fluorescence intensity is monitored at -1.5 V (Fig. 1b) and vanishes at more negative values since the desorbed BODIPY dyes diffuse immediately away from the electrode [START_REF] Casanova-Moreno | What Happens to the Thiolates Created by Reductively Desorbing SAMs? An in Situ Study Using Fluorescence Microscopy and Electrochemistry[END_REF]. 

Access to spatial information

One of the first example of F-CLSM imaging was proposed by Unwin and co-workers with benzoquinone used as a redox-active probe and fluorescein acting as reporter [START_REF] Rudd | Fluorescence Confocal Laser Scanning Microscopy as a Probe of pH Gradients in Electrode Reactions and Surface Activity[END_REF]. This contribution was rather fundamental and discussed in details the formation of the pH gradient by combining experimental measurements with simulations. However, this method was also applied to image a 4 × 4 microelectrode array where a faulty electrode can be immediately and unambiguously identified within the array by the absence of surrounding fluorescence. In a more recent and striking example, Bizzotto and co-workers studied the influence of the surface structure on SAMs prepared with either single or mixed components. Here, the key element is to use a single crystal Au bead electrode enabling to image the complete stereographic triangle (Fig. 1c), [START_REF] Yu | Influence of Surface Structure on Single or Mixed Component Self-Assembled Monolayers via in Situ Spectroelectrochemical Fluorescence Imaging of the Complete Stereographic Triangle on a Single Crystal Au Bead Electrode[END_REF]. In this example, the reductive desorption of the SAM is again monitored and occurs sequentially starting from 111 planes, prior to 100 and 110 planes on the same electrode but at different spatial localizations. These stepwise reductive desorption potentials follow qualitatively the sequence of the corresponding potential of zero charge that can be measured at low-index faces Au single crystal electrodes [START_REF] Doneux | Influence of the crystallographic orientation on the reductive desorption of self-assembled monolayers on gold electrodes[END_REF]. It is noteworthy that in the latter example, the fluorophore was linked covalently to the electrode surface. On the contrary, when the fluorescence arises from a species that is dissolved in solution, image resolution can be affected by diffusional blurring. In such a context, Compton and co-workers proposed to confine the fluorescence of a pHsensitive reporter at the direct vicinity of the electrode surface by tuning the concentration of a strong acid such as HClO4 in solution [START_REF] Pruchyathamkorn | Imaging Electrode Heterogeneity Using Chemically Confined Fluorescence Electrochemical Microscopy[END_REF]. This results in improved the images in which the diffusional blurring was significantly reduced.

As stated earlier in the field of biosensors, the surface of a modified electrode cannot be strictly homogenous and many sources of inhomogeneity can therefore be considered such as substrate defects, aggregation or non-specific adsorption [START_REF] Bizzotto | Beyond Simple Cartoons: Challenges in Characterizing Electrochemical Biosensor Interfaces[END_REF]. We selected two original studies in order to highlight the added value of fluorescence microscopy to address the homogeneity of electrodes that were modified either by a DNA probe or an enzyme. In the case of DNA biosensors, the interfacial organization of a mixed SAM is directly influenced by the substrate crystallinity as well as the immobilization procedure. For example, DNA concentration is a key parameter since a diluted solution enables a homogeneous layer whereas a more concentrated solution might favour the formation of aggregates (Fig. 2a), [START_REF] Meunier | In Situ Fluorescence Microscopy Study of the Interfacial Inhomogeneity of DNA Mixed Self-Assembled Monolayers at Gold Electrodes[END_REF]. Also, these typical aggregates are persistent and necessitate a more drastic reductive desorption to get removed from the surface as illustrated in Fig. 2b. From this series of experiments, it is clear that a pristine electrode surface can only be regenerated after applying a rather negative potential because milder conditions are insufficient to remove quantitatively these DNA aggregates. Here, the use of fluorescence microscopy definitely helps to interrogate the quality and homogeneity of the DNA layer and might improve the resulting analytical figures of merit. The optimization of enzyme electrodes remains an essential challenge for the preparation of efficient biosensors, biofuel cells or wearable bioelectronics [START_REF] Mano | O2 Reduction in Enzymatic Biofuel Cells[END_REF], [START_REF] Kim | Wearable Bioelectronics: Enzyme-Based Body-Worn Electronic Devices[END_REF], [START_REF] Zigah | Micro-and Nanoscopic Imaging of Enzymatic Electrodes: A Review[END_REF], [START_REF] Dutta | Electron transfer-driven single and multi-enzyme biofuel cells for self-powering and energy bioscience[END_REF]. Once again, the electrochemical performances are strongly influenced by the homogeneity of the enzyme layer that can be monitored by in situ F-CLSM. This was recently exemplified with bilirubin oxidase (BOD) adsorbed at a graphite electrode BOD drives O2 reduction together with proton consumption and the corresponding pH gradient is observed with fluorescein dye. Fluorescence imaging provides a direct visualization of surface heterogeneity either in the plane of the electrode (Fig. 3a) or through a 3-dimensional reconstruction by staking images recorded at incremental horizontal positions (Fig. 3b). These images unambiguously revealed the presence of surface defects that drastically affect the local fluorescence intensity. This trend is even more striking at high magnification (Fig. 3c) where the hot spots were assigned to surface micro-holes or cracks originating from the sonication of the electrode after the polishing step. Here, fluorescence microscopy offers a unique way to characterize in situ a modified electrode and improve the corresponding fabrication procedure. (i.e. the fluorescence intensity appears as a colour gradient from blue to green). Adapted from Ref. [START_REF] Tassy | In Situ Fluorescence Tomography Enables a 3D Mapping of Enzymatic O2 Reduction at the Electrochemical Interface[END_REF] with permission from the American Chemical Society, Copyright 2020.

