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Microbial electrolysis cell (MEC): Strengths, weaknesses and research needs from electrochemical engineering standpoint

Microbial electrolysis cells (MECs) produce hydrogen at the cathode associated with the oxidation of organic matter at the anode. This technology can produce hydrogen by consuming less electrical energy than water electrolysis does. However, it has been very difficult so far to scale up efficient MECs beyond the size of small laboratory cells.

This article firstly revisits the fundamentals of MECs to assert their theoretical advantages. The low formal equilibrium cell voltage of 0.123 V and electrical and thermal energy yields as high as 10 and 12, respectively, are major assets. Other theoretical strengths are discussed, including the possibility to produce methane, and some safety advantages.

The experimental achievements at pilot scale (several litres volume) are analysed through the prism of electrochemical engineering. This analysis leads to recommendations to modify some research efforts, notably by giving priority to increasing current density rather than working with volumetric parameters, using Faradaic yields to detect dysfunctions, and systematizing control experiments at open circuit. The critical analysis successively addresses electrolytes, electrode kinetics, temperature, substrate concentration, reactor architecture, and control procedures. It brings to light intrinsic weaknesses of the MEC concept and identifies improvements that can be made using current technology, for instance, by the catalysis of hydrogen evolution at neutral pH. The problem of the low electrolyte conductivity is pointed out and, in return, how increasing it can be detrimental to the key issue of anode acidification. Finally, research lines are proposed with the objective of moving ahead towards MEC development.

Introduction

The need to switch from fossil energies to carbon-neutral sources has received unanimous agreement in principle, but how the switch can actually be made is still not obvious. The production of electrical energy from renewable sources such as wind, sunlight, marine streams and tides are very appealing options. Nevertheless, all these sources are intermittent and require efficient storage methods to smooth their fluctuations. The production of hydrogen by water electrolysis holds great promise for the transformation of electrical energy to chemical energy that can be stored, transported, and finally consumed or transformed back into electricity on demand [START_REF] Ursua | Hydrogen production from water electrolysis: current status and future trends[END_REF][START_REF] Götz | Renewable power-to-gas: a technological and economic review[END_REF]. Although various types of water electrolysis technologies are mature [START_REF] Zeng | Recent progress in alkaline water electrolysis for hydrogen production and applications[END_REF][START_REF] Ma | Recent advances in high temperature electrolysis using solid oxide fuel cells: a review[END_REF][START_REF] Carmo | A comprehensive review on PEM water electrolysis[END_REF], progress still needs to be made if they are to be integrated into large-scale, economically efficient energy networks [START_REF] Carmo | A comprehensive review on PEM water electrolysis[END_REF]. In particular, electrocatalysts should be improved and their cost reduced [START_REF] Zou | Noble metal-free hydrogen evolution catalysts for water splitting[END_REF][START_REF] Wang | Recent progress in electrochemical hydrogen production with earth-abundant metal complexes as catalysts[END_REF]. For instance, a recent technoeconomic analysis has stated that water electrolysis using solar electricity is still not economically competitive compared to hydrogen production from fossil sources [START_REF] Shaner | A comparative technoeconomic analysis of renewable hydrogen production using solar energy[END_REF].

In this framework, microbial electrolysis has been thought to offer a worthwhile, innovative route. The concept of microbial electrolysis cells (MECs) was first p roposed i n 2 005 [START_REF] Liu | Electrochemically assisted microbial production of hydrogen from acetate[END_REF][START_REF] Rozendal | Principle and perspectives of hydrogen production through biocatalyzed electrolysis[END_REF]. T he c ore o f a n MEC consists of a microbial anode and an "almost conventional" hydrogen evolution cathode. The electrolyte in the anodic compartment must contain microorganisms and the culture medium necessary for their growth. Some microorganisms spontaneously colonize the anode surface and form an electroactive biofilm, which acts as the electro-catalyst. Thanks to this biofilm, t he m icrobial a node c an o xidize a large variety of low-cost carbon compounds [START_REF] Pant | A review of the substrates used in microbial fuel cells (MFCs) for sustainable energy production[END_REF][START_REF] Kadier | A review of the substrates used in microbial electrolysis cells (MECs) for producing sustainable and clean hydrogen gas[END_REF][START_REF] Pandey | Recent advances in the use of different substrates in microbial fuel cells toward wastewater treatment and simultaneous energy recovery[END_REF].

The main advantage of MEC versus abiotic water electrolysis is that the oxidation of water is replaced by the oxidation of organic compounds, which can occur at significantly l ower r edox p otentials. The thermodynamic cell voltage of an MEC is thus considerably reduced with respect to the famous 1.23 V threshold of water electrolysis in standard conditions [START_REF] Rozendal | Principle and perspectives of hydrogen production through biocatalyzed electrolysis[END_REF]. The power consumed by an electrolysis cell is proportional to the cell voltage. In consequence, looking at the thermodynamics, it has been speculated that the MECs could be the breakthrough that will push electrolysis towards economic efficiency for hydrogen production. This major asset and other theoretical advantages of MECs are discussed in the "Thermodynamic basics and theoretical advantages" section of the present article.

A huge amount of work has been done to develop MECs, as proved by the more than 20 review articles published in the last five years [START_REF] Kadier | A review of the substrates used in microbial electrolysis cells (MECs) for producing sustainable and clean hydrogen gas[END_REF][START_REF] Zhou | Recent advances in microbial fuel cells (MFCs) and microbial electrolysis cells (MECs) for wastewater treatment, bioenergy and bioproducts[END_REF][START_REF] Kundu | An overview of cathode material and catalysts suitable for generating hydrogen in microbial electrolysis cell[END_REF]. The most cited review article, written by the inventors of the MEC, has now been cited more than 550 times [START_REF] Logan | Microbial electrolysis cells for high yield hydrogen gas production from organic matter[END_REF], which shows the extent of research activity on MECs.

In spite of such research efforts, a ll attempts t o s cale u p t o largesized MECs have encountered great difficulties [START_REF] Escapa | Scaling-up of membraneless microbial electrolysis cells (MECs) for domestic wastewater treatment: Bottlenecks and limitations[END_REF][START_REF] Luo | Effective control of biohythane composition through operational strategies in an innovative microbial electrolysis cell[END_REF]. Most MEC pilots with volumes of at least several litres display very low hydrogen production, corresponding to the cathode working at less than 1 A•m -2 (Table 1). For comparison, it may be recalled that commercial alkaline water electrolysis reactors usually work at several hundreds of A•m -2 , Table 1 (Reaction 3) as the product. Each form leads to a different expression for the equilibrium potential of the reaction (Table 2).

The three equations lead to significantly different values of the standard potentials (E A 0 ). These differences are due to the different standard conditions assumed for each equation (Table 2). It may be noted that the standard conditions assumed for Eqs. ( 2) and (3) are far from conditions that are usually met in MECs. For Eq. ( 2), according to the Henry law, the condition C CO2,aq = 1 M assumes a CO 2 partial pressure of the order of 29 atm. For Eq. ( 3), according to the acid dissociation equilibrium, the standard condition C HCO 3 = 1 M at pH 0 leads to an unrealistic concentration of dissolved CO 2 of 2.24 10 6 M and to CO 2 partial pressure of 6.6 10 7 atm. These standard conditions are far from usual operating conditions. Eqs. [START_REF] Götz | Renewable power-to-gas: a technological and economic review[END_REF] and ( 3) lead to inappropriate standard potential values (E A 0 ) because of the unrealistic standard conditions they are based on. Moreover, if the concentration term is neglected in Eq. ( 3), an incorrect variation of E A as a function of pH is obtained. Actually, a part of the pH impact is included in the third term of the equation because pH influences the HCO 3 -concentration (see Supporting Information). Eqs. ( 2) and (3) should consequently be avoided, except for specific purposes.

With regard to the formal potential values (E A 0 ′), the errors induced by Eqs. ( 2) and (3) are minimized. Obviously, the three expressions lead to identical equilibrium potential (E A ) when the full equations are used with the right values of concentrations and pressure (see Supporting Information).

In conclusion, Eq. ( 1) should be preferred. This equation is established with standard conditions not so far from conditions that can be met in actual MECs. Moreover, practically, it is quite easy to find the value of the CO 2 partial pressure that must be used to calculate E A accurately. For instance, in a single-compartment MEC working at atmospheric pressure, p CO2 should be equal to 0.33 atm and p CO2 should be 1 atm with separated compartments (see below).

Hydrogen evolution at the cathode:

2H 2 O + 2e -→ H 2 + 2OH - (4) 
has an equilibrium potential E C :

= E RT F pH RT F p 0.0 2.3 2.3 2 log( )
C H2 [START_REF] Carmo | A comprehensive review on PEM water electrolysis[END_REF] where p H2 is the hydrogen partial pressure. From this equation, the formal potential E C 0 ′ at pH 7.0 and standard temperature is -0.414 V/ SHE. Coupling the oxidation of acetate at the anode (Reaction 1) with the reduction of water at the cathode (Reaction 4) leads to the overall reaction: [START_REF] Zou | Noble metal-free hydrogen evolution catalysts for water splitting[END_REF] with the cell voltage (U)

CH 3 COO -+ H + + 2H 2 O → 2CO 2 + 4H 2
= = + + U E E RT F pH RT F p p C 0.071 2.3 8 2.3 8 log A C CO H CH COO 2 4 2 2 3 (7) 
At pH 7.0, the equilibrium cell voltage is 0.123 V, which means that hydrogen evolution starts to be possible at a cell voltage as low as 0.123 V with an MEC that oxidizes acetate. Comparison with the equilibrium cell voltage of 1.23 V for water electrolysis shows the considerable benefit that could be expected from the MEC.

Eq. ( 7) shows a very low dependency of the equilibrium cell voltage on pH, only 7.4 mV per pH unit at 25 °C. Actually, the thermodynamics of both the anode and cathode reactions are significantly affected by the pH (52 mV/pH unit in Eq. ( 1) and 59 mV/pH unit in Eq. ( 5), respectively), but the global MEC thermodynamics is not highly dependent on pH, provided that the anode acidification and the cathode alkalinisation could be used to mitigate each other.

The evolution of the cell voltage as a function of the acetate concentration is illustrated in Fig. 1 for three different cases:

(a) MEC with separated anode and cathode compartments: CO 2 and H 2

Table 2

Different possible ways of writing acetate oxidation and related thermodynamic equations. By convention, reactions are written in the reduction direction. E A is the equilibrium potential (V/SHE), E A 0 is the standard potential (V/SHE), E A 0 ′ is the formal potential at pH 7.0 (V/SHE), p CO2 is the CO 2 partial pressure (atm), which was assumed to be equal to the fugacity, C i are the concentrations of the i species (mol•L -1 ), which were assumed to be equal to activities, R (8.314 J mol -1 K -1 ) is the universal gas constant, T (K) is the temperature, and F (96 485 C•mol -1 ) is the Faraday constant. The standard potentials were calculated by using the standard molar Gibbs energy of formation of each compound as detailed in the Supporting Information.

Reaction and equilibrium potential

E A 0 (V/SHE) E A 0 ′ (V/SHE) pH 7.0 Standard conditions 1 2CO 2 + 7H + + 8e -→ CH 3 COO -+ 2H 2 O E A = E A1 0 - RT F 2.3 8 7pH + RT F 2.3 8 log p CO C CH COO 2 2 3 0.071 -0.291 T = 298.5 K pH = 0 p CO2 = 1 atm C CH3COO-= 1 M 2 2CO 2,aq + 7H + + 8e -→ CH 3 COO -+ 2H 2 O E A = E A2 0 -RT F 2.3 8 7pH + RT F 2.3 8 log C CO aq C CH COO 2, 2 3 0.093 -0.269 T = 298.5 K pH = 0 C CO2,aq = 1 M C CH3COO-= 1 M 3 2HCO 3 -+ 9H + + 8e -→ CH 3 COO -+ 4H 2 O E A = E A3 0 -RT F 2.3 8 9pH + RT F 2.3 8 log C HCO C CH COO 3 2 3 0.187 -0.278 T = 298.5 K pH = 0 C HCO3-= 1 M C CH3COO-= 1 M
Fig. 1. Equilibrium cell voltages calculated with Eq. ( 7) versus acetate concentration. Calculations were performed at pH 7.0 and a temperature of 298.15 K. Dashed lines: two-compartment MEC under 10 (b) or 1 atm (a) pressure in each compartment. Continuous lines: single-compartment MEC under 1 atm total pressure for the production of pure hydrogen (c) noted CO 2 + 2H 2 , or the complete conversion of hydrogen to methane (d) noted CO 2 + CH 4 . In the case of methane production, the calculation was done with p CO2 and p H2 equal to 0.5 and 0.01 atm, respectively. partial pressures were equal to 1 atm in the anode and cathode compartments, respectively; (b) the same two-compartment MEC configuration operated under 10 atm pressure: p CO2 and p H2 were both equal to 10 atm; (c) a single-compartment MEC: according to Reaction 6, the partial pressures of H 2 and CO 2 were 0.67 and 0.33 atm, respectively.

