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come    

Reconstruction of distributions of nanoparticles or electroactive nano-components in electrochemical arrays

based on chronoamperometric data

INTRODUCTION

Since the development of chemical nanosciences, electrochemical interfaces consisting of electroactive or electrocatalytic nanoparticles or others nano-components dispersed on nonelectroactive (or poorly electroactive) electrical conductors have received an increasing importance in the fields of electrocatalysis or (bio)electroanalytical sensors. This is particularly evident for catalysis and chemical energy applications, since using specific metallic nanoparticles,(see, e.g. [START_REF] Murray | Nanoelectrochemistry: Metal Nanoparticles, Nanoelectrodes, and Nanopores[END_REF][START_REF] Tian | Synthesis of Tetrahexahedral Platinum Nanocrystals With High-Index Facets and High Electro-Oxidation Activity[END_REF][START_REF] Xiao | Observing Single Nanoparticle Collisions at an Ultramicroelectrode by Electrocatalytic Amplification[END_REF][START_REF] Zhou | The Electrochemical Detection and Characterization of Silver Nanoparticles in Aqueous Solution[END_REF][START_REF] Yoo | Direct Electrochemical Detection of Individual Collisions between Magnetic Microbead/Silver Nanoparticle Conjugates and a Magnetized Ultramicroelectrode[END_REF][START_REF] Kissling | Electrochemical Charge Transfer Mediated By Metal Nanoparticles and Quantum Dots[END_REF][START_REF] Zhao | Nanoparticle-Mediated Electron Transfer across Ultrathin Self-Assembled Films[END_REF]) or faultlessly defined nano-crystals with the adequate amounts of edges and surfaces displaying perfectly designed crystallographic orientations is extremely important for electrocatalysis. [START_REF] Tian | Synthesis of Tetrahexahedral Platinum Nanocrystals With High-Index Facets and High Electro-Oxidation Activity[END_REF] Indeed, dispersion of specifically tailored nanoparticles provides a strong control of electrocatalytic efficiency and selectivity when compared to what could be achieved with a macroscopic electrode, while being cost-effective compared to macroscopic single crystals (see, e.g. [START_REF] Costentin | Catalysis at the nanoscale may change selectivity[END_REF][START_REF] Gal | Electrocatalytic (Bio)Nanostructures Based on Polymer-Grafted Platinum Nanoparticles for Analytical Purpose[END_REF][START_REF] Hong | Multi-Walled Carbon Nanotube Supported Pd Nanocubes with Enhanced Electrocatalytic Activity[END_REF][START_REF] Anderson | A Theoretical and Experimental Approach for Correlating Nanoparticle Structure and Electrocatalytic Activity[END_REF][START_REF] Hong | Synthesis of Hollow PdRuCo Nanoparticles with Enhanced Electrocatalytic Activity[END_REF][START_REF] Neumann | Performance of Silver Nanoparticles in the Catalysis of the Oxygen Reduction Reaction in Neutral Media: Efficiency Limitation Due to Hydrogen Peroxide Escape[END_REF][START_REF] Li | Electrochemically Shape-Controlled Synthesis Of Trapezohedral Platinum Nanocrystals with High Electrocatalytic Activity[END_REF][START_REF] Zhou | High-Index Faceted Platinum Nanocrystals Supported on Carbon Black as Highly Efficient Catalysts for Ethanol Electrooxidation[END_REF][START_REF] Zhou Z Y, Tian | Nanomaterials of High Surface Energy with Exceptional Properties in Catalysis and Energy Storage[END_REF][START_REF] Gara | Nanomaterial Modified Electrodes: Evaluating Oxygen Reduction Catalysts[END_REF][START_REF] Yang | Electroreduction of O2 on Uniform Arrays of Pt Nanoparticles[END_REF][START_REF] Fontaine | Sol-Gel Route to Zirconia-Pt-Nanoelectrode Arrays 8 nm in Radius: Their Geometrical Impact in Mass Transport[END_REF][START_REF] Sun | Kinetics of Electron-Transfer Reactions at Nanoelectrodes[END_REF]). On the other hand, the growth of applications based on selfassembled monolayers (SAMs) and analytical systems based on them has promoted the development of this field (see, e.g. [START_REF] Sabatani | Organized Self-Assembling Monolayers on Electrodes .1. Octadecyl Derivatives on Gold[END_REF][START_REF] Finklea | Blocking Oriented Monolayers of Alkyl Mercaptans on Gold Electrodes[END_REF][START_REF] Bethell | From Monolayers to Nanostructured Materials: An Organic Chemist's View of Self-Assembly[END_REF][START_REF] Poul | Mimicking the Protein Access Channel to a Metal Center: Effect of a Funnel Complex on Dissociative Versus Associative Copper Redox Chemistry[END_REF][START_REF] Chazalviel | On the Origin of the Efficient Nanoparticle Mediated Electron Transfer across a Self-Assembled Monolayer[END_REF][START_REF] Cancino | Microelectrode Array in Mixed Alkanethiol Self-Assembled Monolayers: Electrochemical Studies[END_REF][START_REF] Leroux Y R | Nanostructured Monolayers on Carbon Substrates Prepared by Electrografting of Protected Aryldiazonium Salts[END_REF][START_REF] Lhenry | Tunneling Dendrimers. Enhancing Charge Transport through Insulating Layer Using Redox Molecular Objects[END_REF][START_REF] Leroux | A protecting-Deprotecting Strategy for Structuring Robust Functional Films Using Aryldiazonium Electroreduction[END_REF][START_REF] Fu | Exploitation of Desilylation Chemistry in Tailor-Made Functionalization on Diverse Surfaces[END_REF]). However, SAMs are seldom perfect and present pinholes that affect the SAMs expected behaviors by acting as nanoelectrodes dispersed in electrochemically-inert layers, [START_REF] Sabatani | Organized Self-Assembling Monolayers on Electrodes .1. Octadecyl Derivatives on Gold[END_REF] or conversely may serve to introduce specific functions in the SAMs. [START_REF] Poul | Mimicking the Protein Access Channel to a Metal Center: Effect of a Funnel Complex on Dissociative Versus Associative Copper Redox Chemistry[END_REF][START_REF] Chazalviel | On the Origin of the Efficient Nanoparticle Mediated Electron Transfer across a Self-Assembled Monolayer[END_REF] Hence, the avenues related in one way or another to the problematics of dispersions of electroactive nano-elements in an inert surface cover a wide range of fundamental and applied researches.

