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Lignin electrolysis offers the possibility of cogenerating valuable aromatic compounds and green H2 under mild conditions and with a lower energy cost than traditional water electrolysis. In recent years, significant progress has been accomplished towards this objective through the development of active electrocatalysts and the engineering of cell configuration. This short review gives an overview of the anode materials and cells investigated in acidic and alkaline conditions, below and above 100°C and summarizes the main bottlenecks which remain to be addressed. Low-temperature electrolysers could be integrated in biorefineries to convert lignin into higher-value industrial chemicals with co-generation of hydrogen.

Introduction

Green H2, generated with renewable energies without CO2 emissions, will play a key role in the energy transition [1,2]. It is mainly produced by water electrolysis either at low temperature (< 100ºC) in alkaline water electrolyzers (AWE) or proton/anion-exchange membrane (PEM/AEM) electrolyzers, or at high temperature (500-1000ºC) in solid oxide electrolyzers (SOE) [2,[START_REF] El-Shafie | Hydrogen Production Technologies Overview[END_REF], all of them producing H2 and O2 at their respective cathodes and anodes. However, the oxygen evolution reaction (OER) suffers from thermodynamic and kinetic limitations that must be overcome to make this technology more competitive. One possible solution is to replace the OER by a less-energy intensive reaction, like the oxidation of bio-sourced alcohols [START_REF] Liu | Recent advances in paired electrolysis of biomass-derived compounds toward cogeneration of value-added chemicals and fuels[END_REF][START_REF] Simões | Electrochemical valorisation of glycerol[END_REF][START_REF] Tuomi | Hydrogen production by methanol-water solution electrolysis with an alkaline membrane cell[END_REF][START_REF] Caravaca | Electrochemical reforming of ethanol-water solutions for pure H2 production in a PEM electrolysis cell[END_REF][START_REF] Caravaca | From biomass to pure hydrogen: Electrochemical reforming of bio-ethanol in a PEM electrolyser[END_REF][START_REF] Marshall | Production of hydrogen by the electrochemical reforming of glycerol-water solutions in a PEM electrolysis cell[END_REF][START_REF] Linares | Chapter 4: Electrochemical Reforming of Alcohols, RSC Energy and Environment Series[END_REF][START_REF] Coutanceau | Electrochemical conversion of alcohols for hydrogen production: a short overview[END_REF], but the use of these substrates directly competes with food resources (cropland). Alternatively, this review describes recent advances of the electrolysis of lignin, a highly-abundant natural and chemically-rich polyphenolic polymer (Figure 1a) representing up to 40 wt.% of woody wastes, but currently mostly treated as worthless byproduct: for instance, Kraft lignin, coming from the residues of chemical pulping in paper production, is usually simply incinerated to produce heat [START_REF] Du | Low-Energy Catalytic Electrolysis for Simultaneous Hydrogen Evolution and Lignin Depolymerization[END_REF][START_REF] Liu | Identifying and creating pathways to improve biological lignin valorization[END_REF][START_REF] Wang | From lignin to valuable products-strategies, challenges, and prospects[END_REF]. Indeed, at the moment, only a small part of lignin waste is valorized into valuable chemicals (e.g. vanillin, vanillic acid, benzene, toluene, xylenes) by emerging processes such as pyrolysis, gasification, or catalytic oxidation and reduction [START_REF] Wang | From lignin to valuable products-strategies, challenges, and prospects[END_REF][START_REF] Cao | Lignin valorization for the production of renewable chemicals: state-of-the-art review and future prospects[END_REF][START_REF] Zakzeski | Catalytic lignin valorization process for the production of aromatic chemicals and hydrogen[END_REF][START_REF] Kumar | Lignin Biorefinery: New Horizons in Catalytic Hydrodeoxygenation for the Production of Chemicals[END_REF].