The cell voltage is weakly dependent on acetate concentration, except for very low concentrations of a few millimolars (Fig. 1). It is consequently not very useful to increase the substrate concentration with the objective of favouring the thermodynamics. Implementing a single-compartment or a double-compartment reactor is pretty similar from a thermodynamic point of view.

Interestingly, Fig. 1 points out that operating the reactor under pressure increases the equilibrium cell voltage only slightly. Only around 40 mV are lost when the pressure is increased from 1 to 10 atm. It can consequently be very beneficial to operate an MEC under pressure so as to produce pressurized gas directly at the reactor outlet. The power lost in the MEC is much less than the power that would be required for mechanical compression of the gas downstream. Moreover, microorganisms are generally not significantly sensitive to pressure up to very high values. For instance, high pressure processing, which is used for food preservation [START_REF] Yordanov | High pressure processing for foods preserving[END_REF], must use pressures above 100 MPai.e. 1000 atm -in order to affect microbial populations [START_REF]Effect of high pressure on the reduction of microbial populations in vegetables[END_REF]. It seems that there is no theoretical barrier to operating an MEC under pressure of several atm, although it has never been attempted so far to our knowledge. This may be a worthwhile research path for future MEC development.

Other advantages of MEC vs. water electrolysis

Microbial electrolysis has several well-known advantages. The electroactive biofilms develop spontaneously on the anode surface from the microbial species contained in the electrolyte. Consequently, forming microbial anodes does not require sophisticated electrode preparation steps as for most abiotic catalytic layers. Low cost electrode materials can be used such as some carbon-based materials. Microbial biofilms self-assemble and also self-sustain, allowing long-term MEC operation without maintenance [START_REF] Heidrich | Performance of a pilot scale microbial electrolysis cell fed on domestic wastewater at ambient temperatures for a 12month period[END_REF]. They catalyse the electrochemical oxidation of a large variety of organic compounds [START_REF] Pant | A review of the substrates used in microbial fuel cells (MFCs) for sustainable energy production[END_REF][START_REF] Kadier | A review of the substrates used in microbial electrolysis cells (MECs) for producing sustainable and clean hydrogen gas[END_REF][START_REF] Pandey | Recent advances in the use of different substrates in microbial fuel cells toward wastewater treatment and simultaneous energy recovery[END_REF].

An MEC that operates under appropriate control procedure (see Section 3.10) does not produce oxygen. This advantage has rarely been emphasized so far, but it is a great advantage in terms of process safety with respect to water electrolysis. Actually, the concomitant production of hydrogen and oxygen is an important issue in water electrolysis that is no longer present in an MEC. This safety asset becomes even more important if the objective is to produce pressurized hydrogen, because high internal pressure in water electrolysis considerably increases the risk of hydrogen cross-over to the anode compartment [54,[START_REF] Chen | Separating hydrogen and oxygen evolution in alkaline water electrolysis using nickel hydroxide[END_REF]. In an MEC, hydrogen transport to the anode only decreases the energy yield but does not exacerbate safety issues.

Similarly, the anode of an MEC operates at too low a potential for the production of chlorine to become a risk. This is also an advantage, because the electrolyte does not need to be freed from the chlorine ions, as is required for conventional water electrolysis.

The pH of the MEC electrolyte must be around neutrality because microbial anodes rarely accept extreme conditions [START_REF] Dopson | Possibilities for extremophilic microorganisms in microbial electrochemical systems[END_REF]. Acidic electrolytes are prohibited because electroactive biofilms are inhibited at pH values one or two units below 7 [START_REF] Torres | Proton transport inside the biofilm limits electrical current generation by anode-respiring bacteria[END_REF][START_REF] Patil | Electroactive mixed culture derived biofilms in microbial bioelectrochemical systems: the role of pH on biofilm formation, performance and composition[END_REF][START_REF] Popat | Critical transport rates that limit the performance of microbial electrochemistry technologies[END_REF]. On the other hand, the pH of the bulk electrolyte rarely reaches values above 10 in microbial electrochemical systems. The restricted range of pH around neutrality is clearly an advantage in terms of safety because the electrolyte can be handled easily without drastic precautions. It is, for instance, very much easier to replace and dispose of a phosphate solution at pH 7 rather than the KOH solution at pH 14 that is commonly used in alkaline water electrolysis cells.

MEC for methanation and microbial electrosynthesis

MECs for hydrogen production can also be the basis of electrosynthesis reactors for the production of a great variety of compounds. For example, hydrogenotrophic methanogenic Archaea can be set in the cathode compartment where they will use the hydrogen produced to reduce CO 2 to CH 4 [START_REF] Rittmann | Essential prerequisites for successful bioprocess development of biological CH4 production from CO 2 and H 2[END_REF][START_REF] Villano | Electrochemically assisted methane production in a biofilm reactor[END_REF]:

CO 2 + 4H 2 → CH 4 + 2H 2 O (8) 
In a single compartment MEC, CO 2 produced at the bioanode can combine with hydrogen produced at the cathode [START_REF] Clauwaert | Methanogenesis in membraneless microbial electrolysis cells[END_REF] leading to the overall reaction:

CH 3 COO -+ H + → CO 2 + CH 4 (9) 
Actually, methane may be considered as a side-product that pollutes hydrogen production [START_REF] Blasco-Gomez | On the edge of research and technological application: a critical review of electromethanogenesis[END_REF][START_REF] Baeza | Bioelectrochemical hydrogen production from urban wastewater on a pilot scale[END_REF] and must consequently be avoided [START_REF] Tice | Methanogenesis control by electrolytic oxygen production in microbial electrolysis cells[END_REF][START_REF] Rago | Microbial community analysis in a long-term membrane-less microbial electrolysis cell with hydrogen and methane production[END_REF][START_REF] Karthikeyan | Bioelectrohydrogenesis and inhibition of methanogenic activity in microbial electrolysis cells -a review[END_REF][START_REF] Jadhav | Suppressing methanogens and enriching electrogens in bioelectrochemical systems[END_REF] or, in contrast, MECs can be designed with the deliberate objective of producing methane [START_REF] Blasco-Gomez | On the edge of research and technological application: a critical review of electromethanogenesis[END_REF][START_REF] Villano | Electrochemically assisted methane production in a biofilm reactor[END_REF][START_REF] Clauwaert | Methanogenesis in membraneless microbial electrolysis cells[END_REF].

The equilibrium cell voltage is plotted in Fig. 1 for a single-compartment MEC working in methanation (Reaction 9) under 1 atm total pressure, i.e. with CO 2 and CH 4 partial pressures of 0.5 atm each. In this case, the equilibrium cell voltage depends on the residual H 2 partial pressure present in the MEC. Logically, the more efficient methanogens are at consuming H 2 , the lower the H 2 partial pressure becomes and the more the thermodynamics of hydrogen evolution is favoured. The curve was plotted for a hydrogen partial pressure equal to 0.01 atm. The equilibrium cell voltage becomes equal to zero for H 2 partial pressure of 10 -4 atm (P CO2 = 0.5 atm, C CH3COO-= 1 M, pH = 7.0, T = 298.15 K), which means that the process would become spontaneous if the hydrogenotrophic methanogens were efficient enough to consume hydrogen very fast and maintain very low hydrogen partial pressure in the MEC.

Actually, the overall reaction ( 9) is identical to the acetoclastic pathway of methane production in anaerobic digestion. It is known that extremely low hydrogen partial pressure is required for this conversion to occur [START_REF] Burton | Wastewater engineering: treatment and resource recovery[END_REF]. Here, the thermodynamics of the MEC shows that this conversion becomes spontaneous at very low H 2 partial pressure, as is known in the context of anaerobic digestion.

The interest of implementing an MEC to produce methane as often been presented as a complement to anaerobic digestion (AD). It is generally claimed that MECs can operate with lower concentrations of substrate than AD so, for instance, effluents from a digester could be an appropriate inlet stream for an MEC [START_REF] Bakonyi | Microbial electrohydrogenesis linked to dark fermentation as integrated application for enhanced biohydrogen production: a review on process characteristics, experiences and lessons[END_REF][START_REF] Clauwaert | Methanogenesis in membraneless microbial electrolysis cells[END_REF][START_REF] Geppert | Bioelectrochemical power-to-gas: state of the art and future perspectives[END_REF][START_REF] Sangeetha | Energy recovery evaluation in an up flow microbial electrolysis coupled anaerobic digestion (ME-AD) reactor: role of electrode positions and hydraulic retention times[END_REF]. Coupling MEC to AD has been shown to accelerate the degradation of some recalcitrant compounds and alter the AD microbial community thus increasing biogas production [START_REF] Yu | A review on the applications of microbial electrolysis cells in anaerobic digestion[END_REF]. It can also be hoped that a two-compartment MEC would produce a biogas richer in methane than that obtained through anaerobic digestion and could also protect the methanogenic consortia against inhibitory compounds that may be present in the wastes used as feedstock [START_REF] Villano | Electrochemically assisted methane production in a biofilm reactor[END_REF].

Acetate, butyrate, caproate and other compounds can also be synthesized at the cathode by coupling the electrochemical production of hydrogen with a microbially catalysed reaction that uses hydrogen as electron donor. So-called microbial electrosynthesis cells have been shown to be able to convert CO 2 into various products [START_REF] Nevin | Microbial electrosynthesis: feeding microbes electricity to convert carbon dioxide and water to multicarbon extracellular organic compounds[END_REF][START_REF] Rabaey | Metabolic and practical considerations on microbial electrosynthesis[END_REF][START_REF] Lovley | Electrobiocommodities: powering microbial production of fuels and commodity chemicals from carbon dioxide with electricity[END_REF][START_REF] Kumar | A review on bio-electrochemical systems (BESs) for the syngas and value added biochemicals production[END_REF][START_REF] Bajracharya | Biotransformation of carbon dioxide in bioelectrochemical systems: State of the art and future prospects[END_REF]. Some microbial electrosynthesis pathways are assumed to involve direct electron transfer from the cathode to the microorganisms [START_REF] Lovley | Powering microbes with electricity: direct electron transfer from electrodes to microbes[END_REF] but mediation by hydrogen is often the main route [START_REF] Lovley | Electrobiocommodities: powering microbial production of fuels and commodity chemicals from carbon dioxide with electricity[END_REF][START_REF] Blanchet | Importance of the hydrogen route in up-scaling electrosynthesis for microbial CO 2 reduction[END_REF].

The interest of coupling the electrochemical production of hydrogen with its microbially-catalysed utilization in the same reactor can be debated (see section 4.4). It has been argued that large-scale microbial electrosyntheses that involve hydrogen mediation would be better implemented via two separate reactors: an electrolyser for hydrogen production and, downstream, a gas-liquid contactor for the microbiallycatalysed hydrogenation [START_REF] Blanchet | Importance of the hydrogen route in up-scaling electrosynthesis for microbial CO 2 reduction[END_REF][START_REF] Blanchet | Coupled iron-microbial catalysis for CO 2 hydrogenation with multispecies microbial communities[END_REF]. Here, the purpose is not to develop

= N G U J G H c H 2 , 0 2 (10) 
where

N H2 (mol•s -1 •m -2 )
is the molar flux of hydrogen per unit cathode surface area, U (V) is the cell voltage, J (A•m -2 ) is the current density and ΔG 0 c,H2 (J•mol -1 ) is the absolute value of the standard Gibbs free energy change for hydrogen combustion (237.1 kJ•mol -1 )

In the context of pure hydrogen production, the objective is generally to further use the hydrogen in fuel cells, which means that only the Gibbs free energy can be exploited. In this case, methane, which is often produced in MECs due to Reaction 8, is considered as a sideproduct that must be avoided or separated and is not considered in the energy balance.

In contrast, if hydrogen is intended to be burned, the thermal energy yield (γ H ) can be assessed by using the standard enthalpy change of hydrogen combustion. Moreover, in this case, it may be useful to produce a mix of hydrogen and methane, for instance to be introduced into the gas distribution network. Both methane and hydrogen are used for their heat of combustion. The thermal energy yield γ H is consequently calculated by taking the enthalpies of combustion of both hydrogen and methane into account:

= + N H N H U J H H c H H c CH C 2 , 0 4 , 0 2 4 (11) 
where ΔH 0 c,H2 is the absolute value of the standard enthalpy change of hydrogen combustion (286 kJ•mol -1 ), ΔH 0 c,CH4 is the absolute value of the standard enthalpy change of methane combustion (891 kJ•mol -1 ), N H2 and N CH4 (mol•s -1 •m -2 ) are the molar fluxes of hydrogen and methane per unit cathode surface area.