Special case of electrochemiluminescence (ECL)

ECL is a very powerful technique that is widely employed as a readout for various analytical applications [38]. In ECL, the fluorophore is not excited by photon absorption but following a sequence of reactions that is initiated by an electron transfer step. One key advantage of ECL is evidenced when using a combination of several dyes that can be activated either individually or collectively, enabling multiplexed analytical strategies for the simultaneous detection of several analytes [START_REF] Hogan | Chapter 8 Multicolour Electrochemiluminescence. In Analytical Electrogenerated Chemiluminescence: From Fundamentals to Bioassays[END_REF]. Typically, ECL is promoted by using a sacrificial coreactant that operates either in oxidation or in reduction. Among the most popular coreactant species, tri-propylamine (TPA) and 2-(dibutylamino)ethanol are effective in oxidation whereas benzoyl peroxide or persulfate activates a reductive ECL pathway. However, TPA was reported once to equally act in reduction, which was rather intriguing from a mechanistic point of view [START_REF] Cao | Novel tris(2,2′-bipyridine)ruthenium(ii) cathodic electrochemiluminescence in aqueous solution at a glassy carbon electrode[END_REF]. Recently, the use of optical imaging revealed without ambiguity that the corresponding ECL signal originated in fact from the counter electrode (CE) and not from the working electrode (WE) [START_REF] Theakstone | Cathodic' electrochemiluminescence of [Ru(bpy)3]2+ and tri-n-propylamine confirmed as emission at the counter electrode[END_REF], [START_REF] Adamson | Emission from the working and counter electrodes under co-reactant electrochemiluminescence conditions[END_REF]. This is illustrated in Fig. 4 when using [Ru(bpy)3] 2+ as red luminophore (Fig. 4a) or Ir(ppy)3 as green dye (Fig. 4b) in presence of TPA coreactant. In both cases, ECL is solely visible at the CE upon application of a reductive pulse at the WE. Conversely, applying a positive potential step at the WE induces ECL strictly on this electrode [START_REF] Adamson | Emission from the working and counter electrodes under co-reactant electrochemiluminescence conditions[END_REF]. Finally, the last selected examples that will be discussed involved ECL generation at bipolar electrodes, which has become increasingly popular during the last decade [START_REF] Karimian | The principles of bipolar electrochemistry and its electroanalysis applications[END_REF], [START_REF] Bouffier | Advances in bipolar electrochemiluminescence for the detection of biorelevant molecular targets[END_REF], [START_REF] Rahn | Recent Advancements in Bipolar Electrochemical Methods of Analysis[END_REF], [START_REF] Bouffier | Bipolar (Bio)electroanalysis[END_REF]. Briefly, bipolar electrochemistry is a wireless approach based on the interfacial polarization of a conducting object submitted to an electric field. In that case, the electrochemical reactivity is distributed along the bipolar electrode with one side behaving as a cathode whereas the other one acts as an anode. Once again, the in situ imaging of bipolar electrodes is essential to evidence the local reactivity in space as illustrated in Fig. 4c for multicolour ECL [START_REF] Li | Spatially-resolved multicolor bipolar electrochemiluminescence[END_REF]. A Pt wire is immersed in a mixture of 10 mM TPA, 0.5 mM Ir(ppy)3 and 0.05 mM [Ru(bpy)3] 2+ . The top image is recorded under ambient light prior to applying the electric field whereas the bottom one was acquired in the dark when applying 1.41 V/cm. Potential-resolved spectra of the corresponding ECL can reveal the sequential activation of only Ir(ppy)3 prior to a combination of Ir(ppy)3 and [Ru(bpy)3] 2+ at higher voltages. However, imaging the anodic part of the bipolar electrode shows that the localization of the red and green emissions is controlled in space since the driving force is maximal at the edge and decreases when moving towards the middle of the bipolar electrode (Fig. 4c,bottom). Another fluorophore that is widely employed for ECL is luminol, which gives a typical blue anodic emission in presence of H2O2 coreactant. However, reductive ECL is also mentioned in the literature depending on the nature of the electrode materials [START_REF] Håkansson | Cathodic electrochemiluminescence at double barrier Al/Al2O3/Al/Al2O3 tunnel emission electrodes[END_REF]. Recently, ECL imaging of a bipolar electrode wire made out of iron shows without ambiguity that the ECL of L-012 luminol derivative can be observed simultaneously in oxidation and in reduction with both extremities of the iron wire exhibiting a blue light (Fig. 4d). A careful analysis of the corresponding image demonstrated that the anodic ECL is slightly more intense and is observed on a longer part of the wire compared to the ECL obtained in reduction [START_REF] Feng | Enhanced Cathodic Electrochemiluminescence of Luminol on Iron Electrodes[END_REF].