Lignin electrolysis (Figure 1b) combines lignin selective electrooxidation at the anode with green H2 production at the cathode [START_REF] Caravaca | Towards a sustainable technology for H2 production: Direct lignin electrolysis in a continuous-flow Polymer Electrolyte Membrane reactor[END_REF][START_REF] Stiefel | Controlled depolymerization of lignin in an electrochemical membrane reactor[END_REF][START_REF] Naderinasrabadi | The authors tested a NiCo-TiO 2 catalyst in an AEM cell for the electrolysis of a biorefinery lignin at room temperature, by performing the longest-term electrolysis tests (24 h) reported in the field and quantified[END_REF][START_REF] Beliaeva | New insights into lignin electrolysis on nickel-based electrocatalysts: Electrochemical performances before and after oxygen evolution[END_REF][START_REF] Lalvani | Lignin-Augmented Water Electrolysis[END_REF][START_REF] Lalvani | Hydrogen production from lignin-water solution by electrolysis[END_REF][START_REF] Ghatak | Electrolysis of black liquor for hydrogen production: Some initial findings[END_REF][START_REF] Ghatak | Electrode processes in black liquor electrolysis and their significance for hydrogen production[END_REF][START_REF] Movil | Non-precious metal nanoparticle electrocatalysts for electrochemical modification of lignin for low-energy and cost-effective production of hydrogen[END_REF][START_REF] Hibino | Hydrogen Production by Direct Lignin Electrolysis at Intermediate Temperatures[END_REF][START_REF] Bateni | explored the use of PbO2 nanoparticles impregnated on multi-walled carbon nanotubes as anode in an AEM cell for lignin electrolysis and found highly pure hydrogen production at 30 mA cm -This is also the only study with anodic product quantification using a direct lignin electrolysis cell at low temperature[END_REF][29], operating under mild and safe conditions (low temperature and atmospheric pressure). Among the pioneering works exploring the direct and indirect use of lignin in fuel cell technology, one can find examples of direct lignin fuel cells operating at low (<100°C) [START_REF] Liu | Efficient direct lignin fuel cells enabled by hierarchical nickel-iron phosphide nanosheets as an anode catalyst[END_REF] and high (560°C) [START_REF] Lima | Direct lignin fuel cell for power generation[END_REF] temperature, both operating at 24 mW.cm -2 . Moreover, indirect lignin fuel cell mediated by a polyoxometalate was reported to deliver 5 mW.cm -2 at 90°C) [START_REF] Zhao | Efficient Conversion of Lignin to Electricity Using a Novel Direct Biomass Fuel Cell Mediated by Polyoxometalates at Low Temperatures[END_REF]. Finally, advanced novel concepts involving lignin electrochemistry are emerging, such as combining lignin electrooxidation with the hydrogenation of H2-lean liquid organic hydrogen carriers (LOHC) [START_REF] Centi | Advanced (photo)electrocatalytic approaches to substitute the use of fossil fuels in chemical production[END_REF]. In the field of lignin electrolysis, recent research efforts have been classified according to their operation temperature: below 100°C in PEM/AEM-like electrolysers or at higher temperatures, using innovative materials and cell designs. It should be noted that, from the anodic products point of view, the high variability of the lignin source composition and the wide variety of potential oxidation/depolymerization/re-polymerization reactions, lead to very complex reactants/products distributions that would be the subject of another specific review article.

Current trends in direct lignin electrolysis for hydrogen production i) Low temperature (< 100°C) lignin electrooxidation

Several studies describe the electro-oxidation of pure lignin or black liquor (lignocellulosic effluent with a lignin concentration of about 40%) on noble metal anodes [START_REF] Caravaca | Towards a sustainable technology for H2 production: Direct lignin electrolysis in a continuous-flow Polymer Electrolyte Membrane reactor[END_REF][START_REF] Lalvani | Lignin-Augmented Water Electrolysis[END_REF][START_REF] Lalvani | Hydrogen production from lignin-water solution by electrolysis[END_REF][START_REF] Ghatak | Electrode processes in black liquor electrolysis and their significance for hydrogen production[END_REF][START_REF] Beliaeva | Towards Understanding Lignin Electrolysis: Electro-Oxidation of a β-O-4 Linkage Model on PtRu Electrodes[END_REF] in standard batch 3electrode cells using liquid electrolytes at low temperature (up to 90 °C) and at lower potentials than OER. In general, electrocatalytic performances were found to increase with lignin concentration, temperature and applied voltage. Kraft lignin electrooxidation has been performed in a flow-through AEM electrolyser equipped with a commercial bimetallic Pt1Ru1 anode supported on carbon cloth [START_REF] Caravaca | Towards a sustainable technology for H2 production: Direct lignin electrolysis in a continuous-flow Polymer Electrolyte Membrane reactor[END_REF].