The maximum limit values of the two energy yields can be assessed by using the equilibrium cell voltage in Eqs. [START_REF] Rozendal | Principle and perspectives of hydrogen production through biocatalyzed electrolysis[END_REF] and [START_REF] Pant | A review of the substrates used in microbial fuel cells (MFCs) for sustainable energy production[END_REF]. It should be noted that this assumption, which is usually made in order to assess the maximum limits of energy yields, is completely theoretical because an electrolyser cannot produce anything under equilibrium conditions.

In order to calculate the theoretical, maximum limit values of the energy yields, the molar fluxes of H 2 and CH 4 were extracted from the electron balance assuming that the Faradaic yields were equal to 100% at both anode and cathode. When 1 mol of electrons moves though the electrical circuit from the bioanode to the cathode: -0.25 mol of CO 2 is produced at the bioanode (Reaction 1), and x mole can be transformed to CH 4 (Reaction 8) -0.5 mol of H 2 is produced at the cathode (Reaction 4), and 4x mole can be transformed to CH 4 (Reaction 8) -x mol of CH 4 can be produced by the combination of H 2 with CO 2 (Reaction 8).

This simple mass balance leads to the expression of the molar flux given in Table 3.

In a 2-compartment MEC, it was assumed that no methane was produced, so x = 0 and the molar flux of hydrogen, equal to J F 0.5, was input into Eqs. [START_REF] Rozendal | Principle and perspectives of hydrogen production through biocatalyzed electrolysis[END_REF] and [START_REF] Pant | A review of the substrates used in microbial fuel cells (MFCs) for sustainable energy production[END_REF]. The values of the pressure of CO 2 and H 2 , equal to 1 atm in each compartment, were used to calculate the equilibrium cell voltage (Eq. ( 7)), which led to the maximum values of the energy yield γ G and the thermal energy yield γ H (Eqs. [START_REF] Rozendal | Principle and perspectives of hydrogen production through biocatalyzed electrolysis[END_REF] and ( 11)) reported in Table 4.

For a single-compartment MEC, calculations were made for various CH 4 partial pressures, from no production of methane (p CH4 = 0) to the total conversion of hydrogen to methane (p CH4 = 0.5 atm). For each value of CH 4 partial pressure, the value of x and the partial pressures of H 2 and CO 2 were calculated by using Table 5. The values of the H 2 and CO 2 partial pressures were then used to calculate the equilibrium cell voltage (Eq. ( 7)), which led to the maximum values of the energy yield γ G and the thermal energy yield γ H (Eqs. [START_REF] Rozendal | Principle and perspectives of hydrogen production through biocatalyzed electrolysis[END_REF] and ( 11)) reported in Table 4.

Comparison of MEC and water electrolysis in terms of theoretical energy yields

In a conventional water electrolysis cell, assuming 100% Faradaic yield at the cathode, the molar flux of hydrogen is equal to J/2F, so:

= G FU 2 G c 0 (12)
Obviously, γ G = 1 when U is set equal to the equilibrium cell voltage of 1.23 V (ΔG c 0 = -237.1 kJ•mol -1 ). For water electrolysis, the maximum value of γ G is equal to unity because the reaction of water electrolysis

2H 2 O → O 2 + 2H 2 (13) 
Table 3 Theoretical molar fluxes calculated with 100% Faradaic yields at both bioanode and cathode.

Gas molar flux N (mol•s

-1 •m -2 ) H 2 CO 2 CH 4 Total J F (0.5 -4x) J F (0.25 -x) J F x J F (0.75 -4x)

Table 4

Maximum energy and thermal energy yields for MECs and water electrolysis cell. The CO 2 and H 2 partial pressures were used to calculate the equilibrium cell voltage U eq with Eq. ( 7). Calculations were performed with T = 298.15 K, pH = 7.0 and acetate concentration = 1 M. For the MEC with complete conversion of H 2 to CH 4 , the partial pressure of hydrogen (p H2 ) was assumed equal to 10 -4 atm.

Operating conditions Gas composition (atm) U eq (V) Max. limit values 

p CH4 p CO2 p H2 γ G γ H 2-

Table 5

Theoretical partial pressures calculated with 100% Faradaic yields at both bioanode and cathode using the mass balance described in Table 3. this debate but only to illustrate the versatility of MECs, pointing out that consuming hydrogen in situ in the cathode compartment is beneficial to the thermodynamics.

Partial pressures in a single compartment MEC (atm)

Energy and thermal energy yields

The energy yield (γ G ) of an electrolyser that produces hydrogen is generally expressed as the ratio of the energy that could be recovered from the hydrogen produced to the electric energy consumed to generate it [START_REF] Wendt | Electrochemical engineering: science and technology in chemical and other industries[END_REF]:

One of the reasons for such poor performance has been the usual choice to try to apply MECs to wastewater treatment. Domestics wastewaters, which are the most commonly targeted for MEC feeding, have very low ionic conductivity, commonly of the order of 0.2 S•m -1 , sometimes less [START_REF] Oliot | Ion transport in microbial fuel cells: key roles, theory and critical review[END_REF], and scaling up an electrochemical process with such poorly conductive electrolytes is an extremely tough challenge [START_REF] Ruiz | Microbial electrolysis cell performance using nonbuffered and low conductivity wastewaters[END_REF][START_REF] Oliot | Influence of the electrode size on microbial anode performance[END_REF]. Actually, an "abiotic" electrochemical engineer would consider it heresy to put wastewater into an electrolyser.

More generally, sustaining microbial growth in a culture medium and implementing an electrolyser for large-scale hydrogen production are two antagonistic objectives. The electrochemical processes developed so far at industrial scale require the cleanest possible electrolytes, with the simplest possible chemical composition, in order to avoid deposit on the electrode surfaces and inhibition of the electrode catalysts. Abiotic electrocatalysts are generally very sensitive to any form of inhibition by adsorption of chemical compounds and would quickly lose their effectiveness in a culture medium. Moreover, electrolytes for water electrolysis are strongly acid or alkaline. At the opposite extreme, sustaining microbial growth requires neutral pH and chemically rich media. Culture media must contain a large number of ions, including Ca 2+ and Mg 2+ , which can result in hydroxide deposits and many chemical compounds that may adsorb on electrode surfaces. Here is the stumbling block of the whole enterprise: the two objectives are completely antagonistic.

Current density or volumetric production rate?

When reading the literature on MECs, an electrochemical engineer is surprised at not always finding the values of current density, while values of volumetric hydrogen production rates are generally reported. Physically, current and hydrogen production are not extensive variables relating to the reactor volume. Increasing the electrolyser volume does not increase the hydrogen production if the electrode surface area is not increased. For this reason, using the volumetric hydrogen production rate may lead to wrong conclusions. For example, a bioanode of 1 cm 2 surface area working at 100 A•m -2 in a reactor of 200 mL gives a volumetric hydrogen production rate of 0.5 N L H2 L -1 d -1 (assuming 100% Faradaic yield). In comparison, a bioanode of 100 cm 2 working at only 1 A•m -2 in a reactor of 100 mL, produces 1 N L H2 L -1 d -1 . Comparing these two systems by using the volumetric production rates would lead to the erroneous conclusion that the second bioanode performs better and may incite a designer to abandon the most promising bioanode able to provide 100 A•m -2 . In the case of electrochemical processes, the volumetric production rate is dependent on the reactor configuration, so it can completely skew the assessment of the electrode efficiency.

Current density must be used to characterize any electrochemical process. A glance at one of the pillars of electrochemical engineering literature can convince the reader of this [START_REF] Wendt | Electrochemical engineering: science and technology in chemical and other industries[END_REF]. In this book, the different industrial electrochemical processes are always described and compared in terms of current density. Other major parameters are also indicated, such as voltage, energy consumption, inter-electrode distance, and electrode surface area, but there is no mention of volumetric production rates.

It should still be kept in mind that volumetric production rates can be useful for specific purposes, mainly if the objective is to improve the compactness of reactors or to compare the area footprint of two systems. Similarly, for instance, the production rate per unit reactor weight becomes a major parameter for transportation and spatial applications. Nevertheless, such parameters address only specific targets, linked to given application. To contribute to the general development of MECs, the multidisciplinary research community should be advised to use current density systematically as the main parameter for characterizing and comparing MECs.

is exactly the reverse of hydrogen combustion.

The maximum limit values are assessed by assuming that electrolysers operate at the equilibrium cell voltage. Close to equilibrium, water electrolysis is an endothermic reaction. Water electrolysis should consequently be provided with heat so as to occur close to the equilibrium cell voltage. Nevertheless, the power that should be provided in the form of heat for water electrolysis to occur close to the thermodynamic equilibrium is not taken into account in the calculation of the thermal energy yield. For this reason the thermal energy yield can theoretically be greater than unity, as reported in Table 4 (γ H = 1.21).

In an MEC, hydrogen is produced by Reaction 6, which is not the reverse of hydrogen combustion. This reaction requires considerably less electrical energy than water electrolysis, so the energy yields can be significantly higher than unity, up to 10 or 11.3 for γ G depending on the MEC design (Table 4). Another way to explain the yields higher than unity is to say that an MEC takes advantage of two sources of energy, the energetic power and the chemical energy contained in the compounds that are oxidized at the bioanode. Only the electric energy is taken into account when assessing the energy yield. This approach is justified when the compounds oxidized at the bioanode are waste organic matter that must be treated. The yield equations would have to be modified if more valuable compounds were oxidized at the bioanode.

When the side-production of methane is enhanced, the energy yield, γ G , which is related to hydrogen only, logically decreases (Table 4). In contrast, the thermal energy yield, γ H , which takes the contributions of both hydrogen and methane into account, remains close to 12. This stability is the result of two antagonistic effects. On the one hand, the increase in methane ratio decreases γ H because 4 molecules of hydrogen are required to form one molecule of methane (R eaction 8) but the standard enthalpy of methane combustion (891 kJ•mol -1 ) is less than four times that of hydrogen combustion (286 kJ•mol -1 ). On the other hand, by decreasing the partial pressure of hydrogen, the production of methane decreases the equilibrium cell voltage.

Finally, if the production of methane is very fast with respect to hydrogen evolution, the hydrogen partial pressure would tend to zero. In theory, the thermal energy yield would therefore tend to infinity (in Table 4 it is equal to 7223, when using a hydrogen partial pressure of 10 -4 atm). This limiting case has a fundamental interest because it tends towards spontaneous anaerobic digestion. This is beyond the scope of a MEC. It might be speculated that this limiting case may be close to the field o f e lectro-fermentation, i n w hich e lectrical power intervenes by non-Faradaic pathways [START_REF] Moscoviz | Electro-fermentation: how to drive fermentation using electrochemical systems[END_REF], which would result in considerable energy yields, although the meaning of electrical energy yield may be debate in this case.

The great values of the energy yields illustrate the interest of MEC technology. Energy yields up to 10 or 11 may theoretically be hoped for when considering only the production of hydrogen. This means that more than 10 times the electric power that is provided to the MEC is stored in hydrogen in the form of Gibbs free energy. This energy yield decreases significantly w hen t he s ide-production o f m ethane i s not avoided but, in this case, the production of a hydrogen-methane mix keeps the thermal energy yield close to 12 for applications based on gas combustion.

The engineering challenges that must be tackled if the thermodynamics is to fulfil its promises.

An antagonism linked to the very essence of MEC

A large gap exists between the theoretical hopes and the experimental realizations. A glance at Table 1, which relates MEC pilots with volumes of at least several litres, confirms that hydrogen can be produced with cell voltages lower than that required for water electrolysis. Nevertheless, current densities remain dramatically low, often less than

1 A•m -2 .
process, in which the potential is used to control the redox state of the microbial cells [START_REF] Moscoviz | Electro-fermentation: how to drive fermentation using electrochemical systems[END_REF]. In this case, the current does not provide the charge necessary for conversion but it indirectly orients the catalytic pathway. Will it be possible to find such an innovative process for hydrogen production, for which maximising current density may not be the main requirement?

To sum up, two different research strategies must be explored to develop MEC. On the one hand, ground breaking concepts may be discovered, which might overcome the need to maximize the current density. This path remains open. On the other hand, if the objective is to adapt conventional electrolyser architectures to microbial catalysis, increasing current density must be considered as the main purpose.

Faradaic yields are useful tools for identifying operating issues in MECs

At the anode, the Faradaic yield expresses the ratio of the amount of electrons that are provided to the electric circuit to the total amount of electrons that could be extracted from the substrate oxidation. A glance at Table 1 shows a few anode Faradaic yields that are considerably higher than 100%. This phenomenon has been attributed to hydrogen cycling [START_REF] Escapa | Scaling-up of membraneless microbial electrolysis cells (MECs) for domestic wastewater treatment: Bottlenecks and limitations[END_REF][START_REF] Gil-Carrera | Reduced energy consumption during low strength domestic wastewater treatment in a semi-pilot tubular microbial electrolysis cell[END_REF][START_REF] Lee | Fate of H-2 in an upflow singlechamber microbial electrolysis cell using a metal-catalyst-free cathode[END_REF][START_REF] Parameswaran | Syntrophic interactions among anode respiring bacteria (ARB) and non-ARB in a biofilm anode: electron balances[END_REF]. Hydrogen produced at the cathode reaches the anode, where it is oxidized:

H 2 → 2H + + 2e - (14) 
Although never evoked in the context of MEC yet, a similar scheme can also be postulated with methane. Methane results from the combination of H 2 produced at the cathode with CO 2 produced at the bioanode (Reaction 8), and could be oxidized at the bioanode [START_REF] Ren | Microbial fuel cells: running on gas[END_REF][START_REF] Mcanulty | Electricity from methane by reversing methanogenesis[END_REF]:

CH 4 + 2H 2 O → CO 2 + 8H + + 8e - (15) 
Anode Faradic yields above 100% reveals MEC dysfunction. This is an important issue which can cause significant hydrogen/methane loss.