Concerning (bio)electroanalytical applications and sensors, the motivation in using arrays of nanoparticles is quite different. Indeed, electrochemical arrays of nanoparticles or nanoelectroactive elements offer great analytical performances compared to macroscopically active electrode surfaces. One origin for such high performance in bioanalytical sensors is that nanoelectroactive or conducting elements, such as carbon nanotubes or reduced graphene oxide sheets, facilitate the electrochemical 'wiring' of enzymes or other biological molecules with the electrode without altering their structures (hence their biological activities) as would occur if they were directly adsorbed on an electrode surface where they would experience high electrical fields (ca. 10 9 V/m) prevailing at electrode-electrolyte interfaces. However, this is not the only gain. The most important analytical advantage is that arrays of nanoparticles and nano-electroactive elements increase the signal-to-noise (S/N) ratio in electrochemical experiments. [START_REF] Amatore | Electrochemistry at Ultramicroelectrodes[END_REF] Indeed, in electrochemistry the minimum current noise stems from the electrode capacitance due to the derivation of small but sharply varying potential fluctuations across the double layer. [32] Hence, minimizing the electrode surface area directly increases the signal-to-noise ratio and enhances the analytical performances. Indeed, nanoelectrodes develop convergent diffusional fields so that the Faradaic current is proportional to it size, 𝑟 . [START_REF] Amatore | Electrochemistry at Ultramicroelectrodes[END_REF][START_REF] Amatore | Equivalence Between Electrodes of Different Shapes: Between Myth and Reality[END_REF] Conversely, the capacitance remains proportional to its surface area, viz., to 𝑟 , so that the S/N value increases as 1/𝑟 . [START_REF] Amatore | Electrochemistry at Ultramicroelectrodes[END_REF] For example, this property has allowed the detection of extremely low quantities of electroactive (bio)molecules, down to zeptomoles, even in routine experiments (see e.g., [START_REF] Watkins | Zeptomole Voltammetric Detection and Electron-Transfer Rate Measurements Using Platinum Electrodes of Nanometer Dimensions[END_REF][START_REF] Sun | Electrochemistry of Individual Molecules in Zeptoliter Volumes[END_REF][START_REF] Amatore | Electrochemical Monitoring of Single Cell Secretion: Vesicular Exocytosis and Oxidative Stress[END_REF][START_REF] White | Electrochemistry in Nanometer-Wide Electrochemical Cells[END_REF][38]) and to many bio-electroanalytical applications (see e.g., [START_REF] Du | Fitting" Makes "Sensing" Simple: Label-Free Detection Strategies Based on Nucleic Acid Aptamers[END_REF][START_REF] Li | Silver Nanoclusters for Drug Detection in Biological Samples: What is the Future?[END_REF][START_REF] Fan | A Label-Free Colorimetric Aptasensor for Simple, Sensitive and Selective Detection of Pt (II) Based on Platinum (II)-Oligonucleotide Coordination Induced Gold Nanoparticles Aggregation[END_REF][START_REF] Li | Gold Nanoparticles Decorated Carbon Fiber Mat As a Novel Sensing Platform For Sensitive Detection Of Hg(II)[END_REF][START_REF] Jia | Engineering the bioelectrochemical interface using functional nanomaterials and Microchip Technique Toward Sensitive and Portable Electrochemical Biosensors[END_REF][START_REF] Du | An integrated sensing system for detection of DNA using new parallel-motif DNA triplex system and graphene-mesoporous silica-gold nanoparticle hybrids[END_REF][START_REF] Chen | Electrochemical determination of Verapamil with a microchip embedded with gold nanoelectrode ensemble electrodes[END_REF][START_REF] Ongaro | Sensor Arrays: Arrays of Micro-and Nanoelectrodes[END_REF][START_REF] Dawson | Electroanalysis at the Nanoscale[END_REF][START_REF] Polsky | Multifunctional Electrode Arrays[END_REF][START_REF] Virgilio | Development of Electrochemical Biosensors by E-Beam Lithography for Medical Diagnostics[END_REF][START_REF] Ongaro | Bioelectroanalysis with Nanoelectrode Ensembles and Arrays[END_REF][START_REF] Zhang | Theoretical Assessment of Binding and Mass-Transport Effects in Electrochemical Affinity Biosensors that Utilize Nanoparticle Labels for Signal Amplification[END_REF][START_REF] Yang | Carbon Nanotubes Grown on Metal Microelectrodes for the Detection of Dopamine[END_REF][START_REF] Habtamu | Miniaturized Enzymatic Biosensor via Biofunctionalization of the Insulator of Nanoelectrode Ensembles[END_REF][START_REF] Shipway | Nanoparticle Arrays on Surfaces for Electronic, Optical, and Sensor Applications[END_REF] for recent publications).

Though, at first glance using an electrochemical interface formed of dispersed nanocomponents may seem as a non-efficient approach in terms of the total current delivered by the device. Effectively, would the diffusion layers generated by each nano-electroactive component remain too small to overlap and interact synergistically such arrays would have no real interest from an electrochemical point of view. Fortunately, under most analytical conditions these individual diffusion layers reach sufficiently large sizes to strongly overlap. This overlay produces a planar uniform diffusion layer expanding towards the solution bulk as if the whole surface of the array, 𝐴 , was active (i.e., including its electroactive and non-electroactive sections). [START_REF] Amatore | Electrochemistry at Ultramicroelectrodes[END_REF][START_REF] Amatore | Equivalence Between Electrodes of Different Shapes: Between Myth and Reality[END_REF][START_REF] Amatore | Charge Transfer at Partially Blocked Surfaces. A Model for the Case of Microscopic Active and Inactive Sites[END_REF][START_REF] Sliusarenko | Validating a Central Approximation in Theories of Regular Electrode Electrochemical Arrays of Various Common Geometries[END_REF][START_REF] Sliusarenko | Development and Validation of an Analytical Model for Predicting Chronoamperometric Responses of Random Arrays of Micro-and Nanodisk Electrodes[END_REF] This occurs when the mean distance, 𝑑, between the nanocomponents is lesser than the extension of the time dependent diffusion layers that expand around each one, [START_REF] Amatore | Electrochemistry at Ultramicroelectrodes[END_REF][START_REF] Amatore | Equivalence Between Electrodes of Different Shapes: Between Myth and Reality[END_REF][START_REF] Amatore | Charge Transfer at Partially Blocked Surfaces. A Model for the Case of Microscopic Active and Inactive Sites[END_REF][START_REF] Sliusarenko | Validating a Central Approximation in Theories of Regular Electrode Electrochemical Arrays of Various Common Geometries[END_REF][START_REF] Sliusarenko | Development and Validation of an Analytical Model for Predicting Chronoamperometric Responses of Random Arrays of Micro-and Nanodisk Electrodes[END_REF][START_REF] Davies | The Cyclic and Linear Sweep Voltammetry of Regular and Random Arrays of Microdisc Electrodes: Theory[END_REF][START_REF] Henstridge | Mass Transport to Micro-and nanoelectrodes and their Arrays: A Review[END_REF][START_REF] Zoski | Evaluation of the Intrinsic Kinetic Activity of Nanoparticle Ensembles under Steady-State Conditions[END_REF][START_REF] Masa | Koutecky-Levich Analysis Applied to Nanoparticle Modified Rotating Disk Electrodes: Electrocatalysis or Misinterpretation?[END_REF][62] viz., ca. 𝛿~√π𝐷𝑡 where 𝐷 is the diffusion coefficient of the electroactive solution species and 𝑡 the duration of the experiment. [START_REF] Bard | Electrochemical Methods[END_REF] When arrays consist of micro-components, they can be designed and manufactured to respect this constraint, viz., 𝑑 ≪ 𝛿~√π𝐷𝑡, in order to ensure that the array may perform in an optimum way. When such arrays are fabricated through random adsorption / deposition of electroactive or electrocatalytic micro-components one may check that 𝑑 ≪ 𝛿~√π𝐷𝑡 for the sought time scale by evaluating 𝑑 values by in situ observations with optical or confocal microscopy. However, such in situ reports are clearly impossible when the active elements consist of nanoparticles. On the other hand, quantitative rationalization of the performance of electrochemical and electrocatalytic devices or sensors and their optimization require a good knowledge of the nano-elements distribution onto the electrochemically-inert supporting conductor surface. Presently, the only possible way to gather such information is to rely on ex situ measurements using electron microscopy (EM). Yet, even if EM is perfectly adequate to investigate the general shape and size of the nanoparticles, it presents a double disadvantage when used to characterize mean separation distances between nano-components in a random array: (i) only too small portions (hence, maybe non-representative?) of the array can be scrutinized and analyzed with special algorithms to have statistical significance; (ii) moreover, the sampled arrays have to be prepared and dried in vacuum before any EM analyses so the nanoparticles may be mechanically displaced during the solvent evaporation, e.g., by Marangoni microscopic flows, [START_REF] Cai | Marangoni Flow-Induced Self-Assembly of Hexagonal and Stripelike Nanoparticle Patterns[END_REF] if the nanoparticles are not solidly anchored onto their support. STM, AFM and possibly SECM could also be used but in this case the surface range that can be monitored is too small compared to the macroscopic sizes of arrays (see e.g. [START_REF] Fernandez | Theory and Experiments for Voltammetric and SECM Investigations and Application to ORR Electrocatalysis at Nanoelectrode Ensembles of Ultramicroelectrode Dimensions[END_REF][66][START_REF] Leroux | SECM Investigations of Immobilized Porphyrins Films[END_REF][START_REF] Fang | Electrochemistry at Gold Nanoparticles Deposited on Dendrimers Assemblies Adsorbed onto Gold and Platinum Surfaces[END_REF][START_REF] Marques | Biomimetic Membrane Rafts Stably Supported on Unmodified Gold[END_REF][START_REF] Raya | Electrochemical and AFM Study of the 2D-Assembly of Colloidal Gold Nanoparticles on Dithiol SAMs Tuned by Ionic Strength[END_REF]). These difficulties explain why most random arrays are not characterized experimentally, thus leaving interrogations about their real microscopic structures and making quantitative rationalizations of their electrochemical or electrocatalytic performances difficult or even impossible.