Conclusions

The coupling between an electrochemical measurement and the optical imaging of the electrode surface offers a unique way to study electron transfer processes with an additional spatial information. For that, several strategies can be considered such as the use of redox-active dyes or fluorophores whose properties are modulated by an electrochemical reaction. pH-sensitive luminophores or quenching at close proximity of the electrode surface are possible strategies that are used in this field. Such an electro-optical coupling offers a unique way to improve the quality of the modified electrodes since one can directly get access to surface heterogeneity. The fluorescence signal is largely influenced by surface structuration and defects or can interrogate the level of organization of a given molecular layer. For example, DNA sensors or enzymatic electrodes can be optimized when acquiring images of the electrode in situ. Finally, the special case of ECL generated at conventional or bipolar electrodes is also discussed since the combination of an electrochemical stimulus with the exact localization of the ECL event can help understanding mechanistic issues depending on the nature of the luminophore, coreactant and electrode material. In the future, we anticipate that such couplings will become increasingly popular and enable a considerable progress in the methods of fabrication of electrochemical devices for sensing applications. Finally, even if the focus was given to fluorescence and/or ECL transductions, one can note that many other possibilities such as surface plasmon resonance (SPR) imaging, [START_REF] Shan | Imaging Local Electrochemical Current via Surface Plasmon Resonance[END_REF], [START_REF] Hasheminejad | Plasmonic Imaging of the Interfacial Potential Distribution on Bipolar Electrodes[END_REF] or dark field microscopy [START_REF] Brasiliense | Optoelectrochemical In Situ Monitoring of the Cathodic Formation of Single Cobalt Nanoparticles[END_REF], [START_REF] Yang | Opto-Electrochemical Dissolution Reveals Coccolith Calcium Carbonate Content[END_REF], [START_REF] Xie | Substrate mediated dissolution of redox active nanoparticles; electron transfer over long distances[END_REF] can also offer very interesting alternatives.
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 1 Figure 1. (a) Variation of the fluorescence intensity during a linear potential sweep at a gold electrode modified with a SAM containing a fluorophore. (b) Corresponding fluorescence images at selected potentials during the reductive desorption. Adapted from Ref. [26] with permission from the American Chemical Society, Copyright 2013. (c) Comparable experiment conducted on a single crystal Au bead electrode revealing the stepwise desorption at specific crystallographic planes. Adapted from Ref. [27] with permission from the American Chemical Society, Copyright 2015.
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 2 Figure 2. (a) Fluorescence images acquired at open-circuit potential for a polycrystalline gold electrode modified with various concentration of a DNA probe functionalized with a thiol and a BODIPY ends, respectively. (b) Fluorescence images of a mixed SAM of DNA/Mercaptobutanol prepared on a polycrystalline gold electrode acquired before (left) and after reductive desorption (E = -1.25 V, middle and E = -1.40 V, right). Adapted from Ref. [32] with permission from Wiley-VCH, Copyright 2015.
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 3 Figure 3. Fluorescence images acquired during O2 reduction at an enzymatic electrode (bilirubin oxidase, BOD). (a) Representative image recorded in the focal plane. (b) 3D reconstruction (i.e. z-stack) at a constant potential of 0.3 V vs. Ag/AgCl from images recorded at a magnification of ×5. (c) Idem at ×20. The images are displayed with a lookup-table(i.e. the fluorescence intensity appears as a colour gradient from blue to green). Adapted from Ref.[START_REF] Tassy | In Situ Fluorescence Tomography Enables a 3D Mapping of Enzymatic O2 Reduction at the Electrochemical Interface[END_REF] with permission from the American Chemical Society, Copyright 2020.

Figure 4 .

 4 Figure 4. (a) Photographs of the ECL of 5 mM [Ru(bpy)3] 2+ and 10 mM TPA, or (b) 0.2 mM Ir(ppy)3 and 10 mM TPA at the working electrode (WE) and counter electrode (CE), upon application of different working electrode potentials. Adapted from Ref. [42] with permission from the Royal Society of Chemistry, Copyright 2021. (c) Photographs of space-resolved multicolour ECL with [Ru(bpy)3] 2+ and Ir(ppy)3 alongside a bipolar electrode wire. Adapted from Ref. [43] with permission from Elsevier, Copyright 2017. (d) Simultaneous anodic and cathodic ECL of L-012 luminol derivative visualized at the two extremities of a bipolar electrode wire. Adapted from Ref. [44] with permission from the American Chemical Society, Copyright 2021.