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Increasing electrodes active surface area has been one of the leading priority in bioelectrochemistry to increase enzyme loading and thus maximized current and/or power densities. From increasing the roughness of electrodes to using metallic structures or carbonbased materials in various forms (carbon nanotubes [START_REF] Wang | Choice-An Enzymatic Electrode Integrated with Alcohol Dehydrogenase and Chloranil in Liquid-Crystalline Adenine Dinucleotide-Dependent Glucose Dehydrogenase[END_REF]2], carbon black, carbon cryogels, graphene [3]…), 580 papers and many reviews dedicated to this topic have been published in the last ten years. [4][5][6][7][8][9][10][11][12][13][14][15][16][17] In the early work, various three-dimensional architectures have been proposed to increase the specific surface, but without precise control of the orientation of those materials and regardless of the porosity and/or the electrode geometry. More recently, a more rational approach has been developed in the elaboration of electrodes material. Words such as hierarchical porosities, defined and controlled architectures, flexibility, stretchable, bendable, or lightweight have emerged in the last 5 years. Intuitively, it can be easily understood that an ideal electrode material would be conductive and biocompatible ordered hierarchically 3Dstructure combining mesopores (~2-50 nm diameter) to provide for enzyme immobilization and macropores (>500 m diameter) to allow for fast mass transport of substrates. But this is a hard task to define the adequate pore size and the appropriate method of enzymes immobilization, as it depends on the nature of the enzyme, on the final applications and on other constraints such as diffusion of reactants for example. [12] Many interrelated parameters need to be taken into account which makes difficult to predict the adequate electrode design to maximize enzyme loading, electron transfer, and enzyme stability, to cite a few. Depending on the final applications, other considerations such as the weight, the flexibility, the cost and the geometry/morphology of the final electrode should also be taken into account. For example, cylindrical geometry may be advantageous when substrates diffusion and concentration are small. Considering the recent excellent review published on electrode materials [9,12], in this short review, I will highlight the recent trend in the development of electrode materials in the last two years with a particular emphasis on the issue of modeling and on what could be the future of three-dimensional electrodes for bioelectrochemical applications.

3-dimensional hierarchical porous electrodes

The literature reports 3D metallic and non-metallic porous electrodes with controlled pores size, thicknesses, and in some cases controlled distribution of the porosity. Among those materials, Tsujimura et al. [18] pioneered the use of magnesium oxide (MgOC) to elaborate meso/macro-porous carbon electrode using 38 nm MgOC. (Figure 1A) They later improved their method by combining two MgOC with sizes of 40 nm and 150 nm, showing the versatility of their approach. [START_REF] Funabashi | Hierarchical meso/macro-porous carbon fabricated from dual MgO templates for direct electron transfer enzymatic electrodes[END_REF] The authors have studied in details the effect of the pore size and the ratio between the two MgOC on the efficiency of various enzymes, operating in Direct Electron Transfer (DET) or Mediated Electron Transfer (MET). From their work, they concluded that macropores improve the mass transfer of reactants while mesopores allow for an efficient electron transfer. In 2018 [START_REF] Mazurenko | Pore size effect of MgO-templated carbon on enzymatic H2 oxidation by the hyperthermophilic hydrogenase from Aquifex aeolicus[END_REF], MgOC template carbon electrode made with 35 nm and 150 nm was used to immobilize a hydrogenase from Aquifex aeolicus. The authors demonstrated that pore size larger than the enzyme facilitates the enzyme loading and therefore the current, while pore size close to the enzyme hydrodynamic diameter promotes the stability.

Using 3D metallic porous electrodes has been common in the last two years because they can be easily fabricated by many approaches. [13,16] For example, nanoporous gold electrodes with tunable pores diameters ranging from ~20 nm to 500 nm are excellent platforms for enzymatic applications. [START_REF] Sakai | Nanostructured Porous Electrodes by the Anodization of Gold for an Application as Scaffolds in Direct-electron-transfertype Bioelectrocatalysis[END_REF] They can for example be made by sputtering, electrochemical dealloying (Figure 1B) or by anodization in glucose or oxalic solution [START_REF] Siepenkoetter | Nanoporous Gold Electrodes with Tuneable Pore Sizes for Bioelectrochemical Applications[END_REF][START_REF] Xiao | An overview of dealloyed nanoporous gold in bioelectrochemistry[END_REF] In addition, the pores can be further functionalized to provide for a better enzyme immobilization if needed. Kano et al. [START_REF] Takahashi | Improved direct electron transfer-type bioelectrocatalysis of bilirubin oxidase using porous gold electrodes[END_REF] used three-dimensional porous gold electrodes prepared by anodization in oxalic acid or glucose solution, to immobilize bilirubin oxidase.