We wish therefore to present in this work a theory-based approach to solve this important problem in electrochemical nanosciences without the need of accessing sophisticated instrumentation or specific algorithms for picture recognition and treatment of the data. Yet, to achieve this goal we need first to review the main outcomes of our recently published theoretical works on random electrochemical arrays of nanodisks electrodes, [START_REF] Amatore | Equivalence Between Electrodes of Different Shapes: Between Myth and Reality[END_REF][START_REF] Amatore | Charge Transfer at Partially Blocked Surfaces. A Model for the Case of Microscopic Active and Inactive Sites[END_REF][START_REF] Sliusarenko | Validating a Central Approximation in Theories of Regular Electrode Electrochemical Arrays of Various Common Geometries[END_REF][START_REF] Sliusarenko | Development and Validation of an Analytical Model for Predicting Chronoamperometric Responses of Random Arrays of Micro-and Nanodisk Electrodes[END_REF][START_REF] Davies | The Cyclic and Linear Sweep Voltammetry of Regular and Random Arrays of Microdisc Electrodes: Theory[END_REF][START_REF] Henstridge | Mass Transport to Micro-and nanoelectrodes and their Arrays: A Review[END_REF][START_REF] Zoski | Evaluation of the Intrinsic Kinetic Activity of Nanoparticle Ensembles under Steady-State Conditions[END_REF][START_REF] Masa | Koutecky-Levich Analysis Applied to Nanoparticle Modified Rotating Disk Electrodes: Electrocatalysis or Misinterpretation?[END_REF][62] since the disclosed reconstruction approach strongly relies on their concepts and results. It is thus the purpose of Sections 2.1 and 2.2 to summarize these previously published results, while Sections 2.3 and 2.4 disclose unpublished results.

RESULTS AND DISCUSSION

In the following, we only consider arrays of nanodisks since nanodisks capture the main behavior of diffusion at nano-electroactive elements with near-spherical geometries. Furthermore, it is noted that, although beyond the scope of this work, the general principles of the reconstruction approach presented in Section 2.3 may easily be extended to other geometries (see, e.g., reference [START_REF] Amatore | Equivalence Between Electrodes of Different Shapes: Between Myth and Reality[END_REF][START_REF] Amatore | Charge Transfer at Partially Blocked Surfaces. A Model for the Case of Microscopic Active and Inactive Sites[END_REF]).

Modeling random arrays

In order to delineate the main problems at hand when one wishes to predict the electrochemical behavior of such arrays, it is advisable to first consider periodical arrays. As sketched in Figure 1, there are only two possibilities of arranging periodically nano-elements onto a flat conductive support. This leads to squared arrays (Figure 1a) or hexagonal ones (Figure 1b).

Following the Voronoi (or Dirichlet) tessellation concept, [START_REF] Aurenhammer | Voronoi Diagrams -A Survey of a Fundamental Geometric Data Structure[END_REF] the edges of the squared or hexagonal unit cells built around each nano-element define linear boundaries equidistant from the center of each nanodisk. By translating these linear segments perpendicularly to the support surface into the solution as in Figure 1c, one defines planar walls that delimit the solution above each unit cell and define diffusional unit cells. [START_REF] Sliusarenko | Development and Validation of an Analytical Model for Predicting Chronoamperometric Responses of Random Arrays of Micro-and Nanodisk Electrodes[END_REF][START_REF] Davies | The Cyclic and Linear Sweep Voltammetry of Regular and Random Arrays of Microdisc Electrodes: Theory[END_REF][72][73][74] Indeed, let us consider one electroactive molecule M located at time 𝑡 within the solution above the array inside one such enclosed volume. Whenever M happens to reach one unit cell wall during its diffusional path, its distances to each adjacent nanodisk electrodes centers are equal (Figure 1d). By virtue of Fick's laws of diffusion this implies that the probabilities of ending up its diffusional trajectory on either electrode are equal, viz., that the normal flux of M across this wall is null. In other words, such molecule behaves mathematically as if it was diffusionally trapped within the nano-solution volume delimited by the walls elevated above the edges of the Voronoi unit cell. Note that physically, this simply means that if a real molecule located within the unit volume was to cross over such wall its exit from the unit volume would be exactly compensated by the entrance of another one from the adjacent cell as if the molecule M had bounced onto the wall (Figure 1d). This is an important conclusion since it allows to treat the electrochemical behavior of the solution above the whole array as a simple summation of the diffusion-reaction contributions occurring within each of its Voronoi diffusional unit cells. [START_REF] Amatore | Charge Transfer at Partially Blocked Surfaces. A Model for the Case of Microscopic Active and Inactive Sites[END_REF][START_REF] Sliusarenko | Development and Validation of an Analytical Model for Predicting Chronoamperometric Responses of Random Arrays of Micro-and Nanodisk Electrodes[END_REF] A second interest of Voronoi construction is that it is perfectly adapted to random arrays. Indeed, the planar surface of the electrochemically-inert support can be partitioned into a series of adjacent polygonal regions such as each of them encloses a single microdisk electrode. As for the squared regular array in Figure 1a, the edges of these 'elementary' polygons are defined by the medians of the segments linking the centers of two adjacent microdisks and their apexes marked by the intersections of two such medians that are closer to the center of the microdisk ultimately enclosed in the polygon (Figure 2a). Again, one may translate this Voronoi tessellation diagram into the solution perpendicularly to the support surface to define a series of adjacent solution elementary volumes limited by zero-normal fluxes across their walls (Figure 2a). In other words, the diffusional behavior of random arrays can again be modeled As already evident in Figure 2a one easily remarks that the Voronoi tessellation regions display polygons with widely different shapes (number of edges, angles between two edges, etc.)

and sizes (perimeter and surface areas); see Figures 2c,d for more obvious evidences of this fact for full arrays. Hence, the above simplification brought by the Voronoi tessellation concept may appear as a brilliant conceptualization and yet without a real usefulness from an electrochemical point of view whenever one still would need to evaluate the electrochemical behavior of each single unit cell type and sum their individual current intensities in order to predict the whole array activity. Fortunately, we have recently established on quantitative grounds using sound mathematical modeling supported by Brownian motion simulations that for random and regular (viz., squared and hexagonal ones) arrays, the behavior of each unit cell is equivalent to that of a cylindrical cell whose cross-section surface area is identical. [START_REF] Amatore | Charge Transfer at Partially Blocked Surfaces. A Model for the Case of Microscopic Active and Inactive Sites[END_REF][START_REF] Sliusarenko | Validating a Central Approximation in Theories of Regular Electrode Electrochemical Arrays of Various Common Geometries[END_REF][START_REF] Sliusarenko | Development and Validation of an Analytical Model for Predicting Chronoamperometric Responses of Random Arrays of Micro-and Nanodisk Electrodes[END_REF][START_REF] Davies | The Cyclic and Linear Sweep Voltammetry of Regular and Random Arrays of Microdisc Electrodes: Theory[END_REF][72][73][74] The revolution axis of the cylindrical cell is perpendicular to the array plane and located at the center of the microdisk around which the Voronoi polygon was built (Figure 2b). In fact, this quantitatively validated the central assumption of the seminal model proposed by one of us ca. thirty years ago to model arrays of nanoelectrodes] that received a wide attention from the community since then. [START_REF] Amatore | Charge Transfer at Partially Blocked Surfaces. A Model for the Case of Microscopic Active and Inactive Sites[END_REF].