At the cathode, the Faradaic yield is generally related to hydrogen production. It expresses the ratio of the amount of electrons that could be recovered from the hydrogen produced to the electrons that circulated in the electrical circuit. It can be anticipated that cathode Faradaic yields will be close to 100%, because it is difficult to see that any reaction other than the reduction of water/proton could occur at the cathode. Actually, the electrochemical reduction of CO 2 , to formate for instance, would be possible [START_REF] Kondratenko | Status and perspectives of CO 2 conversion into fuels and chemicals by catalytic, photocatalytic and electrocatalytic processes[END_REF][START_REF] Qiao | A review of catalysts for the electroreduction of carbon dioxide to produce low-carbon fuels[END_REF] but has not been evoked in the case of MECs and is unlikely because of low partial pressure of CO 2 .

Table 1 shows that cathode Faradaic yields most often ranging from 50 to 80%. These low values are due to the consumption of hydrogen either in the bulk (Reaction 8) or at the anode (Reaction 14), because cathode Faradaic yields are calculated using the hydrogen flow out of the reactor and not the hydrogen flow that is produced at the electrode surface. The low values of the cathode Faradaic yield essentially indicate the extent of the hydrogen consumption by side-reactions, or even hydrogen leaks, rather than being related to the electrochemical process of hydrogen evolution.

An extremely high value of the H 2 Faradaic yield (552%) is also reported in Table 1. It corresponded to the spontaneous production of hydrogen by sugar fermentation [START_REF] Cusick | Performance of a pilot-scale continuous flow microbial electrolysis cell fed winery wastewater[END_REF]. In this case the electrochemical process may play a minority role in hydrogen production. Substrates that contain fermentable compounds, such as sugars, may lead to strong overestimation of the contribution of the electrochemical process to hydrogen production. This issue should be systematically addressed when implementing substrates that include a fermentable part or when the composition of the substrate is not well mastered. It points out the necessity to perform control experiments at open circuit in order to assess the possible production of hydrogen and methane by microbial processes in the absence of electrochemical assistance. This is an important difference with water electrolysis, for which control experiments at open circuit are obviously useless. In contrast, such control experiments should be systematically performed for MECs that use

Why should increasing current density be a major goal?

In the general context of chemical engineering, heterogeneous processes using a solid catalyst are known to be one level more complex than homogeneous processes. Considering that an electrochemical process is based on two different h eterogeneous c atalytic reactions, which are interdependent, shows that its complexity is at least two levels higher than that of a homogeneous process. Consequently, replacing a homogeneous process by an electrochemical process can only be planned if considerable benefits are expected.

An electrochemical reactor is sophisticated piece of equipment, which is delicate to design and to implement. It requires two electrodes to be designed, generally set face to face, with an inter-electrode distance as small as possible to reduce the ionic resistance of the electrolyte. Maintaining uniform hydrodynamics within the narrow compartment(s) is difficult and costly in terms of pumping energy. The reactor must include several electrical connections and possibly large current collectors when the intrinsic conductivity of the electrodes is not high enough. Sometimes a separator is needed. Technically, such an arrangement needs many seals and rigid frames held by strong presses or a multitude of screws. Dismantling them is a labour-intensive operation, which may be quite frequent because electrodes wear out or are damaged by deposits. The maintenance is time-consuming and requires a high level of technical training. In addition, passing electricity through solutions is always a sensitive safety issue. Ohmic losses due to electrical connexions and the peripheral electrical set-up can be significant.

All these issues are exacerbated when the electrode surface becomes larger. Larger electrode surface area means greater likelihood of clogging or leakages, greater difficulty in ma intaining fla tness, higher number of connexions, more delicate and longer disassembly/reassembly operations, higher risk of stray currents… These are the reasons why ensuring high current density is the main objective that is targeted when designing electrolysers. R educing the surface area of electrolysers is essential to allow their industrial development for the production of chemicals.

The case of water electrolysis can illustrate this situation. Actually, it would be possible to design low-cost water electrolysis reactors working at low current density. Alkaline electrolysers could work perfectly at low current density with cheap electrodes made of low grade steel. Furthermore, operating at low current would decrease the ohmic losses and could compensate the overpotential losses due to the absence of catalyst on the electrodes. Hydrogen produced at low current density in low-cost water electrolysers would not be more expensive than that produced in reversed PEM fuel cells, which can work at more than 10,000 A•m -2 . Nevertheless, low-cost water electrolysers working at low current density have never been contemplated for large-scale industrial development. On the contrary, researchers are still trying to improve electrocatalysts in order to increase current densities. This is not because of an irrational desire for high technology, but because ensuring high current density is an imperative for scaling-up industrial electrolysers to be used for large-scale hydrogen production, even for a reaction as simple as water electrolysis.

Obviously, this essential rule, established for large-scale production electrolysers, should be qualified, particularly in the context of microbial electrochemical technologies. One of the fascinating aspects of microbial electrochemical technologies is their capacity to generate ground breaking concepts. Microbial electrochemical technologies can thus be the source of new electrochemical processes that do not have ensuring high current density as a prerequisite for their development. For instance, microbial electrochemical snorkels [START_REF] Erable | From microbial fuel cell (MFC) to microbial electrochemical snorkel (MES): maximizing chemical oxygen demand (COD) removal from wastewater[END_REF][START_REF] Viggi | The "Oil-Spill Snorkel": an innovative bioelectrochemical approach to accelerate hydrocarbons biodegradation in marine sediments[END_REF] can be developed at large scale on the basis of low current, because they can be designed according to an extremely simple configuration. They can be considered as simple conductive biofilters [START_REF] Ramírez-Vargas | Electroactive biofilm-based constructed wetland (EABB-CW): a mesocosm-scale test of an innovative setup for wastewater treatment[END_REF], which do require neither a sophisticated arrangement nor specific care. Another example is electro-fermentation, a non-Faradaic microbial electrochemical

= + FN FN J 2 8 H H C cath 2 4 (16) 
where F (96,485 C•mol -1 ) is the Faraday constant, N H2 and N CH4 (mol•s -1 •m -2 ) are the molar fluxes of hydrogen and methane per unit cathode surface area, and J is the current density (A•m -2 ).

Values of Φ cath above 100% indicate the side-production of hydrogen and/or methane by non-electrochemical pathways, as was the case for several MEC pilots reported in Table 1. In such cases the energy and thermal yield values keep some practical meaning, because any source of production is obviously welcome, but the contribution of electrochemistry, if any, cannot be evaluated. In a few extreme cases, where Φ cath exceeds 200%, electrochemistry makes a minority contribution (unless there is an electro-fermentation effect [START_REF] Moscoviz | Electro-fermentation: how to drive fermentation using electrochemical systems[END_REF]).

On the other hand, it should be noted that a Φ cath value lower than 100% does not prove definitively that no microbial hydrogen and/or methane side-production occurs, because of the possible conversion of hydrogen to other compounds. Calculating Φ cath cannot replace opencircuit control experiments.

In conclusion, the anode Faradaic yield and the overall H 2 Faradaic yield are easy-to-calculate parameters that allow the direct detection of possible dysfunctions such as H 2 re-cycling at the anode, H 2 consumption in the bulk, and H 2 side-production by fermentation. Apparently, these dysfunctions often occur in MEC pilots (Table 1). On the other hand, the overall cathode Faradaic yield should be used systematically to detect possible side-productions of hydrogen and/or methane.

Electrolyte: a key issue

As explained in Section 3.1, polluting the electrolyte with so dirty medium as one suitable for microbial growth appears a very curious idea to an "abiotic" electrochemical engineer. It seems even more surprising that the majority of MEC pilots have been applied to the treatment of effluents and wastewater (Table 1) [START_REF] Escapa | Microbial electrolysis cells: An emerging technology for wastewater treatment and energy recovery. From laboratory to pilot plant and beyond[END_REF][START_REF] Zhou | Recent advances in microbial fuel cells (MFCs) and microbial electrolysis cells (MECs) for wastewater treatment, bioenergy and bioproducts[END_REF]. These media have very low ionic conductivity, commonly of the order of 0.2 S•m -1 , sometimes less [START_REF] Oliot | Ion transport in microbial fuel cells: key roles, theory and critical review[END_REF], which makes the design of efficient electrochemical cells extremely difficult [START_REF] Ruiz | Microbial electrolysis cell performance using nonbuffered and low conductivity wastewaters[END_REF][START_REF] Oliot | Influence of the electrode size on microbial anode performance[END_REF]. Higher current densities, of 1.35 A•m -2 , have been obtained with MEC pilots by adding phosphate buffer into the effluent [START_REF] Cusick | Performance of a pilot-scale continuous flow microbial electrolysis cell fed winery wastewater[END_REF], and using a synthetic medium supplemented with acetate as the substrate has given up to 10 A•m -2 [START_REF] Guo | A novel tubular microbial electrolysis cell for high rate hydrogen production[END_REF]. To the best of our knowledge, the highest current density reached with an MEC several litres in volume, of 42.5 A•m -2 , was obtained by using a high concentration of salt (35 g/L NaCl) to attain a fair ionic conductivity of 9 S•m -1 [START_REF] Carmona-Martinez | Long-term continuous production of H-2 in a microbial electrolysis cell (MEC) treating saline wastewater[END_REF].

Low conductivity of the electrolytes is a major reason for the poor performance reported so far with large-sized MECs [START_REF] Ruiz | Microbial electrolysis cell performance using nonbuffered and low conductivity wastewaters[END_REF][START_REF] Kalathil | Production of bioelectricity, bio-hydrogen, high value chemicals and bioinspired nanomaterials by electrochemically active biofilms[END_REF]. At low ionic conductivity, it is very important to optimize the MEC architecture in order to permit the electrodes to work in conditions that are the least detrimental possible [START_REF] Lacroix | Modelling potential/current distribution in microbial electrochemical systems shows how the optimal bioanode architecture depends on electrolyte conductivity[END_REF] and increasing size inevitably leads to a rapid decrease in performance [START_REF] Oliot | Influence of the electrode size on microbial anode performance[END_REF].

To overcome this major obstacle, many attempts have been made to develop microbial anodes able to operate in saline and hypersaline media [START_REF] Carmona-Martinez | Long-term continuous production of H-2 in a microbial electrolysis cell (MEC) treating saline wastewater[END_REF][START_REF] Nam | Enhanced hydrogen generation using a saline catholyte in a two chamber microbial electrolysis cell[END_REF][START_REF] Marone | Bioelectrochemical treatment of table olive brine processing wastewater for biogas production and phenolic compounds removal[END_REF][START_REF] Grattieri | Halotolerant extremophile bacteria from the Great Salt Lake for recycling pollutants in microbial fuel cells[END_REF][START_REF] Alkotaini | Microbial electrolysis cell performance using non-buffered and low conductivity wastewaters -ScienceDirect[END_REF]. According to a recent review [START_REF] Grattieri | Microbial fuel cells in saline and hypersaline environments: advancements, challenges and future perspectives[END_REF], the most efficient halotolerant microbial anodes have been prepared with inocula coming from salt marshes [START_REF] Rousseau | Microbial bioanodes with high salinity tolerance for microbial fuel cells and microbial electrolysis cells[END_REF][START_REF] Rousseau | Correlation of the electrochemical kinetics of high-salinity-tolerant bioanodes with the structure and microbial composition of the biofilm[END_REF][START_REF] Rousseau | Halotolerant bioanodes: the applied potential modulates the electrochemical characteristics, the biofilm structure and the ratio of the two dominant genera[END_REF]. These microbial anodes produced up to 85 A•m -2 under polarization at 0.1 V/SCE with acetate 40 mM. They operated in media containing NaCl at 45 g•L -1 with an ionic conductivity of 10.4 S•m -1 , i.e. a value of the same order as those used in water electrolysis. For instance, the ionic conductivity of a thin PEM is around 10 S•m -1 and the 20-30% KOH electrolytes commonly used in alkaline water electrolysis can reach 60 S•m -1 [START_REF] Carmo | A comprehensive review on PEM water electrolysis[END_REF].