(Figure 1C) Suitable pore size was achieved by tuning the glucose concentration during the anodization process and the surface area by modulating the anodization time. 0.5 M was found to be the optimum glucose concentration to generate mesopores allowing to enhance the curvature effects of the immobilized enzyme and thus the direct electron transfer from the electrode to the enzyme. Unlike other approaches, Karajic et al. reported a bottom-up approach consisting in the electrodeposition of gold through a silica template, which after removal permits to obtain highly organized porous electrodes with controllable geometry, thickness, pore diameter, and pore distribution. (Figure 1D) [START_REF] Karajić | Miniaturized Electrochemical Device from Assembled Cylindrical Macroporous Gold Electrodes[END_REF] Zhang et al. [START_REF] Zhang | Rational Design of Enzyme Modified Electrodes for Optimized Bioelectrocatalytic Activity[END_REF] immobilized in such porous electrodes with 1200 nm diameter pores, an engineering bilirubin oxidase mutant and demonstrated that all the enzyme was immobilized within the porous structure. The authors noted that the current density was proportional to the electrode thickness. The two common denominators of these metallic and non-metallic 3D hierarchical electrodes are the stabilizing effect of the enzyme upon immobilization and the mass transport limitation of substrates for high electrodes thicknesses.

Flexible and stretchable electrodes

With the expansion of wearable devices and paper-based electrodes [27-29], buckypapers (BP) has emerged as a new class of high specific area materials, flexible and lightweight. [START_REF] Gross | Buckypaper bioelectrodes: emerging materials for implantable and wearable biofuel cells[END_REF] They are free-standing films made of entangled carbon nanotubes (CNTs) held by pi-pi stacking interactions, which can be further functionalized if needed. [START_REF] Gross | Robust bifunctional buckypapers from carbon nanotubes and polynorbornene copolymers for flexible engineering of enzymatic bioelectrodes[END_REF] BPs are light, flexible and bendable, to some degree, and are easily obtained for example by vacuum filtration of a CNTs solution. In 2017, Gross et al. [START_REF] Gross | A High Power Buckypaper Biofuel Cell: Exploiting 1,10-Phenanthroline-5,6-dione with FAD-Dependent Dehydrogenase for Catalytically-Powerful Glucose Oxidation[END_REF] reported a high power buckypaper glucose/O2 biofuel cell (Figure 2). Both anode and cathode were composed of self-standing BP made with non-functionalized multi-wall carbon nanotubes. The system reached milliwatt per cube centimeter power densities. Sim et al. [33] recently designed a 380 μm diameter stretchable fibers biofuel cell by rewrapping multiwall carbon nanotubes sheets over the anodic and cathodic redox mediators and enzymes (Figure 3). The device could be stretched by 100% while yet producing a significant power density and exhibited enhance stability owing to the rewrapping structure. Other recent examples of stretchable/flexible devices include the development of a flexible lactate/O2 biofuel cell fabricated with nanoporous gold electrodes deposited onto polyterephtalate. [34] The device generated a maximum power density of 1.7 μW.cm -2 in artificial tear containing 3 mM lactate. A carbon textile composite formed with 40 nm MgOC has been employed to elaborate the anode and cathode of an enzymatic biofuel cell, providing at the same time high flexibility and high specific surface.

[35]

Modeling

Modeling the behavior of porous electrodes has been thoroughly documented for simulating batteries and fuel cells [36] and validated by 3D numerical simulations. [37] This is not the case in bioelectrochemistry. In the absence of enzymes, one-dimensional empirical macroscopic models were introduced to model and simulate reversible and irreversible one electro processes at porous electrodes for both chronoamperometry and cyclic voltammetry.

[38,39] But those models did not provide any closure. To avoid this limitation and linked the pore-scale structure to the macroscale parameters, Le et al. [START_REF] Le | Optimal Thickness of a Porous Micro-Electrode Operating a Single Redox Reaction[END_REF][START_REF] Le | Multi-scale modeling of diffusion and electrochemical reactions in porous micro-electrodes[END_REF] developed a multiscale model involving coupled reaction and diffusion using the volume averaging method. It permits to reduce the 3-dimensional problem to single spatial dimension with advantages in term of simulation time, simplicity and memory demand. Experimental data obtained for the reduction of O2 to hydrogen peroxide on porous gold electrodes of various thicknesses validated this model.

In the presence of enzymes, whether operating in DET or MET, various analytical and numerical methods have been realized to decipher the mechanisms of immobilized enzymes on electrode surfaces [START_REF] Flexer | Relaxation and Simplex mathematical algorithms applied to the study of steady-state electrochemical responses of immobilized enzyme biosensors: Comparison with experiments[END_REF][START_REF] Gallaway | Kinetics of Redox Polymer-mediated enzyme electrodes[END_REF][START_REF] Costentin | Cyclic Voltammetry Analysis of Electrocatalytic Films[END_REF][START_REF] Rasi | Enzyme-Catalyzed Oxygen Reduction Reaction in Biofuel Cells: Analytical Expressions for Chronoamperometric Current Densities[END_REF][START_REF] Fourmond | Modelling the voltammetry of adsorbed enzymes and molecular catalysts[END_REF], including biofuel cells. [START_REF] Rajendran | Mathematical modeling of nonlinear reactiondiffusion processes in enzymatic biofuel cells[END_REF] But most of these works have been restricted to non-porous electrodes. As in the case of non-modified porous electrodes, modeling the behavior of porous enzymatic electrodes, in DET or MET, has simply been done empirically with 1 dimension macroscopic model. [START_REF] Barton | Oxygen transport in composite mediated biocathodes[END_REF][START_REF] Do | Mathematical Modeling of a Porous Enzymatic Electrode with Direct Electron Transfer Mechanism[END_REF][START_REF] Do | Dynamic and steady state 1-D model of mediated electron transfer in a porous enzymatic electrode[END_REF] Unsteady macroscopic models at the electrode scale, taking into account macroscopic and microscopic porosity, would be necessary to gain access to both enzymes and substrates concentration.