This initial model was recently further implemented by Compton et al. in a series of stimulating contributions on the subject also strongly relying on the Voronoi tessellation concept. [START_REF] Davies | The Cyclic and Linear Sweep Voltammetry of Regular and Random Arrays of Microdisc Electrodes: Theory[END_REF][72][73][74] Therefore, in the following we use this fundamental property of diffusion over arrays.

Though, before proceeding one must anticipate that there are two main types of planar random arrays (in the following we consider the general situation in which the array does not contain macroscopic domains with different random distributions of electroactive nanocomponents). One type, sketched in Figure 2c, can be termed as displaying an 'uniform' randomness of the nano-components distribution. In such arrays, the macroscopic density (viz., that over a significant fraction of the array surface) of nano-elements is constant, though their density varies randomly at a microscopic level. In other words, the distance between two adjacent nanodisks fluctuates statistically in an identical way all across the whole array surface. For such array, one can define a probability density, 𝑓(𝜌), that characterizes the frequency at which a unit cell of surface area 𝐴 = 𝜌 × π𝑟 (where π𝑟 is the surface area of each of the 𝑁 nanodisks of radius 𝑟 ) appears in the Voronoi ensemble over the whole array (note that 𝜌 > 1 since by construction no unit cell can be smaller than the nanodisk that defines it). The mean value, 𝜌 , A second type of random array is exemplified in Figure 2d, and can be termed a 'Gaussian' one because the nanodisk electrodes radial macroscopic density varies along a Gaussian function whose maximum is located at the center of the array. Note that the macroscopic radial density decreases exponentially with the square of the distance from the array center but the microscopic density remains perfectly random. This situation is encountered, for example, when the distribution of active nano-elements results from the scattered emission from a source located above the center of the array, e.g., as occurs when arrays are prepared by electrochemical filling of the nanopores formed in membranes by irradiation. [START_REF] Cheng | Ultramicroelectrode Ensembles -Comparison of Experimental and Theoretical Responses and Evaluation of Electroanalytical Detection Limits[END_REF] To the best of our knowledge, there is no general mathematical equation describing the probability density, 𝑓(𝜌), of such Gaussian random arrays. Therefore, 1000 different arrays such as that shown in Figure 2d have been generated, each with the same 𝜌 = 33.08 value, and their individual 𝑓(𝜌) probability densities evaluated and averaged. [START_REF] Sliusarenko | Development and Validation of an Analytical Model for Predicting Chronoamperometric Responses of Random Arrays of Micro-and Nanodisk Electrodes[END_REF] The ensuing average probability density was then fitted by a log-normal distribution, from which it followed that 𝑓(𝜌) could be approximated by the general equation (see Figure 3b):

𝑓(𝜌) = √ exp - ( ) ( ) (2) 
in which 𝑎 = 3.214 and 𝑎 = 0.755 for same 𝜌 = 33.08. Interestingly, the same averaging procedure applied to the above uniform random arrays provided the same result as deduced from application of Eqn (1), evidencing the validity of the method. Finally, for the regular arrays shown in Figures 1a,b, 𝑓(𝜌) is a Dirac function centered at 𝜌 , viz.:

𝑓(𝜌) = δ(𝜌 -𝜌 ) (3) 
irrespective of their exact squared or hexagonal nature since, by definition, in any regular arrays all unit cells have an identical surface area.

Prediction of the chronoamperometric responses of random and regular arrays

Based on our previous works, [START_REF] Sliusarenko | Validating a Central Approximation in Theories of Regular Electrode Electrochemical Arrays of Various Common Geometries[END_REF][START_REF] Sliusarenko | Development and Validation of an Analytical Model for Predicting Chronoamperometric Responses of Random Arrays of Micro-and Nanodisk Electrodes[END_REF] the chronoamperometric current responses, 𝐼 (𝑡), of random and regular arrays comprising 𝑁 micro-or nanodisk electrodes can be modeled with a very good precision (i.e., better than 5-10%, viz., comparable to or better than the experimental reproducibility of most arrays except when using precise microfabrication techniques for arrays of micro-components) through application of the above Voronoi tessellation concept to a series of cylindrical unit cells with different 𝜌 = 𝐴 /(π𝑟 ) values statistically distributed according to the probability density 𝑓(𝜌) that characterizes the considered array, i.e.:

𝐼 (𝑡) = 𝑁 ∫ 𝑖 (𝑡) 𝑓(𝜌) d𝜌 (4) 
where 𝑖 (𝑡) is the time-dependent current intensity characterizing the individual chronoamperometric responses of the cylindrical unit cells having a cross-section surface area 𝐴 = 𝜌π𝑟 . [START_REF] Amatore | Charge Transfer at Partially Blocked Surfaces. A Model for the Case of Microscopic Active and Inactive Sites[END_REF][START_REF] Sliusarenko | Validating a Central Approximation in Theories of Regular Electrode Electrochemical Arrays of Various Common Geometries[END_REF][START_REF] Sliusarenko | Development and Validation of an Analytical Model for Predicting Chronoamperometric Responses of Random Arrays of Micro-and Nanodisk Electrodes[END_REF] Its integration over the whole array weighted by the density probability of the unit cells provides the current time-dependence, 𝐼 (𝑡), for the whole array.

At very short times, i.e., when the diffusion layer formed in the solution above one nanodisk is much smaller that the nanodisk radius (viz., when 𝑟 ≫ 𝛿~√π𝐷𝑡), the unit cell current response obeys a Cottrell behavior scaled by the surface area π𝑟 of the nanodisk; let us note this asymptotic limit as 𝑖 (𝑡) Conversely, at sufficiently large times, the diffusion layers have expanded laterally to fill up all the cross-section of the unit cell, leading to a planar diffusion propagation towards the solution bulk except within a very narrow solution range near the array surface. [START_REF] Amatore | Charge Transfer at Partially Blocked Surfaces. A Model for the Case of Microscopic Active and Inactive Sites[END_REF][START_REF] Sliusarenko | Validating a Central Approximation in Theories of Regular Electrode Electrochemical Arrays of Various Common Geometries[END_REF] As a consequence, in chronoamperometry, the current is again Cottrellian but is scaled now by the total surface area 𝐴 of the unit cell; let us note this asymptotic limit as 𝑖 (𝑡).

One may then define a dimensionless current response, 𝜑 (𝑡), for each unit cell as in Eqn (5):

𝜑 (𝑡) = [𝑖 (𝑡) -𝑖 (𝑡)]/[𝑖 (𝑡) -𝑖 (𝑡)] (5) 
The interest of this dimensionless definition is that, whatever the value of 𝜌, 𝜑 (𝑡) varies from zero to unity when the experimental time varies from zero to infinity. Indeed, the constant factors 

𝜑 (𝑡) = [1 + tanh(𝑏 + 𝑏 ln𝑡)]/2 (6) 
where 𝑏 and 𝑏 are two time-independent functions parametrized by 𝜌:

𝑏 = 𝛽 + 𝛽 /ln (𝛽 𝜌) (7) 
and: value and the unit cells arrangement. Furthermore, it is noted that the dependence of 𝑏 and 𝑏 on 𝜌 evidence that the time, 𝑡 / , around which 𝜑 (𝑡) displays its most significant variations, viz., such as 𝜑 𝑡 / = 1/2, is a common characteristics for all unit cells having a identical 𝜌 value that increases with 𝜌. This increase reflects the fact that the larger is 𝜌, the larger is the time at which the diffusional wave generated by the nanodisk defining the unit cell needs to reach the wall boundary of the unit cell and develop into a planar diffusion wave. [START_REF] Sliusarenko | Development and Validation of an Analytical Model for Predicting Chronoamperometric Responses of Random Arrays of Micro-and Nanodisk Electrodes[END_REF] Small unit cells, viz., with small 𝜌 values, reach very soon their plateau value at 𝜑 = 1. However, unless 𝜌 is also small (i.e., when most of the array surface is electroactive) they correspond to very small current contributions relative to the global array current. Indeed, the limit of 𝑖 (𝑡) at long times is proportional to the surface area, 𝐴 , of the unit cell cross-section, viz., to 𝜌 since 𝐴 = 𝜌π𝑟 . Meanwhile, within such small time ranges, the unit cells with much larger 𝜌 values, i.e., those that contribute to most the current intensity ultimately delivered at long times by the array

𝑏 = 𝛽 + 𝛽 /ln (𝛽 𝜌) (8 
do not yet contribute significantly (viz., 𝜑 ≈ 0) because their diffusion waves have not yet reached the unit cells walls. This is important to recognize owing to the experimental difficulty associated with the measurements of current intensities at very small times in an array (see below).