The major components of the electrolyte used to develop this halotolerant microbial anode were NaCl 45 g•L -1 (770 mM), CH 3 COONa (40 mM), NH 4 Cl (37 mM) and phosphates (3 mM) [START_REF] Rousseau | Halotolerant bioanodes: the applied potential modulates the electrochemical characteristics, the biofilm structure and the ratio of the two dominant genera[END_REF]. The transport numbers (Table 6) indicated that, in the solution bulk, far from the concentration gradients occurring in the vicinity of the electrode surfaces, 95% of the current was carried through the electrolyte by the motion of Na + to the cathode (37.9%) and of Cl -to the anode (57.5%). NaCl played its role of current carrier through the electrolyte perfectly.

It may be recalled that, as observed in Table 6, neither H + nor OH - help to carry electricity through the electrolyte. Their concentrations are too low around neutral pH to have any effect on the ionic transport of electricity [START_REF] Oliot | Ion transport in microbial fuel cells: key roles, theory and critical review[END_REF]. Rigorously speaking, the salt marsh inoculum added at 5 to 10% v/v into the medium should modify the accurate distribution of the transport numbers, mainly with the addition of small concentrations of sulphate, magnesium and calcium ions. Nevertheless, these small disturbances should not modify the general situation described here.

The ionic transport through the electrolyte can be outlined by means of the ion fluxes expressed on the basis of 100 electrons exchanged at the electrodes. When 100 electrons are transferred to the anode, 12.5 molecules of acetate are consumed and 87.5 protons are produced at the bioanode (Reaction 1), while 100 hydroxide ions are produced at the cathode (Reaction 4). To compensate for the ion imbalance thus created, 57.5Cl -and 1.5 CH 3 COO -ions move to the anode, while 37.9Na + and 2.5 NH 4 + ions move to the cathode (Fig. 2A). This emphasizes a crucial problem: migration does not contribute to pH balance at the electrodes. The phosphate species, which were present in this medium at only 3 mM, played no significant role in ionic transport through the bulk of the electrolyte.

The protons produced at the anode are not driven away from the anode zone by migration and they are not neutralized by the migration of buffering species to the anode. The flux of H 2 PO 4 -ions, the only species which could mitigate the anode acidification is only of 0.06 ion for 100 electrons exchanged. Similarly, the OH -ions produced at the cathode are not driven away by migration. The anode vicinity acidifies and the cathode vicinity alkalinizes, and only diffusion due to the concentration gradients can mitigate anode acidification and cathode alkalinization.

From a thermodynamic standpoint, cathode alkalinization is detrimental to the hydrogen evolution reaction rate (Reaction 4). In addition, alkalinization of the cathode vicinity is a specific problem for MECs, because cations such as Ca 2+ and Mg 2+ , which are required to sustain the bioanode, deposit in the form of hydroxides on the cathode

Table 6

Transport numbers in the bulk of the electrolyte for a saline electrolyte composed of NaCl 45 g•L -1 , CH 3 COONa 40 mM, NH 4 Cl 37 mM and phosphates 3 mM, pH 7.5 [START_REF] Rousseau | Halotolerant bioanodes: the applied potential modulates the electrochemical characteristics, the biofilm structure and the ratio of the two dominant genera[END_REF]. The molar ionic conductivities are taken from the Handbook of Chemistry and Physics [START_REF] Rumble | Hanbook of chemistry and physics[END_REF]. Transport numbers were calculated according to: t i = i C i k C k as described in [START_REF] Oliot | Ion transport in microbial fuel cells: key roles, theory and critical review[END_REF], where σ = k k k = 10.7 S•m -1 is the theoretical ionic conductivity of the medium. complex substrates, which may contain fermentable compounds.

In the absence of such control experiments, evaluations of the energy and thermal yields should be considered with caution, because a part of the hydrogen and/or methane production may result from microbial processes that have nothing to do with electrochemistry. To detect this type of situation, we suggest calculating the overall cathode Faradaic yield (Φ cath ), defined as the ratio of the electrons that could be recovered from the hydrogen and methane produced to the electrons circulating in the electrical circuit: surface. Salt precipitation and chemical fouling of the cathode surface is known to be a severe drawback in microbial electrochemical processes [START_REF] Santini | Three-dimensional X-ray microcomputed tomography of carbonates and biofilm[END_REF][104][START_REF] An | Electric field induced salt precipitation into activated carbon air-cathode causes power decay in microbial fuel cells[END_REF][START_REF] Sugnaux | Cathode deposits favor methane generation in microbial electrolysis cell[END_REF].

In a microbial fuel cell, bubbling CO 2 inside the cathode compartment has been successfully used to reduce the pH and reducing the overpotential related to oxygen reduction [START_REF] Popat | Importance of OH-transport from cathodes in microbial fuel cells[END_REF]. In an MEC, the same process also succeeded in reducing the bulk pH but had a limited effect on the cathode overpotential [START_REF] Ki | Reduced overpotentials in microbial electrolysis cells through improved design, operation, and electrochemical characterization[END_REF]. It was suspected that the pH may have kept high local value near the cathode surface.

Anode acidification is an even more crucial issue because, in addition to the detrimental effect on the thermodynamics, microbial anodes are severely inhibited, or even deteriorated, at slightly acid pH values [START_REF] Torres | Proton transport inside the biofilm limits electrical current generation by anode-respiring bacteria[END_REF][START_REF] Popat | Critical transport rates that limit the performance of microbial electrochemistry technologies[END_REF].

In the medium used in the previous works to form efficient halotolerant anodes, the low ability to mitigate anode acidification may be attributed to the low concentration of phosphates. Nevertheless, even if the phosphate concentration was increased to 100 mM, or more, the situation would be only slightly improved. For instance, with 100 mM of phosphate species, 1.7 H 2 PO 4 -ions migrate towards the anode for 100 electrons exchanged (Table S3 in supporting information). Actually, the problem is exacerbated by the heavy addition of NaCl. Using high salt concentration in the supporting electrolyte is a usual practice in order to increase the electrolyte ionic conductivity, which was equal to 10.7 S•m -1 here (Table 6), but, in return, it decreases the migration flux of the buffering species to the anode. In the absence of NaCl, the H 2 PO 4 -ion migration flux would increase to 8.2 (Fig. 2B), but the ionic conductivity of the medium would fall to 2.6 S•m -1 (Table S3 in supporting information). The detrimental effect of high salt concentration has already been observed experimentally [START_REF] Nam | Optimization of catholyte concentration and anolyte pHs in two chamber microbial electrolysis cells[END_REF].

The usual practice of adding salts into the medium may consequently not be optimal in the MEC context. Of course, high salt concentration increases the ionic conductivity of the electrolyte but, in return, it decreases the capacity of the migration to mitigate anode acidification, and local pH decrease is a major rate-limiting step for microbial anodes. An interesting way to optimize the electrolyte for MEC may be to increase the buffer concentration to the maximum tolerated by microbial anodes, instead of adding massive amounts of non-buffering salts. Moreover, increasing phosphate concentration should have a double beneficial effect: migration of HPO 4 2-species would mitigate the bioanode acidification on the one hand, and the presence of hydrogenated phosphate species would enhance the homogeneous catalysis of hydrogen evolution at the cathode (Section 3.7) on the other. Because of the variety of ions contained in the electrolytes used in MEC, the ion migration fluxes will remain far from the ideal case of PEM electrolysers (Fig. 2C). PEM fixes the anions in its structure, so that only protons migrate through the electrolyte and proton migration fully balances proton production at the anode and proton consumption at the cathode. The sensitivity of microbial anodes to local acidification is a major issue for MECs. Accordingly, mastering ion transport with the objective of mitigating the anode acidification will remain a major challenge in developing MECs able to work at high current density.

Anode material and morphology

Material

The question of anode material has been widely studied, which has led to many comprehensive review articles [START_REF] Pham | Bioanode performance in bioelectrochemical systems: recent improvements and prospects[END_REF][START_REF] Xie | Design and fabrication of bioelectrodes for microbial bioelectrochemical systems[END_REF][START_REF] Qiao | Electrocatalysis in microbial fuel cells-from electrode material to direct electrochemistry[END_REF][START_REF] Zhou | An overview of electrode materials in microbial fuel cells[END_REF][START_REF] Yu | Three-dimensional electrodes for high-performance bioelectrochemical systems[END_REF]. Carbon-based materials have undoubtedly been the most widely used and have commonly led to efficient microbial anodes [START_REF] Zhou | An overview of electrode materials in microbial fuel cells[END_REF][START_REF] Rimboud | Electroanalysis of microbial anodes for bioelectrochemical systems: basics, progress and perspectives[END_REF][START_REF] Santoro | Microbial fuel cells: From fundamentals to applications. A review[END_REF]. Unfortunately, the modest electronic conductivity of these materials would make it necessary to use metallic current collectors if large surface areas were to be implemented. For this reason, metallic anodes are interesting alternatives [START_REF] Sonawane | Recent advances in the development and utilization of modern anode materials for high performance microbial fuel cells[END_REF][START_REF] Baudler | Does it have to be carbon? Metal anodes in microbial fuel cells and related bioelectrochemical systems[END_REF]. Stainless steel has shown a promising capacity to form microbial anodes [START_REF] Sonawane | Recent advances in the development and utilization of modern anode materials for high performance microbial fuel cells[END_REF][START_REF] Pocaznoi | Stainless steel is a promising electrode material for anodes of microbial fuel cells[END_REF][START_REF] Dumas | Checking graphite and stainless anodes with an experimental model of marine microbial fuel cell[END_REF][START_REF] Dumas | Marine microbial fuel cell: use of stainless steel electrodes as anode and cathode materials[END_REF], particularly in the form of foam [START_REF] Ketep | Stainless steel foam increases the current produced by microbial bioanodes in bioelectrochemical systems[END_REF]. Nevertheless, if a high concentration of salt is used, chloride ions strongly increase the risk of pitting corrosion. If the potential of the anode is not accurately controlled (see Section 3.10) severe corrosion can occur. Copper does not seem really suitable although it has shown excellent ability to form microbial anodes [START_REF] Baudler | Does it have to be carbon? Metal anodes in microbial fuel cells and related bioelectrochemical systems[END_REF], because, with a standard potential of dissolution of 0.34 V/SHE (0.1 V/ SCE), the anode potential would have to be controlled very accurately and any accidental drift towards high values could cause the release of Cu 2+ ions into solution. These ions are severely toxic for microbial cells. Copper-polymer hybrid compounds may be an interesting alternative [START_REF] Baudler | Metal-polymer hybrid architectures as novel anode platform for microbial electrochemical technologies[END_REF].

Titanium is known to be unsuitable for anode applications because its passivation layer is poorly conductive. The problem has been solved by coating titanium with metal oxides such as ruthenium and tantalum oxides [START_REF] Trasatti | Electrocatalysis: understanding the success of DSA®[END_REF] to design so-called dimensionally stable anodes (DSA). A few studies have described DSA-supported microbial anodes [START_REF] Parot | Forming electrochemically active biofilms from garden compost under chronoamperometry[END_REF][START_REF] Parot | Acetate to enhance electrochemical activity of biofilms from garden compost[END_REF][START_REF] Nercessian | Harvesting electricity with geobacter bremensis isolated from compost[END_REF] but the use of DSA to support microbial anodes remains poorly documented as yet. 

2-dimensional vs. 3-dimensional

The interest of using porous electrodes to form microbial anodes has been emphasized by numerous studies, as reviewed recently [START_REF] Xie | Design and fabrication of bioelectrodes for microbial bioelectrochemical systems[END_REF][START_REF] Yu | Three-dimensional electrodes for high-performance bioelectrochemical systems[END_REF]. Nevertheless, some studies comparing 2-dimensional and 3-dimensional electrodes in identical conditions have cast some doubt on the actual benefit provided by the 3-dimensional structures, either with multi-species communities [START_REF] Blanchet | Two-dimensional carbon cloth and three-dimensional carbon felt perform similarly to form bioanode fed with food waste[END_REF] or with pure cultures [START_REF] Kipf | How does the choice of anode material influence electrical performance? A comparison of two microbial fuel cell model organisms[END_REF]. This important issue would deserve further research because it may be a key factor for increasing the performance of microbial anodes. For instance, a multilayer structure has allowed current density to be boosted to 390 A•m -2 [START_REF] Chen | Layered corrugated electrode macrostructures boost microbial bioelectrocatalysis[END_REF]. Could multi-layered structures, with internal distances of the order of several millimetres, constitute a better option than porous structures with sub-millimetre pores? This will be a major question for future research, and work has started to establish relationships between the optimal 3-dimensional structure and the physicochemical and microbial characteristics of the system [START_REF] He | Effect of fiber diameter on the behavior of biofilm and anodic performance of fiber electrodes in microbial fuel on operated cathode in single chamber microbial fuel cell[END_REF].