Concluding remarks

The quest for an ideal electrode material providing at the same time high surface area, fast mass transport of substrates and efficient enzymes immobilization is still intense. The toolbox for creating three-dimensional porous materials with defined thicknesses and porosities distribution, or not, exists. 3-D printing may also bring interesting opportunities in the near future to elaborate such sophisticated materials. [START_REF] Zadpoor | Additively manufactured porous metallic biomaterials[END_REF] Up to now, most of the porous electrodes have consistently been designed empirically and many questions stay open. For example, questions on the chemical nature of the pore and its diameter and how it should be optimally designed remains unknown. To answer those questions, three-dimensional materials may be elaborated with a rational approach. Mathematical models capable of predicting the optimal thickness, porosity and mass transport limitation may be an essential tool for a rational optimization and improvement of porous electrodes for bioelectrochemical applications. The pore size, their chemical nature and the thickness of the final porous electrode should be tuned in function of the enzyme and its application. The challenge will consist of being able to take into account numerous parameters including electron transfer between enzymes and electrodes surface, diffusion of substrates and products, with limited unknown variables.

In relation with modeling, Focused Ion Beam/Scanning Electron Microscopy [START_REF] Joos | Reconstruction of porous electrodes by FIB/SEM for detailed microstructure modeling[END_REF] or the use of X-rays computed tomography [START_REF]X-Ray Tomography Applied to the Characterization of Highly Porous Materials[END_REF] may help in getting real images of the structure of the materials and gain more insight into the void/pores distribution. Such images would be of great importance to refine mathematical models, specifically with hierarchical porosities or gradients of pores.

Another open question is whether all the pores are modified by the enzymes and homogeneously distributed or not within all the porosity. Such information would be crucial to fuel mathematical models and relate enzymes conformation with kinetics. Do et al. reported earlier that the thicker the porous material, the more difficult was the penetration of the enzyme during the coating process deeper in the pores far from the free surface of the electrode. [START_REF] Do | Dynamic and steady state 1-D model of mediated electron transfer in a porous enzymatic electrode[END_REF] It would, therefore, make no sense to elaborate very thick porous electrodes with the aim to maximize the specific surface if the entire surface of the electrode is not used for the catalysis. Particularly if unmodified parts of the electrodes are subject to parasitic reactions. In addition, mass transport limitations may exist for thick electrodes. Confocal fluorescence with labeled enzymes may provide such information and has for example been reported for bilirubin oxidases within carbon nanotubes fibers and porous gold electrodes. [START_REF] Zhang | Rational Design of Enzyme Modified Electrodes for Optimized Bioelectrocatalytic Activity[END_REF][START_REF] Michardière | Wet-Spun Bioelectronic Fibers of Imbricated Enzymes and Carbon Nanotubes for Efficient Microelectrodes[END_REF] If such analytical technique can prove that a porous electrode is fully or partially modified with enzymes, the resolution is not high enough to distinguish between homogeneous and not homogeneous distribution. Being able to image enzymes within the porosity at the nanometer resolution would be a tremendous technical and experimental challenge.

Finally, the growing number of porous electrodes, different in size, porosity, geometry, weight…. raises the question of the normalization of the results. This point has already been discussed on numerous occasions but nothing has yet been definitely implemented by the community. [13,16,[START_REF] Svoboda | Standardized characterization of electrocatalytic electrodes[END_REF][START_REF] Cosnier | Beyond the hype surrounding biofuel cells: What's the future of enzymatic fuel cells?[END_REF] Acknowledgments.
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 123 Figure 1: A) SEM images of the 38 nm MgOC-modified electrode fabricated by the electrophoretic deposition at 50 V over 1 min at 1000× magnifications. Adapted with the permission of [18]. Copyright 2014 American Chemical Society. B) SEM images of the electrochemically dealloyed polyethylene terephthalate/nanoporous gold electrode. Adapted with the permission of [34]. Copyright 2014 American Chemical Society. C) SEM images of anodized Au electrode at 1.7V in the presence of 0.1 M glucose in 0.1 M phosphate buffer (pH 7). Adapted with the permission of [57]. Copyright 2019 Elsevier. D) SEM images of the outer surface of a macroporous electrode with crack free structure and homogeneous distribution of the pores. Adapted with the permission of [25]. Copyright 2019 Elsevier
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