In conclusion, the chronoamperometric current responses of any array, regular or random, can be predicted through application of Eqn (4) as soon as one independently knows its characteristic probability density function 𝑓(𝜌). However, as discussed in the Introduction, this is the most critical experimental issue when arrays are composed of submicro-or nano-components since any experimental determination of 𝑓(𝜌) is then extremely difficult or even impossible. In the following, we will take advantage of the results summarized in this section and the previous one,[ [START_REF] Amatore | Charge Transfer at Partially Blocked Surfaces. A Model for the Case of Microscopic Active and Inactive Sites[END_REF][START_REF] Sliusarenko | Validating a Central Approximation in Theories of Regular Electrode Electrochemical Arrays of Various Common Geometries[END_REF][START_REF] Sliusarenko | Development and Validation of an Analytical Model for Predicting Chronoamperometric Responses of Random Arrays of Micro-and Nanodisk Electrodes[END_REF] to propose a simple reconstruction procedure allowing a direct access to the probability density function 𝑓(𝜌) of any given array of electrochemically-active nano-components with near-disk geometries.

Reconstruction of the unit cell size distribution, 𝒇(𝝆), for any random arrays

We assume hereafter that whatever is the ultimate experimental purpose of the array investigated, one may devise experimental conditions in which it will be able to perform under full diffusional control for chronoamperometric conditions in order to record 𝐼 (𝑡) time variations over the time range where it matters (see below). This may be performed, for example, by changing the substrate, etc. One may then assume that the time variations of the dimensionless current function defined as: [ 33.08), the three arrays display similar sigmoidal 𝛷 (𝑡) functions, though the two random arrays exhibit more sluggish ones that the regular one. This simply reflects the fact that in random arrays the unit cells with 𝜌 < 𝜌 reach their long time asymptotic behavior much sooner than those with 𝜌 > 𝜌 (see above discussion) while for the regular array all unit cells behave identically and in phase.

In the following, we wish to establish that experimentally determined 𝛷 (𝑡) time variations can be used to reconstruct with an adequate precision the unknown 𝑓(𝜌) for a given array. For this purpose, let us approximate the unknown probability density function 𝑓(𝜌), e.g., such as those in Figure 3, by a discretized one, 𝐻 (𝜌),e.g., such as shown in 

Since one has ∫ 𝑓(𝜌)𝑑 𝜌 = 1 by definition, the validity of Eqn ( 12) under all circumstances imposes that the following constraint applies to ℎ values:

∑ ℎ = 1/∆𝜌 (13) 
The reconstructing procedure then amounts to determine the optimal series of ℎ values that affords the most correct description of the experimental 𝛷 (𝑡) dimensionless current. In 

Reconstruction of the unit cell size distribution, 𝒇(𝝆), when 𝐼 (𝑡) is unknown

The above section has evidenced the excellent performance of the reconstruction procedure when the array current may be measured over the whole time range of interest so that both 𝐼 (𝑡) and 𝐼 (𝑡) can be experimentally determined with a good precision. This is indeed needed to evaluate the current function 𝛷 (𝑡) over its whole [0,1] range of variations.

However, inspection of the 𝛷 (𝑡) functions in Figure 4 evidences that this requires about 6 orders of magnitude in time, which is rarely achievable experimentally. Since most electro(bio)analytical or electrocatalytic arrays are designed to perform close to their maximum current limit, 𝐼 (𝑡) is generally known experimentally with a good precision, so the main issue concerns the determination of 𝐼 (𝑡), viz., of the limit of 𝐼 (𝑡) at sufficiently short times, i.e., over the time range such as 𝑡 < 𝑟 /𝐷 (compare Figure 4).

In values may also be considered as being larger than 𝐼 (𝑡). This suggests that 𝐼 (𝑡) may be thoroughly neglected in evaluating 𝛷 (𝑡) when using Eqn [START_REF] Gal | Electrocatalytic (Bio)Nanostructures Based on Polymer-Grafted Platinum Nanoparticles for Analytical Purpose[END_REF]. In other words, 𝛷 * (𝑡) in Eqn [START_REF] Gara | Nanomaterial Modified Electrodes: Evaluating Oxygen Reduction Catalysts[END_REF] provides a reasonable clue about the real time-variations of 𝛷 (𝑡):

𝛷 * (𝑡) = 𝐼 (𝑡)/𝐼 (𝑡) (17) 
Yet, to proceed, one needs to envision two possible situations depending on the time range over which 𝐼 (𝑡) is measurable. In the first one, although 𝐼 (𝑡) cannot be determined, the experimental time range may be sufficiently wide for 𝛷 * (𝑡) to reach a near constant limit at short times, lim → 𝛷 * (𝑡) ≪ 1. In the second one, the experimental time range is too short so that, even for the smallest available times, 𝛷 * (𝑡) is far from reaching any constant limit. So let us consider these two situations separately.

Reconstruction when 𝜱 𝐚𝐫𝐫𝐚𝐲 *

(𝒕) reaches a constant limit close to zero at short times 𝛷 * (𝑡) current functions were evaluated using Eqn [START_REF] Gara | Nanomaterial Modified Electrodes: Evaluating Oxygen Reduction Catalysts[END_REF] for the same three arrays investigated above (𝜌 = 33 -35). The results shown in Figures 4a-c (dashed curves) evidence that the three 𝛷 * (𝑡) current functions reach near constant limits at ca. 0.03 at short times. Though these limits are small, a straight application of the reconstruction procedure did not yield satisfactory results (data not shown). Indeed, the resulting 𝐻 (𝜌) histograms exhibited an artefactual maximum at small 𝜌 values. This a normal consequence from the fact that the non-negligible lim → 𝛷 * (𝑡) value is taken by the reconstruction procedure as indicative of the presence of a second class of unit cells with small 𝜌 values that had already completed their transition towards a synergistic behavior in this small time range. Though this second class of unit cells does not contribute very significantly to the total current (i.e., as indicated by the fact that lim → 𝛷 * (𝑡) ≈ 0.03), the constancy of the limit is taken by the reconstruction procedure as an indication that their number is high. This led to the presence of the artefactual probability density peak at 𝜌 ≪ 𝜌 , and to a corresponding decrease of the 𝐻 (𝜌) for 𝜌 values close to or larger than 𝜌 . the present theoretical context, such wrong reconstruction outputs may be identified as faulty because one knows the real 𝑓(𝜌) functions. However, in a true experimental case it may well be that an array exhibits a two-peaked distribution of unit cells sizes. This evidences that 𝛷 * (𝑡) in Eqn ( 17) cannot be considered as a valid approximation of the correct 𝛷 (𝑡) current function unless the limit lim → 𝛷 * (𝑡) is less than 0.01 (data not shown), viz., that 𝜌 is ca. 100 or larger.