Surface topography

The performance of microbial anodes can also be improved by working on the topography of the surface [START_REF] Champigneux | Impact of electrode micro-and nano-scale topography on the formation and performance of microbial electrodes[END_REF]. Actually, surface topography has often been considered as an important parameter in the development of efficient electroactive biofilms [START_REF] Pocaznoi | Stainless steel is a promising electrode material for anodes of microbial fuel cells[END_REF][START_REF] Pons | Effect of surface roughness, biofilm coverage and biofilm structure on the electrochemical efficiency of microbial cathodes[END_REF][START_REF] Peng | Carbon nanotubes as electrode modifier promoting direct electron transfer from Shewanella oneidensis[END_REF][START_REF] Sun | A gold-sputtered carbon paper as an anode for improved electricity generation from a microbial fuel cell inoculated with Shewanella oneidensis MR-1[END_REF][START_REF] Fan | Nanoparticle decorated anodes for enhanced current generation in microbial electrochemical cells[END_REF] but its impact is generally embedded in more complex surface modifications. Studies specifically devoted to the electrode surface topography, identified as the main and, if possible, the sole parameter to be addressed, have been rare so far. Recent studies carried out with gold have shown that the current density can be multiplied by a factor close to 7 with random micro-roughness [START_REF] Champigneux | Effect of surface roughness, porosity and roughened micro-pillar structures on the early formation of microbial anodes[END_REF] and close to by micro-structuring of the electrode surface [START_REF] Champigneux | Effect of surface nano/micro-structuring on the early formation of microbial anodes with Geobacter sulfurreducens: experimental and theoretical approaches[END_REF]. These studies were performed with pure cultures of Geobacter sulfurreducens and addressed the early phase of biofilm formation. In contrast, aged multispecies biofilms have shown non-significant sensitivity to surface micro-roughness [START_REF] Moß | Scratching the surface-how decisive are microscopic surface structures on growth and performance of electrochemically active bacteria?[END_REF]. These various results illustrate the great interest of developing this research direction.

Chemical surface modification

Many studies have chemically modified the electrode surface in the aim of enhancing interfacial electron transfer from the biofilm to the anode material. This issue has been the subject of several reviews [START_REF] Liu | Influence of anode pretreatment on its microbial colonization[END_REF][START_REF] Wei | Recent progress in electrodes for microbial fuel cells[END_REF][START_REF] Du | Modification of abiotic-biotic interfaces with small molecules and nanomaterials for improved bioelectronics[END_REF][START_REF] Xie | Design and fabrication of bioelectrodes for microbial bioelectrochemical systems[END_REF][START_REF] Kumar | The ins and outs of microorganism-electrode electron transfer reactions[END_REF]. However; it can be feared that some chemical modifications may be difficult to scale up to large sized electrodes in an economically efficient way. This issue should be considered with some care when the objective is to propose industrially-oriented strategies.

Biofilm redox properties

Preparing the most efficient possible electrocatalytic layers has been a major field of research and development in electrochemical engineering. In contrast, in microbial electrochemical technologies, the catalytic layer is the electroactive biofilm that develops on the electrode surface spontaneously and the means of action to make the biofilm do what the engineer would like it to do are limited. How can the biofilm be made to select for the most efficient electroactive species from a multispecies medium [START_REF] Chabert | All ecosystems potentially host electrogenic bacteria[END_REF][START_REF] Koch | Is there a specific ecological niche for electroactive microorganisms?[END_REF]? How can it be forced to form the most electron conductive matrix [START_REF] Marcus | Conduction-based modeling of the biofilm anode of a microbial fuel cell[END_REF][START_REF] Torres | A kinetic perspective on extracellular electron transfer by anode-respiring bacteria[END_REF][START_REF] Bonanni | Charge accumulation and electron transfer kinetics in geobacter sulfurreducens biofilms[END_REF][START_REF] Rimboud | Multisystem nernst-michaelis-menten model applied to bioanodes formed from sewage sludge[END_REF]? The applied potential may be a tool that helps to achieve this objective [START_REF] Zhu | Set potential regulation reveals additional oxidation peaks of Geobacter sulfurreducens anodic biofilms[END_REF][START_REF] Li | Potential regulates metabolism and extracellular respiration of electroactive Geobacter biofilm[END_REF] but may not always be effective [START_REF] Cercado | Garden compost inoculum leads to microbial bioanodes with potential-independent characteristics[END_REF][START_REF] Zhu | Microbial community composition is unaffected by anode potential[END_REF]. This item is still under debate [START_REF] Zhu | Response to comment on microbial community composition is unaffected by anode potential[END_REF][START_REF] González-Muñoz | Polarization potential has no effect on maximum current density produced by halotolerant bioanodes[END_REF][START_REF] Rousseau | Halotolerant bioanodes: the applied potential modulates the electrochemical characteristics, the biofilm structure and the ratio of the two dominant genera[END_REF] (see a short review in [START_REF] Rimboud | Electroanalysis of microbial anodes for bioelectrochemical systems: basics, progress and perspectives[END_REF]). The electron transfer capacity of a biofilm matrix may also be improved by developing it around ultra-microelectrodes [START_REF] Pocaznoi | Ultra microelectrodes increase the current density provided by electroactive biofilms by improving their electron transport ability[END_REF]. Increasing the electron transfer capability of microbial anodes is currently a hot research topic, which is mainly turned towards understanding the basic processes, but guidelines are still lacking for the engineer who wants to drive the electroactive biofilm towards maximum performance.

Cathode material and homogeneous catalysis of hydrogen evolution

The choice of the cathode material of MECs has also been the subject of many studies [START_REF] Yuan | Platinum group metal-free catalysts for hydrogen evolution reaction in microbial electrolysis cells[END_REF][START_REF] Kundu | An overview of cathode material and catalysts suitable for generating hydrogen in microbial electrolysis cell[END_REF][START_REF] Ribot-Llobet | Assessment of four different cathode materials at different initial pHs using unbuffered catholytes in microbial electrolysis cells[END_REF][START_REF] Farhangi | Commercial materials as cathode for hydrogen production in microbial electrolysis cell[END_REF]. Platinum is clearly expensive and loses a large proportion of its catalytic capacity for hydrogen evolution at the neutral pH values that are imposed by microbial anodes. Stainless steel, nickel and cobalt alloys have been detected as promising candidates [START_REF] Selembo | The use of stainless steel and nickel alloys as low-cost cathodes in microbial electrolysis cells[END_REF][START_REF] Selembo | Hydrogen production with nickel powder cathode catalysts in microbial electrolysis cells[END_REF][START_REF] Manuel | Hydrogen production in a microbial electrolysis cell with nickel-based gas diffusion cathodes[END_REF][START_REF] Jeremiasse | Performance of metal alloys as hydrogen evolution reaction catalysts in a microbial electrolysis cell[END_REF][START_REF] Katuri | A novel anaerobic electrochemical membrane bioreactor (AnEMBR) with conductive hollow-fiber membrane for treatment of low-organic strength solutions[END_REF] even though they, too, remain quite expensive.

Porous materials have sometimes been proposed as MEC cathodes, with the objective of increasing the surface area available for hydrogen evolution. This solution may be successful at the laboratory scale, but cannot be adopted for high current density. At high current density, the bubble coverage (the fraction of the electrode surface area covered by adhering bubbles [START_REF] Vogt | The bubble coverage of gas-evolving electrodes in stagnant electrolytes[END_REF]) would decrease the effective conductivity of the interstitial electrolyte [START_REF] Bumroongsakulsawat | Tinned graphite felt cathodes for scale-up of electrochemical reduction of aqueous CO2[END_REF] and finally coalesce in the porous structure, blocking the electrode. Using a porous electrode to evolve gas is generally not an industrial option, unless the electrolyte is forced through it [START_REF] Bumroongsakulsawat | Tinned graphite felt cathodes for scale-up of electrochemical reduction of aqueous CO2[END_REF].

A homogeneous catalysis of hydrogen evolution is possible, based on using weak acids [START_REF] Hurlen | Effects of buffers on hydrogen evolution at iron electrodes[END_REF][START_REF] Silva | Electrochemical deprotonation of phosphate on stainless steel[END_REF]. Weak acids, such as phosphates [START_REF] Silva | Electrochemical deprotonation of phosphate on stainless steel[END_REF], release hydrogen atoms by electrochemical deprotonation on some metallic surfaces:

H 2 PO 4 -+ e -→ HPO 4 2-+ ½ H 2 (17) 
This reaction produces hydrogen and the fast acid-base equilibrium that follows:

HPO 4 2-+ H 2 O → H 2 PO 4 -+ OH - (18) 
results in the overall reaction of water reduction:

H 2 O + e -→ ½ H 2 + OH - (19) 
Carbonates have been shown to have the same capacity [START_REF] Roubaud | Catalysis of the hydrogen evolution reaction by hydrogen carbonate to decrease the voltage of microbial electrolysis cell fed with domestic wastewater[END_REF]. This reactional pathway, called cathodic deprotonation reaction [START_REF] Silva | Electrochemical deprotonation of phosphate on stainless steel[END_REF], corresponds to a homogeneous catalyst for water reduction: the water molecule no longer interacts with the electrode but the weak acid molecule ensures electron transfer with the electrode material. Less energy is required to extract the hydrogen atom from the acid molecule than from the water molecule. This catalytic pathway is particularly effective on mild steel [START_REF] Silva Muñoz | Role of the reversible electrochemical deprotonation of phosphate species in anaerobic biocorrosion of steels[END_REF] and stainless steel [START_REF] Silva | Electrochemical deprotonation of phosphate on stainless steel[END_REF][START_REF] Roubaud | Catalysis of the hydrogen evolution reaction by hydrogen carbonate to decrease the voltage of microbial electrolysis cell fed with domestic wastewater[END_REF] surfaces. It decreases the overpotential necessary for hydrogen evolution, working around neutral pH, using cathodes made of steel, which can be less expensive than nickel alloys. Stainless steel has been widely used as cathode material in large scale MECs. Of the eight different pilots reported in Table 1, seven used stainless steel cathodes [START_REF] Escapa | Scaling-up of membraneless microbial electrolysis cells (MECs) for domestic wastewater treatment: Bottlenecks and limitations[END_REF][START_REF] Heidrich | Performance of a pilot scale microbial electrolysis cell fed on domestic wastewater at ambient temperatures for a 12month period[END_REF][START_REF] Gil-Carrera | Microbial electrolysis cell scale-up for combined wastewater treatment and hydrogen production[END_REF][START_REF] Gil-Carrera | Reduced energy consumption during low strength domestic wastewater treatment in a semi-pilot tubular microbial electrolysis cell[END_REF][START_REF] Carmona-Martinez | Long-term continuous production of H-2 in a microbial electrolysis cell (MEC) treating saline wastewater[END_REF][START_REF] Baeza | Bioelectrochemical hydrogen production from urban wastewater on a pilot scale[END_REF][START_REF] San-Martín | Assessing anodic microbial populations and membrane ageing in a pilot microbial electrolysis cell[END_REF]. Furthermore, phosphate is contained in many electrolytes used in the laboratory to develop microbial anodes, which makes this system highly suitable for MECs [START_REF] Munoz | Combining phosphate species and stainless steel cathode to enhance hydrogen evolution in microbial electrolysis cell (MEC)[END_REF]. In fact, this kind of catalysis might already have happened in some MECS without being identified [START_REF] Jeremiasse | Use of biocompatible buffers to reduce the concentration overpotential for hydrogen[END_REF].

In the current state of the art, we would advise choosing a stainless steel cathode coupled to the homogeneous catalysis of hydrogen evolution by weak acids [START_REF] Basseguy | Patent: Water electrolysis device[END_REF]. Nevertheless, the choice of steel grade is not easy. Using highly saline medium to decrease the ohmic drop induces a high risk of pitting corrosion because of the high concentration of chloride ions. Actually, the potential imposed on the cathode during MEC operation protects it against corrosion and a low grade stainless steel could be used. Nevertheless, any accidental interruption of the applied potential may lead to fast corrosion of low grade stainless steels. To avoid the risk of accidental corrosion, a high-grade stainless steel may be preferred, e.g. 254 SMO (EN 1.4547; ASTM UNS S31254), which can resist corrosion in marine environments thanks to its molybdenum content, but at higher price. The choice may be some kind of wager on the confidence that can be placed on the operating procedure.
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generally not extremely sensitive to temperature, particularly in the 15-40 °C range, in which most MECs operate. In contrast, the electroactive biofilm introduces an additional overpotential into the kinetics, which is highly sensitive to the temperature, because of the involvement of enzyme-catalysed reactions in the microbial catalysis. The impact of temperature on microbial anodes has been widely investigated in the context of microbial fuel cells (see [START_REF] Oliot | Increasing the temperature is a relevant strategy to form microbial anodes intended to work at room temperature[END_REF] for a short review). It has often been observed that an optimum temperature exists for MFCs, generally in the 35-45 °C range [START_REF] Liu | Effect of temperature on the catalytic ability of electrochemically active biofilm as anode catalyst in microbial fuel cells[END_REF][START_REF] Li | Effect of temperature change on power generation of microbial fuel cell[END_REF][START_REF] Zhang | Effects of periodically alternating temperatures on performance of single-chamber microbial fuel cells[END_REF][START_REF] Barbato | The power of soil microbes: sustained power production in terrestrial microbial fuel cells under various temperature regimes[END_REF], even though the use of thermophile species has started to be proposed [START_REF] Rathinam | Thermophiles for biohydrogen production in microbial electrolytic cells[END_REF].