A non-negligible limit lim → 𝛷 * (𝑡) value (viz., larger than 0.01) at short times specifies that the difference (𝐼 (𝑡) -𝐼 (𝑡)) cannot be neglected in this time range. In other words, the limit of 𝛷 * (𝑡) at short times may be used to provide a reasonable estimate of 𝐼 (𝑡), viz.:

𝐼 (𝑡) ≈ 𝐼 (𝑡) × lim → 𝛷 * (𝑡) (18) 
This suggests a better approximation for 𝛷 (𝑡) than the crude one in Eqn ( 17) may be obtained 

Reconstruction when 𝜱 𝐚𝐫𝐫𝐚𝐲 * (𝒕) does not reach any constant limit at short times

To examine this case, we first resorted to the 𝛷 * (𝑡) functions defined as in Eqn [START_REF] Gara | Nanomaterial Modified Electrodes: Evaluating Oxygen Reduction Catalysts[END_REF] and shown in Figure 4 but voluntarily truncated them by eliminating all values below 0.5. This set of truncated 𝛷 * (𝑡) functions thus provided a suitable batch to test the performance of the probability density reconstruction procedure when the available experimental time range results too short to explore the short time range in which 𝛷 * (𝑡) would have approached a near-zero constant limit. [77] As shown in Figures 7a-c the outcome of the reconstruction procedure for the same three arrays investigated above affords results that do not deviate excessively from the original set of 𝑓(𝜌) functions. Evidently, the absence of values for 𝛷 * (𝑡) < 0.5 has the largest influence onto the reconstruction at small 𝜌 values. This enforces a significant magnification of the probability densities over the range 𝜌 ≪ 𝜌 and, by compensation due to the constraint in Eqn [START_REF] Neumann | Performance of Silver Nanoparticles in the Catalysis of the Oxygen Reduction Reaction in Neutral Media: Efficiency Limitation Due to Hydrogen Peroxide Escape[END_REF], decreases those for 𝜌 ≅ 𝜌 . Interestingly from an experimental perspective, the effect resulted much less marked than when the complete time variations of 𝛷 * (𝑡) were used (see section 2.4.1). In particular, except for the squared regular array for which a very small maximum is noted around 𝜌 2.5, the resulting 𝐻 (𝜌) functions do not exhibit a marked two- It may be surprising that truncated 𝛷 * (𝑡) provide better results than when their full range of variations is used. However, as discussed in the previous section, this is due in part to the fact that the truncated 𝛷 * (𝑡) functions do not exhibit any constant limit at short times. This absence makes that the reconstruction procedure cannot be mistaken in trying to enforce the artefactual presence of numerous small unit cells.

On the other hand, it is rather remarkable that the reconstructed distributions correctly track the original 𝑓(𝜌) functions in the range of large 𝜌 values (𝜌 > 𝜌 ). This is due to the fact that the truncation of the 𝛷 * (𝑡) functions amounts to consider time scales that are larger than ca. 10 𝐷𝑡/𝑟 for the 𝜌 values considered here (compare Figures 4a-c). Therefore, the slope of the 𝛷 * (𝑡) time-variations in this time range reflects mostly the current transitions occurring in the unit cells whose values are larger than 𝜌 , leading to more or less correct reconstruction of the probability densities for 𝜌 > 𝜌 .

To conclude this section we wish to examine another related situation. Indeed, even if histogram for the regular array observed when using truncated 𝛷 * (𝑡) functions (Figure 7c) is thoroughly eliminated (Figure 7f).

Therefore, it may be safely concluded that the reconstruction procedure leads to satisfactory results even under the unfavorable situation in which the whole time span required for observing the complete time-variations of 𝛷 (𝑡) over the [0,1] interval is not accessible

Evidently, the quality of the outcome is lesser than when the full range of 𝛷 (𝑡) time-variations is accessible experimentally, but it remains perfectly adequate for most electroanalytical purposes.

CONCLUSION

In a first part of this article (sections 2.1 and 2.2), we had to briefly review the main results and conclusions from the series of our recent works aimed to predict the time-variations of the current delivered by arrays of micro-and nanodisk electrodes. [START_REF] Sliusarenko | Validating a Central Approximation in Theories of Regular Electrode Electrochemical Arrays of Various Common Geometries[END_REF][START_REF] Sliusarenko | Development and Validation of an Analytical Model for Predicting Chronoamperometric Responses of Random Arrays of Micro-and Nanodisk Electrodes[END_REF] Indeed, the concepts introduced in these previous works and the corresponding derivations were central to the development of the main section of this paper. Indeed, the main scope of this work was to establish that one can reconstruct the probability density distributions 𝑓(𝜌) of the nanocomponents dispersed on the surface of a planar array based on a simple analysis of the chronoamperometric responses of the array. The mathematical and numerical validity of this simple procedure was tested through considering three types of arrays that cover most of those involving near-spherical nanocomponents dispersed on a flat surface. It was shown to afford spectacularly good results for random and regular arrays with a precision that is larger than that usually achieved through the combination of Electron Microscopy and sophisticated pattern recognition programs. This was shown to be effective even when the experimental time window is too narrow to determine simultaneously the short and long times current limits characterizing the arrays. These results and the fact that the reconstruction procedure may easily be implemented using common mathematical programs (e.g., all calculations presented in this work were performed using Mathematica 11®, Wolfram Research, Inc., Mathematica, Version 11.0, (2016) Champaign, IL) should enable most experimentalists to easily characterize the distributions of the electroactive or electrocatalytic nano-components in their arrays when the need occurs especially when the classical approaches based on microscopies cannot be implemented.

Finally, the validity of this procedure was tested and established for regular, i.e., periodic, arrays and for two representative types of random arrays, involving either a uniform macroscopic density of electroactive nano-elements or one in which the density is organized in a Gaussian way around the center of the array. However, it must be stressed that the choice of these three different arrays was only made with the scope of testing and validating the method by comparing the reconstructed distributions to the real ones. In the practice, as shown in this work, the reconstruction procedure does not require any prior hypothesis about the type of distribution.

This means that any array can be characterized, e.g., arrays that combine the two type of distributions. The only limit we foresee would concern the situations in which an array consists in the contiguous, but separated, arrangement of two different arrays. Indeed, it is essential for a correct application of the procedure that the macroscopic characteristics of the investigated array are distributed homogeneously (or gaussianly) over its whole surface. 

Figure 1 .

 1 Figure 1. Schematic representation of two regular arrays with (a) a squared or (b) a hexagonal periodical arrangement of the active elements (shown as grey ellipses while the one defining the Voronoi cell is in black). In (a) is shown the construction of a Voronoi polygon for the squared array of microdisk electrodes that is extended into the solution in (c) to define a Voronoi diffusion cell. (d) Apparent diffusional pathway of a molecule M near one planar boundary of a Voronoi unit cell. The horizontal dashed arrow in (d) represents the normal vector to the wall at the point where M "hits" it and "bounces" back.

Figure 2 .

 2 Figure 2. (a) Schematic construction of one Voronoi unit cell around one nanodisk electrode in a random array. (b) Equivalent cylindrical unit cell constructed onto the central Voronoi unit cell shown in (a). (c,d) Representation of two ensembles of Voronoi cells for a uniform (c) or a Gaussian (d) random array (see text for the meaning of uniform and Gaussian randomness). Adapted from [57].

of

  𝜌 for 𝑓(𝜌), viz., 𝜌 = ∫ 𝜌𝑓(𝜌)d𝜌 , is then constant over macroscopic areas of the array and equal to the macroscopic density value 𝐴 /(𝑁π𝑟 ) .The variations of 𝑓(𝜌) with 𝜌 for such planar uniform random arrays such as that displayed in Figure 2c is shown in Figure 3a for 𝜌 = 35.55. 𝑓(𝜌) obeys the approximated general equation in Eqn (1):[75] 𝑥) being the Gamma function (i.e., Γ(7/2) = 15√π/8 ≈ 3.3234).

Figure 3 .

 3 Figure 3. Variations of the probability density functions 𝑓(𝜌) for a uniform (a) or a Gaussian (b) random array. Compare (a) and (b) with Figures 2c and 2d respectively for the actual random distributions of the nanodisk electrodes. (𝜌 = 35.55 and 𝜌 = 33.08). Adapted from [57].