Industrial electrolysers generally work at high current density and the energy lost in ohmic drop increases their operating temperature. It may be hoped that the same situation will be possible with MEC, so that the ohmic energy losses will be sufficient to maintain the temperature to the optimum without the need to heat the reactor.

It is generally accepted that the current provided by microbial anodes fed with acetate varies with the substrate concentration according to a Michaelis-Menten type law:

= + j j acetate K acetate [ ] [ ] max S (19) 
where K S is an affinity constant of the order of a few mM [START_REF] Marcus | Conduction-based modeling of the biofilm anode of a microbial fuel cell[END_REF][START_REF] Pocaznoi | Towards an engineeringoriented strategy for building microbial anodes for microbial fuel cells[END_REF]. On the other hand, substrate inhibition is generally found to occur for concentrations above about 50 mM [START_REF] Pocaznoi | Towards an engineeringoriented strategy for building microbial anodes for microbial fuel cells[END_REF]. This means that acetate concentration should not have a significant effect on the current in the 20-50 mM range. As a rule of thumb, the optimal range of acetate concentration can be taken in this range. This can be considered as a drawback of MECs with respect to water electrolysis, if one considers that water concentration is 55.6 M at 25 °C. Substrate depletion in the anodic biofilm can lead to mass transport rate limits in the MEC.

Reactor architecture

An important theoretical advantage of MECs over water electrolysis is that they can work in the absence of a separator between the anode and the cathode. In water electrolysis, it is mandatory to separate oxygen and hydrogen for obvious safety reasons. In MECs, separation is required only if the objective is to produce pure hydrogen, in order to separate it from CO 2 produced at the bioanode. CO 2 can either simply pollute the hydrogen or result in the production of methane (see Section 2.3).

Engineering text books are full of smart and sophisticated reactor architectures but it must be said that the great majority of industrial electrolysers have a plate-and-frame design, also known as sandwich or filter-press [START_REF] Kodým | Novel approach to mathematical modeling of the complex electrochemical systems with multiple phase interfaces[END_REF]. As evoked above, an electrochemical reactor is inherently complex, and it seems wise to extrapolate it to the simplest possible configuration.

Nevertheless, in the case of an MEC, it can be anticipated that the bioanode would be the rate-limiting electrode. In consequence, an anode surface area larger than that of the cathode may be a good choice. The simplest way to achieve such a configuration is to use two coaxial cylindrical electrodes with the cathode as the inner electrode [START_REF] Carmona-Martinez | Long-term continuous production of H-2 in a microbial electrolysis cell (MEC) treating saline wastewater[END_REF][START_REF] Luo | Effective control of biohythane composition through operational strategies in an innovative microbial electrolysis cell[END_REF]. The resistance of the electrolyte between the two cylinders can be calculated as (see supporting information):

= R r r 2 ln S cylindrical , 2 1 ( 20 
)
where r is the cathode radius, r 2 is the anode radius, h is the electrode height exposed to the electrolyte and ρ is the electrolyte resistivity. The co-axial design can be compared with a filter-press design on the basis of the same cathode surface area. The surface area of the cathode is 2π r 1 multiplied by the height, h. In filter-press configuration, this planar cathode would be in front of a planar bioanode of the same surface area, leading to the electrolyte resistance:

= R l r h 2 S planar , 1 (21) 
where l is the inter-electrode distance. For comparison, here l = r 2 -r 1 .

The ratio of the electrolyte resistances in the coaxial vs. filter-press configuration is:

= + ( ) R R Ln 1 S cylindrical S planar l r l r , , 1 1 (22) 
This ratio is always higher than 1. Consequently, on the basis of the same cathode surface area, the cylindrical configuration always leads to a lower electrolyte resistance than the filter-press configuration. This configuration could consequently be advised for MEC, particularly when the application does not impose the use of a separator. Indeed, although no impossible, the insertion of a circular separator can be a rather prohibitive technical difficulty [START_REF] Carmona-Martinez | Long-term continuous production of H-2 in a microbial electrolysis cell (MEC) treating saline wastewater[END_REF][START_REF] Luo | Effective control of biohythane composition through operational strategies in an innovative microbial electrolysis cell[END_REF].

Control procedure

Industrial electrolysers are generally operated galvanostatically, i.e., by imposing a value of current. This control mode is the simplest from the electrical engineering standpoint. It is also appropriate for many electrochemical reactions because the reaction rate is thus directly controlled by the operator. Unfortunately, this control mode cannot be used for MECs. Under galvanostatic control, both electrodes must provide the imposed current (Fig. 3). If the microbially-catalysed reactions of the bioanode were not able to provide the imposed current for any reason, such as a decrease in the substrate concentration, decrease of the temperature, or disturbance of the microbial community, the potential of the anode would increase, possibly reaching that Fig. 3. MEC control strategies schematized on a current-potential diagram. (A) Galvanic control: the microbial anode operates at point 1; if the current accidentally drops (e.g. substrate depletion, temperature drop…) it can be pushed to point 2 where chlorine and oxygen are produced. (B) Constant voltage control: if the current decreases, the microbial anode is protected from drifting to excessively high potentials.

Temperature and substrate concentration

Temperature is known to have a considerable effect on the performance of microbial anodes. This may seem surprising for an electrochemist who works with abiotic electrochemical reactions. Temperature intervenes in the kinetics of abiotic electron transfer only through the ratio , which results in an electrochemical reaction that is

Needs in research and possible short-term perspectives

The formal cell equilibrium voltage of 0.123 V at pH 7.0 (Section 2.1) and the energy and thermal energy yields, which can exceed 10 (Section 2.4), provide the MEC technology with very attractive theoretical assets. Additional advantages have been discussed as summarized in Table 7.

Much remains to be done to bring these theoretical advantages to possible industrial development. Chiefly, the analysis in Section 3 points out a kind of negative feedback loop that hinders the MEC as current density increases: local pH decreases at the bioanode, local pH increases at the cathode, and migration fails to compensate for these pH gradients. These local pH changes have obvious detrimental thermodynamic effects. In addition, acidification of the bioanode inhibits, or even destroys, its electrocatalytic properties and, similarly, alkalinization of the cathode leads to cathode fouling. This negative feedback against increased current density should be kept in mind in any research that intends to develop large-scale MECs for industrial production.

Microbial anode

Improving the bioanode kinetics is a hot research topic (Section 3.6), which is making fast progress in understanding basic mechanisms. MEC development will obviously take benefit of these advances, provided the methods can be applied at fair cost to electrodes of large surface area. Notably, the search for acidophilic electrogenic microbial species should be pursued [START_REF] Dopson | Possibilities for extremophilic microorganisms in microbial electrochemical systems[END_REF][START_REF] Shrestha | Extremophiles for microbial-electrochemistry applications: a critical review[END_REF] with the hope to develop acidtolerant microbial anodes.

By comparison with the domain of abiotic electrochemical engineering, a few directions seem to have been poorly investigated so far and may be recommended. The electrode surface topography is a key parameter to improve abiotic electrodes. Modelling electrode microroughness has been the subject of a huge number of studies (see a short review section 3 of [START_REF] Champigneux | Impact of electrode micro-and nano-scale topography on the formation and performance of microbial electrodes[END_REF]). This basic knowledge has not been exploited in the field of microbial anodes yet, although it may help rapid strides to be made in optimizing surface topography. Actually, the situation is not very clear, because the impact of the electrode topography is not clearly obvious in the case of microbial anodes [START_REF] Champigneux | Impact of electrode micro-and nano-scale topography on the formation and performance of microbial electrodes[END_REF]. Some studies claim that this effect is no longer significant for mature biofilms [START_REF] Moß | Scratching the surface-how decisive are microscopic surface structures on growth and performance of electrochemically active bacteria?[END_REF]. It may be speculated that the impact of surface topography observed during the early phase of biofilm formation [START_REF] Champigneux | Effect of surface roughness, porosity and roughened micro-pillar structures on the early formation of microbial anodes[END_REF][START_REF] Champigneux | Effect of surface nano/micro-structuring on the early formation of microbial anodes with Geobacter sulfurreducens: experimental and theoretical approaches[END_REF] may then be masked by the appearance of limiting steps in mature biofilms. This topic would deserve further research to reach clear conclusions.

Similarly, despite the huge number of studies using 3-dimensional porous anodes (Section 3.4), it is still difficult to know if there is a range of optimal pore sizes to avoid pore clogging by the biofilm and to benefit from all the porosity. Here again the theoretical tools developed in electrochemical engineering, particularly for modelling reactive transport inside pores [START_REF] Ryan | Mesoscale modeling in electrochemical devices-a critical perspective[END_REF], could be very helpful to guide reflection, as has started to be done to optimize surface micro-structuring (Fig. 4). A similar theoretical approach applied to 3-dimensional porous electrodes may help in designing optimal porous structures for the development of microbial anodes, particularly by taking into consideration the effect of local acidification inside the porous structure (Fig. 4).

Finally, more intensive research on metallic electrodes may be hoped in order to avoid the need of 2-dimensional current collector that is required with carbon-based electrodes. For instance, using DSA may be a lead to pursue. The great advantage of DSA is that they are fully appropriate for implementation in large electrochemical reactors because they were designed for this purpose. They would deserve further research in the field of MECs. A recent technique of titanium etching, which has shown excellent performance in PEM water electrolysis (10 000 A•m -2 , 100 h), may also be of great interest for supporting microbial anodes [START_REF] Bystron | Enhancing PEM water electrolysis efficiency by reducing the extent of Ti gas diffusion layer passivation[END_REF].

Hydrogen evolution cathode

Improving cathode kinetics seems to be as necessary as working on the bioanode kinetics. The usual metallic catalysts that work in acidic or alkaline conditions are no longer efficient at the close-to-neutral pH 
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Hydrogen can be consumed at the bioanode 3.4 Bioanode is very sensitive to slightly acid pH 3.5 Adding salts in order to increase the electrolyte ionic conductivity reduces the capacity of migration of the buffering species to mitigate anode acidification 3.5 Ca 2+ , Mg 2+ and other ions, which are required to sustain the biofilm, make hydroxide deposits on the cathode due to local alkalinisation 3.5 Saline electrolyte increases the corrosion risk of materials (electrodes, frame…) 3.6 and 3.7 Bioanodes do not accept high temperature and high substrate concentration (for comparison [H 2 O] = 55.6 M for water electrolysis)
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required for the oxidation of water or some dissolved species, e.g., chloride ions. The oxidation of water produces oxygen and the oxidation of chloride produces chlorine and hypochlorite. In any case, the compounds produced would be highly toxic for the electroactive biofilms and would be produced at the electrode surface, right in contact with the biofilm. T his m eans t hat, u nder g alvanic c ontrol, a ny deficiency of microbial catalysis would be severely punished by the destruction of the electroactive biofilm.

The sensitivity of microbial anodes to oxygen and chlorine makes it imperative to prevent the potential from drifting above the threshold value at which one of these compounds can be produced. Potentiostatic control, i.e. controlling the potential of the anode against a reference electrode, is not possible at industrial scale because it requires electrical equipment that is too expensive. Furthermore, the presence of a reference electrode in an industrial reactor is a source of technical problems. Microbial electrolysis cells should consequently be operated under constant voltage. This mode may allow the anode potential to be controlled provided that the kinetics of the cathode is sufficiently wellknown and stable. The cathode could be used as a pseudo-reference electrode and, as long as care was taken to keep a sufficient security margin, controlling the voltage should avoid the anode reaching the potential threshold value of water or chloride oxidation (Fig. 3).

imposed by the bioanodes. The search for acidophilic or alkaliphilic microbial anodes should be pursued but few efficient solutions can be anticipated so far [START_REF] Dopson | Possibilities for extremophilic microorganisms in microbial electrochemical systems[END_REF]. It thus seems necessary to continue working on the cathode kinetics for hydrogen evolution around neutral pH.