  (i.e., concentration, diffusion coefficient, etc.) involved in the Cottrellian contributions 𝑖 (𝑡), 𝑖 (𝑡) and 𝑖 (𝑡) are cancelling off. 𝜑 (𝑡) time variations were thus evaluated for any given 𝜌 value based on Brownian random walk simulations and shown to obey the general analytical fitting expression in Eqn (6):[START_REF] Sliusarenko | Development and Validation of an Analytical Model for Predicting Chronoamperometric Responses of Random Arrays of Micro-and Nanodisk Electrodes[END_REF] 

  ) in which the values of 𝛽 = -2.866, 𝛽 = 35.383, 𝛽 = 11.543, 𝛽 = 0.204, 𝛽 = 0.591, and 𝛽 = 2.534 could be determined through numerical regressions of the time-dependent 𝜑 (𝑡) variations obtained for a representative series of individual 𝜌 values (1 ≤ 𝜌 ≤ 110), i.e., covering the whole spectrum of 𝜌 values (compare Figures3a,b) irrespective of the fact that the array is regular, uniform or Gaussian random. Indeed, 𝜑 (𝑡) in Eqns[START_REF] Yoo | Direct Electrochemical Detection of Individual Collisions between Magnetic Microbead/Silver Nanoparticle Conjugates and a Magnetized Ultramicroelectrode[END_REF][START_REF] Kissling | Electrochemical Charge Transfer Mediated By Metal Nanoparticles and Quantum Dots[END_REF] features an intrinsic characteristics of diffusion in a cylindrical unit cell whatever is the specific probability density 𝑓(𝜌)

Figure 5 .

 5 𝐻 (𝜌) may be represented graphically as a histogram consisting of 𝑀 bins of width ∆𝜌 and distributed over the range of 𝜌 values of interest, with the 𝑚 bin (1 ≤ 𝑚 ≤ 𝑀) being centered at 𝜌 = 𝑚(∆𝜌) and having a height ℎ ≥ 0. Assuming that the reconstruction procedure converges perfectly, 𝐻 (𝜌) would actually be a discrete bin-representation of 𝑓(𝜌) (see e.g., Figures 5) so each ℎ coefficient would obey:

  the practice, since one cannot account for all possible times, the time scale is discretized over the time range over which 𝛷 (𝑡) differs from 0 and 1. Let us denote 𝑡 the series (𝑘 = 1,2, … , 𝐾) of selected times and 𝛷 (𝑡 ) the corresponding experimental 𝛷 values. The convergence criterion consists then in finding the series of ℎ values that complies with Eqn (13) while minimizing the sum of the squares of the deviations considering all 𝑡 times: ∑ [𝛷 (𝑡 ) -𝛷 ( ) (𝑡 )] (14) function. However, this does not alter significantly the reconstructed 𝜌 value (35.1) compared to that of the original probability density Dirac function (𝜌 = 35.0). A similar filtering is also present in Figures 5a,b due to the same cause though it produces no noticeable effects owing to the significant half-widths of the original 𝑓(𝜌) functions.

Figure 4 .

 4 Figure 4. Time variations of the dimensionless current functions 𝛷 (𝑡) as defined in Eqn (9) for the two random arrays in Figures 2c,d: (a) uniform or (b) Gaussian random arrays. In (c) are represented the time variations of 𝛷 (𝑡) for a squared array (see Figure 1a) with a similar 𝜌 value (𝜌 = 35 vs. 𝜌 = 35.55 and 𝜌 = 33.08).In (a-c) the dashed curves represent the time variations of the three 𝛷 * (𝑡) functions obtained through the approximation in Eqn[START_REF] Gara | Nanomaterial Modified Electrodes: Evaluating Oxygen Reduction Catalysts[END_REF]. Note that the three 𝛷 (𝑡) functions approximated using Eqn[START_REF] Fontaine | Sol-Gel Route to Zirconia-Pt-Nanoelectrode Arrays 8 nm in Radius: Their Geometrical Impact in Mass Transport[END_REF] are also shown but result exactly superimposed onto the exact 𝛷 (𝑡) functions in each case. Adapted from[START_REF] Sliusarenko | Development and Validation of an Analytical Model for Predicting Chronoamperometric Responses of Random Arrays of Micro-and Nanodisk Electrodes[END_REF].

Figure 5 .

 5 Figure 5. Comparisons between the original probability density functions, 𝑓(𝜌), (solid curves) and their reconstructed ones, 𝐻 (𝜌), (histogram bins) for the three arrays considered in this work upon using 𝛷 (𝑡) defined in Eqn (9). (a) uniform, (b) Gaussian random or (c) regular arrays. In (c) a dashed Gaussian curve fit is shown to emphasize the filtering effect due to the bin-reconstruction procedure (see text). ∆𝜌 = 8.3 (a), 8.0 (b) and 2.5 (c); 𝐾 = 8 in all cases (see text).

Figure 6 .

 6 Figure 6. Comparisons between the reconstructed 𝐻 (𝜌) functions for the three arrays considered in this work obtained upon using the exact 𝛷 (𝑡) (Eqn (9); black bins, already shown in Figure5) or approximated 𝛷 (𝑡) (Eqn[START_REF] Fontaine | Sol-Gel Route to Zirconia-Pt-Nanoelectrode Arrays 8 nm in Radius: Their Geometrical Impact in Mass Transport[END_REF]; white bins) functions. (a) uniform, (b) Gaussian random or (c) regular arrays. Note that for the sake of comparison the bins have been split in two parts though ∆𝜌 values used in each case were identical to those in Figure5. The set of 𝑡 values used in the two types of reconstructions was identical to that reported in Figure5.

  peak distribution and yield 𝜌 values close to those of the original set of 𝑓(𝜌) functions, viz., 𝜌 = 31.5, 30.9 and 32.4 for the uniform or Gaussian random arrays and for the squared regular one (compare to 35.55, 33.08, and 35.0, respectively, for the original 𝑓(𝜌) distributions).

Figure 7 .

 7 Figure 7. Reconstructed functions 𝐻 (𝜌) for the three arrays considered in this work when relying on 𝛷 * (𝑡) (a-c) or 𝛷 (𝑡) (d-f) functions truncated below 0.5. (a,d) uniform, (b,e) Gaussian random or (c,f) regular arrays. ∆𝜌 = 8.3 (a,d), 8.0 (b,e) and 2.5 (c,f); 𝐾 = 8 in all cases, the 𝑡 values being those for which ∆𝛷 * (𝑡) or ∆𝛷 (𝑡) varied between 0.56 and 0.94 by increments of ∆𝛷 (𝑡) ≈ 0.056.

Figure 1 .

 1 Figure 1. Schematic representation of two regular arrays with (a) a squared or (b) a hexagonal periodical arrangement of the active elements (shown as grey ellipses while the one defining the Voronoi cell is in black). In (a) is shown the construction of a Voronoi polygon for the squared array of microdisk electrodes that is extended into the solution in (c) to define a Voronoi diffusion cell. (d) Apparent diffusional pathway of a molecule M near one planar boundary of a Voronoi unit cell. The horizontal dashed arrow in (d)represents the normal vector to the wall at the point where M "hits" it and "bounces" back.

Figure 2 .

 2 Figure 2. (a) Schematic construction of one Voronoi unit cell around one nanodisk electrode in a random array. (b) Equivalent cylindrical unit cell constructed onto the central Voronoi unit cell shown in (a). (c,d) Representation of two ensembles of Voronoi cells for a uniform or a Gaussian (d) random array (see text for the meaning of uniform and Gaussian randomness). Adapted from [57].

Figure 3 .

 3 Figure 3. Variations of the probability density functions 𝑓(𝜌) for a uniform or a Gaussian (b) random array. Compare (a) and (b) with Figures 2c and 2d respectively for the actual random distributions of the nanodisk electrodes. (𝜌 = 35.55 and 𝜌 = 33.08). Adapted from [57].

Figure 4 .

 4 Figure 4. Time variations of the dimensionless current functions 𝛷 (𝑡) as defined in Eqn (9) for the two random arrays in Figures 2c,d: (a) uniform or (b) Gaussian random arrays. In (c) are represented the time variations of 𝛷 (𝑡) for a squared array (see Figure 1a) with a similar 𝜌 value (𝜌 = 35 vs. 𝜌 = 35.55 and 𝜌 = 33.08). In (a-c) the dashed curves represent the time variations of the three 𝛷 * (𝑡) functions obtained through the approximation in Eqn (17). Note that the three 𝛷 (𝑡)functions approximated using Eqn[START_REF] Fontaine | Sol-Gel Route to Zirconia-Pt-Nanoelectrode Arrays 8 nm in Radius: Their Geometrical Impact in Mass Transport[END_REF] are also shown but result exactly superimposed onto the exact 𝛷 (𝑡) functions in each case. Adapted from[START_REF] Sliusarenko | Development and Validation of an Analytical Model for Predicting Chronoamperometric Responses of Random Arrays of Micro-and Nanodisk Electrodes[END_REF].

Figure 5 .

 5 Figure 5. Comparisons between the original probability density functions, 𝑓(𝜌), (solid curves) and their reconstructed ones, 𝐻 (𝜌), (histogram bins) for the three arrays considered in this work upon using 𝛷 (𝑡) defined in Eqn (9). (a) uniform, (b) Gaussian random or (c) regular arrays. In (c) a dashed Gaussian curve fit is shown to emphasize the filtering effect due to the bin-reconstruction procedure (see text). ∆𝜌 = 8.3 (a), 8.0 (b) and 2.5 (c); 𝐾 = 8 in all cases (see text).
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 6 Figure 6. Comparisons between the reconstructed function, 𝐻 (𝜌), for the three arrays considered in this work obtained upon using the exact 𝛷 (𝑡) (Eqn (9); black bins, already shown in Figure 5) or approximated 𝛷 (𝑡) (Eqn (19); white bins) functions. (a) uniform, (b) Gaussian random or (c) regular

Figure 7 .

 7 Figure 7. Reconstructed function, 𝐻 (𝜌), for the three arrays considered in this work when relying on 𝛷 * (𝑡) (a-c) or 𝛷 (𝑡) (d-f) functions truncated below 0.5. (a,c) uniform, (b,e) Gaussian random or (c,f) regular arrays. ∆𝜌 = 8.3 (a), 8.0 (b) and 2.5 (c); 𝐾 = 8 in all cases, the 𝑡 values being those for which ∆𝛷 * (𝑡) or ∆𝛷 (𝑡) varied between 0.56 and 0.94 by increments of ∆𝛷 (𝑡) ≈ 0.056.

  fact, this problem matters essentially for those arrays with 𝜌 values that largely exceed unity. Indeed, for arrays with 𝜌 values commensurable to unity, viz., for arrays in which the electroactive nano-elements cover altogether almost the whole array surface area, the

	the ratio 𝐼	(𝑡)/𝐼	(𝑡) is by definition equal to 1/𝜌	, hence, is much less than unity for
	large 𝜌	values (for example, 𝐼	(𝑡)~3% of 𝐼	(𝑡) for all arrays investigated here).
	Similarly, since any 𝐼	(𝑡) value that experimentally matters is a fraction of 𝐼	(𝑡), 𝐼	(𝑡)

necessity of determining the probability density functions 𝑓(𝜌) functions is generally irrelevant in the field of nano-arrays because such arrays behave as near-continuous electrodes (see the Introduction). Furthermore, for such arrays, most unit cells have a surface area comparable to that of their electroactive nano-elements so that 𝐼 (𝑡) and 𝐼 (𝑡) have extremely close values.

Hence, the problem matters essentially for arrays such as those modeled in this work in which most of the array surface is not electroactive, i.e., those characterized by large 𝜌 values (𝜌 ≫ 1). Interestingly, this difficulty can be turned into an operational advantage. Indeed,

  𝐼(𝑡) is not measurable, one may have a reasonable estimation of the number 𝑁 of nanoelements that have been dispersed over the non-electroactive support (see e.g.[START_REF] Chan | Assessments of Surface Coverage after Nanomaterials are Drop Cast onto Electrodes for Electroanalytical Applications[END_REF]). As The corresponding results shown in Figures7d-fare in remarkable agreement with the original (𝜌) functions. In particular the extended left tail of the 𝐻 (𝜌)

	remarked above, then one may estimate 𝐼	(𝑡) through its proportionality to 𝐼	(𝑡), viz.,
	𝐼	(𝑡) = (𝑁π𝑟 /𝐴	). When this is possible, 𝛷	(𝑡) functions may be correctly evaluated
	through a straight application of Eqn (9) though, due to the limited time range, this results feasible
	only for 𝛷	(𝑡) values being larger than a given threshold. So we also wished to examine the
	outcome of using such truncated but otherwise correct 𝛷	(𝑡) functions, by using 0.5 as the
	lowest determined value.
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between the set of experimental 𝛷 (𝑡 ) values and those, 𝛷 ( ) (𝑡 ), predicted upon using 𝐻 (𝜌) instead of the unknown 𝑓(𝜌) function in Eqns ( 4) and [START_REF] Gal | Electrocatalytic (Bio)Nanostructures Based on Polymer-Grafted Platinum Nanoparticles for Analytical Purpose[END_REF][START_REF] Hong | Multi-Walled Carbon Nanotube Supported Pd Nanocubes with Enhanced Electrocatalytic Activity[END_REF][START_REF] Anderson | A Theoretical and Experimental Approach for Correlating Nanoparticle Structure and Electrocatalytic Activity[END_REF], viz.: 

where 𝐼 ( ), (𝑡 ) and 𝐼 ( ), (𝑡 ) are the values taken at 𝑡 = 𝑡 by the asymptotic limits of 𝐼 ( ) (𝑡) at zero and infinite times.

To evaluate its robustness and performance, this reconstruction procedure was applied to the three arrays whose 𝛷 (𝑡) time-functions were shown in Figures 4a-c, so that the reconstructed 𝐻 (𝜌) functions could be compared in each case to the original probability density function, 𝑓(𝜌), displayed respectively in Figure 3a (uniform random array), Figure 3b functions closely matched those of the original arrays (precision better than 0.5%). Finally, it is clear through comparing Figure 5a to Figure 5b, that the reconstruction procedure successfully distinguishes the two types of random arrays. This and the excellent agreement on 𝜌 values vs. the input 'experimental' values demonstrate the high interest of such precise reconstruction procedure for experimental purposes. Indeed, under most circumstances these are the two central information that matter for experimentalists.

For the squared regular array the agreement is not as spectacular (Figure 5c). This is due to the evident fact that a discrete 𝐻 (𝜌) histogram-like function described by a series of bins of finite widths ∆𝜌 cannot reproduce a Dirac function that has no width at all but an infinite value at 𝜌 = 𝜌 . A finite bin-size ∆𝜌 necessarily introduces a small filtering effect, although the bin size was reduced compared to those used for the two random arrays (see Figure 5 caption). As a consequence, the reconstructed 𝐻 (𝜌) function matches that expected for a narrow Gaussian through using Eqn (9) while replacing the unknown 𝐼 (𝑡) values by those in Eqn [START_REF] Yang | Electroreduction of O2 on Uniform Arrays of Pt Nanoparticles[END_REF], viz.:

The validity of this approximation was tested for the three arrays investigated in this work.

The ensuing 𝛷 (𝑡) time functions resulted graphically undistinguishable from the correct 𝛷 (𝑡) ones as evidenced in Figures 4a-c, the maximum relative deviations being less than 0.1%. Therefore, the reconstruction procedure was applied using the approximated functions 𝛷 (𝑡) obtained by applying Eqn [START_REF] Fontaine | Sol-Gel Route to Zirconia-Pt-Nanoelectrode Arrays 8 nm in Radius: Their Geometrical Impact in Mass Transport[END_REF] to each of the three arrays investigated in this work. The ensuing 𝐻 (𝜌) histograms are compared in Figures 6a-c to those obtained using the exact 𝛷 (𝑡) functions that were already shown in Figures 5a-c. The excellent agreement observed between the two sets of histograms for each array evidences that whenever the limit 𝐼 (𝑡)