Microbial catalysis of hydrogen evolution is an exciting research subject [START_REF] Rozendal | Hydrogen production with a microbial biocathode[END_REF][START_REF] Fu | Extracellular electron transfer of Shewanella oneidensis MR-1 for cathodic hydrogen evolution reaction[END_REF]. It may have interesting applications, notably in anaerobic biocorrosion [START_REF] Silva Muñoz | Role of the reversible electrochemical deprotonation of phosphate species in anaerobic biocorrosion of steels[END_REF][START_REF] Silva | Electron transfer between hydrogenase and 316L stainless steel: identification of a hydrogenase-catalyzed cathodic reaction in anaerobic mic[END_REF][START_REF] Melchers | Microbiological and abiotic processes in modelling longer-term marine corrosion of steel[END_REF], but it cannot provide an actual solution for the catalysis of hydrogen evolution at high current density. The high current density required for an electrolysis process to be economically efficient would drastically remove the biofilm from the electrode surface [START_REF] Blanchet | Importance of the hydrogen route in up-scaling electrosynthesis for microbial CO 2 reduction[END_REF]. The search for catalysts efficient around neutral pH will no doubt be a long-term endeavour, considering that progress is still required concerning the catalysts used for conventional water electrolysis [START_REF] Wang | Recent progress in electrochemical hydrogen production with earth-abundant metal complexes as catalysts[END_REF][START_REF] Zou | Noble metal-free hydrogen evolution catalysts for water splitting[END_REF][START_REF] Mckone | Earth-abundant hydrogen evolution electrocatalysts[END_REF][START_REF] Gong | A mini review on nickel-based electrocatalysts for alkaline hydrogen evolution reaction[END_REF]. For MECs, the homogeneous catalysis option seems promising as it is appropriate for the pH range (Section 3.7). Its eco-friendly aspect is another significant advantage.

Alkalinization of the cathode vicinity is a severe problem because cations such as Ca 2+ and Mg 2+ , which are required to sustain the bioanode, deposit on the cathode surface [START_REF] Santini | Three-dimensional X-ray microcomputed tomography of carbonates and biofilm[END_REF][104][START_REF] An | Electric field induced salt precipitation into activated carbon air-cathode causes power decay in microbial fuel cells[END_REF][START_REF] Sugnaux | Cathode deposits favor methane generation in microbial electrolysis cell[END_REF]. It may be hoped that hydrogen bubbling may mitigate cathode fouling [START_REF] Katuri | A novel anaerobic electrochemical membrane bioreactor (AnEMBR) with conductive hollow-fiber membrane for treatment of low-organic strength solutions[END_REF] and that this virtuous effect will be even more effective at high current density. The mechanisms of hydrogen bubble formation on electrodes have been a traditional research topic in electrochemical engineering for decades [START_REF] Ateya | Applications of porous flow through electrodes. II. Hydrogen evolution and metal ion removal at packed metal wool electrodes[END_REF][START_REF] Philippe | Modelling and calculation of the current density distribution evolution at vertical gas-evolving electrodes[END_REF][START_REF] Hreiz | Electrogenerated bubbles induced convection in narrow vertical cells: a review[END_REF], and are still attracting interest [START_REF] Van Parys | Eulerian-Lagrangian model for gas-evolving processes based on supersaturation[END_REF][START_REF] Abdelouahed | Hydrodynamics of gas bubbles in the gap of lantern blade electrodes without forced flow of electrolyte: experiments and CFD modelling[END_REF][START_REF] Chandran | Study on the characteristics of hydrogen bubble formation and its transport during electrolysis of water[END_REF][START_REF] Hreiz | Electrogenerated bubbles induced convection in narrow vertical cells: PIV measurements and Euler[END_REF], notably because bubble formation contributes significantly to the cathode overpotential. This theoretical knowledge has not yet been exploited in the field of MECs and should be helpful for designing the right cathode configurations to mitigate deposits.

The best way to avoid hydroxide deposit would be to limit cathode alkalinisation. With this objective, CO 2 has successfully been used to reduce the bulk pH but with a limited effect on the cathode overpotential [START_REF] Ki | Reduced overpotentials in microbial electrolysis cells through improved design, operation, and electrochemical characterization[END_REF]. Work in this direction should be pursued by focusing the local effect on the cathode surface. CO 2 -diffusion electrodes, which have been developed for CO 2 reduction, may offer interesting leads [195]. Here, the purpose of using gas-diffusion cathodes would not be to reduce CO 2 , but to diffuse CO 2 as close to the cathode surface as possible.

In addition, this direction is all the more interesting because bicarbonate may play the role of a homogeneous catalyst of hydrogen evolution (see Section 3.7). In addition, bicarbonate would migrate to the anode and thus help to mitigate anode acidification. For all these reasons, the supply of CO 2 to the cathode compartment is a worthwhile research direction [START_REF] Liang | Can bicarbonate replace phosphate to improve the sustainability of bioelectrochemical systems for H2 production?[END_REF]. Nevertheless, it contributes to CO 2 pollution of the hydrogen produced and would thus be fully appropriate only when hydrogen purity is not an important criterion, e.g. for the production of methane or other compounds (Sections 2.3 and 4.4).

Electrolyte composition to mitigate pH gradients

The insufficient ionic conductivity of the solution has been the main stumbling block in developing large-sized, efficient MECs. Using (hyper-)saline electrolytes has been considered as a possible solution. This hope should be qualified by considering that high concentrations of salts hinder the buffering capacity of the electrolyte and, in particular, exacerbate the local acidification of the anodic biofilm (Section 3.5). Adapting microbial anodes to high concentrations of buffer, instead of NaCl, should be an important research direction worth pursuing for MEC improvement [START_REF] Lusk | The effect of pH and buffer concentration on anode biofilms of Thermincola ferriacetica[END_REF].

Furthermore, using a hypersaline electrolyte, particularly one containing chlorides, increases the risk of corrosion and consequently the cost of the materials to be used. Obviously, the electrodes are supposed to be protected against corrosion during operation because of the applied potential, but they are not protected during maintenance phases or if polarization is accidentally interrupted. Highly saline electrolyte imposes heavy constraints on the choice of materials. For all these reasons, working on the electrolyte composition remains a major objective [START_REF] Nam | Optimization of catholyte concentration and anolyte pHs in two chamber microbial electrolysis cells[END_REF]. The aim should be to optimize the electrolyte composition, particularly by increasing the concentration of buffering species while acclimatizing the bioanode to such a medium.

MEC design and control

As a preliminary remark in this section, it may be noticed that the capacity to implement high pressure MEC should be a promising pathway to investigate which, to the best of our knowledge, has not been approached so far.

An innovative system design decoupling the bioanode from the hydrogen evolution cathode could be of considerable interest. In this case, each electrode is set in a different electrochemical reactor. The link between the two reactors is made by a hydraulic loop that contains a redox mediator, which is reduced in the reactor equipped with the bioanode and oxidized in the reactor that ensures hydrogen evolution. This decoupled system has been successfully applied to water electrolysis [54,[START_REF] Chen | Separating hydrogen and oxygen evolution in alkaline water electrolysis using nickel hydroxide[END_REF], with the main advantage of separating hydrogen and oxygen production reactors. In the case of MECs, such a system allows completely different electrolytes to be used for the bioanode and the hydrogen evolving cathode. This could solve the problem of cathode deposit and may considerably help in controlling pH balances in the two separated reactors, but at the price of some loss in terms of thermodynamics. This system is just starting to be applied to MECs [START_REF] Belleville | Low voltage water electrolysis: decoupling hydrogen production using bioelectrochemical system[END_REF] and should deserve further great interest.

Concerning MEC control, it has been emphasized here that Faradaic yields can be used to detect dysfunctions such as hydrogen cycling, hydrogen consumption in the bulk, and hydrogen production by fermentation (Section 3.4). With the objective of building simple theoretical tools to control MEC operation, it should now be helpful to further develop the model by integrating local pH calculations and then combining the model with the experimental measurements of local pH [START_REF] Popat | Buffer pKa and transport govern the concentration overpotential in electrochemical oxygen reduction at neutral pH[END_REF][START_REF] Lei | Electrochemical induced calcium phosphate precipitation: importance of local pH[END_REF]. It would thus be possible to pinpoint the actual operating conditions of each electrode and to establish some first guidelines for controlling MEC operation.

The severe limitation due to acidification of the microbial anodes may be tackled by an appropriate control procedure. Periodically reversing the polarity, so that the anode works as a cathode, can be a way to consume the protons accumulated within and around the biofilm [START_REF] Li | Simultaneous pH self-neutralization and bioelectricity generation in a dual bioelectrode microbial fuel cell under periodic reversion of polarity[END_REF][START_REF] Blanchet | Protons accumulation during anodic phase turned to advantage for oxygen reduction during cathodic phase in reversible bioelectrodes[END_REF][START_REF] Jiang | Periodic polarity reversal for stabilizing the pH in two-chamber microbial electrolysis cells[END_REF]. This is an emerging area of research, and the duration and frequency of polarity inversion and their impact on MEC production remain to be assessed. The recent advances in reversible electrodes [START_REF] Li | Simultaneous pH self-neutralization and bioelectricity generation in a dual bioelectrode microbial fuel cell under periodic reversion of polarity[END_REF][START_REF] Blanchet | Protons accumulation during anodic phase turned to advantage for oxygen reduction during cathodic phase in reversible bioelectrodes[END_REF], or more appropriately bidirectional electrodes [START_REF] Kalathil | Nanotechnology to rescue bacterial bidirectional extracellular electron transfer in bioelectrochemical systems[END_REF][START_REF] Jiang | Bidirectional extracellular electron transfers of electrode-biofilm: mechanism and application[END_REF], could be an helpful source of new strategies for MEC control that would allow microbial acidification to be mitigated by periodic polarity reversal.

Finally, an MEC can be considered as a part of a more complex production unit. As evoked above (Section 2.3), MECs can be used with the aim of synthesizing methane and more complex compounds. In this case, hydrogen is used as an intermediate reactant [START_REF] Blanchet | Importance of the hydrogen route in up-scaling electrosynthesis for microbial CO 2 reduction[END_REF]. As explained in 

Conclusions

In designing an MEC we are trying to have it both ways. Basically, an MEC must achieve the association of two antagonistic processes. On the one hand, electrolysers for large scale production are ideally implemented with clean electrolytes, whose chemical composition is as simple as possible, with high ionic conductivity and extreme pH values. On the other hand, microbial processes require chemically rich culture media and neutral pH, and often do not accept highly conductive solutions. The ranges of optimal conditions of the two kinds of processes are disjoint. This is not a hindrance at the low current densities that are sufficient to support metabolic processes. In contrast, when the engineer tries to force the process towards industrial production at high current densities, the discrepancy in the optimal conditions wrecks the system. Some kind of negative feedback loop hinders the MEC as current density increases. Will MECs be able to become an industrial technology? This remains a tough question and an exciting challenge. This critical review proposes research lines to be explored in the hope of being able to answer this question. Section 3.3, an electrolyser dedicated to large-scale production must operate at high current density to be economically efficient. This means that hydrogen must evolve quickly, forming big bubbles with short residence times. In contrast, in the current state of the art, microbiallycatalysed hydrogenation reactions have low reaction rates -partly due to gas-liquid mass transfer limitations, which require specific gas-liquid contactors to be used [START_REF] Yasin | Microbial synthesis gas utilization and ways to resolve kinetic and mass-transfer limitations[END_REF][START_REF] Zabranska | Bioconversion of carbon dioxide to methane using hydrogen and hydrogenotrophic methanogens[END_REF][START_REF] Blanchet | Coupled iron-microbial catalysis for CO 2 hydrogenation with multispecies microbial communities[END_REF]. Seeking the optimum therefore implies separating the MEC and the synthesis reactor. The MEC would produce hydrogen, pure or mixed with CO 2 and possibly methane, and the MEC gas outlet would be used as the input of a gas-liquid contactor, where the microbially-catalysed synthesis would occur.

This two-steps system would allow optimising the gas-liquid transfer in the contactor while ensuring high hydrogen evolution rate in the MEC. It would thus no longer be necessary to seek to maximize the synthesis reaction rate within the MEC. MEC optimization is relieved of this constraint. In addition, the production of CO 2 as a side-product in the MEC is no longer a concern, particularly if the final goal is to hydrogenate CO 2 in the downstream synthesis reactor. This two-step system would also make it possible to take full advantage of the introduction of CO 2 into the cathode compartment for pH control (Section 4.2), without fear of polluting the output flow.

Fig. 2 .

 2 Fig. 2. Ion fluxes due to migration. The numbers of ions are calculated on the basis of 100 electrons passing through the electrical circuit. (A) Saline electrolyte composed of NaCl 45 g•L -1 , CH 3 COONa 40 mM, NH 4 Cl 37 mM and potassium phosphates 3 mM, pH 7.5 [101]; (B) same electrolyte without NaCl and with potassium phosphates 100 mM; (C) PEM electrolyser.

Fig. 4 .

 4 Fig. 4. Scheme of surface micro-structured microbial anode formed with Geobacter sulfurreducens. Micro-pillars were 500 µm high, 100 µm wide and 200 µm apart. Biofilm coverage ensured high local current density of 14 A•m -2on the top of the micro-pillars. An assessment of the reactive transport of the buffering species showed that local acidification prohibited biofilm-based catalysis in the lower part (from[START_REF] Champigneux | Effect of surface roughness, porosity and roughened micro-pillar structures on the early formation of microbial anodes[END_REF]).

Table 7

 7 Summary of the advantages and disadvantages of MEC evoked in the different sections of the present article.
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