with an onset voltage of ~0.45 V at 80ºC, which is much lower than that of water electrolysis (Figure 1c). However, the obtained current densities were below 7 mA cm -2 at 1 V, highlighting the kinetic limitations of the process, attributed to the difficult C-C cleavage required for lignin depolymerization and the strong deactivation of the anode by adsorbed reaction intermediates and products. These limitations were later confirmed by the study of the electrolysis of 2-Phenoxyethanol, a model molecule exhibiting the β-O-4 linkage [START_REF] Liu | Efficient direct lignin fuel cells enabled by hierarchical nickel-iron phosphide nanosheets as an anode catalyst[END_REF] representing 50-65% of lignin interunit linkages [START_REF] Beliaeva | Towards Understanding Lignin Electrolysis: Electro-Oxidation of a β-O-4 Linkage Model on PtRu Electrodes[END_REF]. (in red), guaiacyl alcohol (in blue) and p-coumaryl alcohol (in green) units. Reprinted with permission from Ref. [START_REF] Karunarathna | Valorization of Lignin as a Sustainable Component of Structural Materials and Composites: Advances from 2011 to 2019[END_REF]. b) Scheme of a lignin electrolyser. c) Linear sweep voltammetry measured in an AEM electrolyser from 0 to 0.9 V at 80°C; scan rate: 0.5 mV s -1 , in an AEM lignin electrolyser with PtRu/C anode and Fumapem FAA-3 membrane; anolyte: 1 M NaOH (black) or 10 g L -1 lignin in 1 M NaOH (red). The non-zero current for water electrolysis as observed in many studies can be due i) the oxidation of the electrode materials, ii) the formation of oxygen-or hydroxyl-surface species from water dissociation (below OER potential), or iii) the charging current. Reprinted with permission from Ref. [START_REF] Caravaca | Towards a sustainable technology for H2 production: Direct lignin electrolysis in a continuous-flow Polymer Electrolyte Membrane reactor[END_REF].

Non-noble anode materials such as Ni-based (pure or alloyed with Sn or Co) [START_REF] Naderinasrabadi | The authors tested a NiCo-TiO 2 catalyst in an AEM cell for the electrolysis of a biorefinery lignin at room temperature, by performing the longest-term electrolysis tests (24 h) reported in the field and quantified[END_REF][START_REF] Beliaeva | New insights into lignin electrolysis on nickel-based electrocatalysts: Electrochemical performances before and after oxygen evolution[END_REF][START_REF] Bateni | explored the use of PbO2 nanoparticles impregnated on multi-walled carbon nanotubes as anode in an AEM cell for lignin electrolysis and found highly pure hydrogen production at 30 mA cm -This is also the only study with anodic product quantification using a direct lignin electrolysis cell at low temperature[END_REF]29,[START_REF] Ghahremani | Electrochemical oxidation of lignin for the production of valueadded chemicals on Ni-Co bimetallic electrocatalysts[END_REF] and PbO2 [28] [38] were also investigated in alkaline media, although lower current densities were obtained, vs. PtRu, at low potentials (e.g., below 2 mA cm -2 at 1 V on Ni(OH)2 [START_REF] Beliaeva | New insights into lignin electrolysis on nickel-based electrocatalysts: Electrochemical performances before and after oxygen evolution[END_REF]). According to Table 1, best reported current densities reach 30 mA cm -2 , a value that remain far below the typical specifications of water AEM electrolyzers (from 0.2 to 2 A cm -2 at 1.4 -2.0 V) [2,3], tentatively attributed to the limited a)
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lignin depolymerization kinetics and to anode deactivation phenomena. The most notable results, in terms of H2 production, have been obtained with the NiCo-TiO2 electrode proposed by Naderi Nasrabadi et al., with 2.3 mL min -1 measured after 24 hours polarization at 1.7 V, corresponding to an energy consumption of 4.1 kWh per Nm 3 H2 [START_REF] Naderinasrabadi | The authors tested a NiCo-TiO 2 catalyst in an AEM cell for the electrolysis of a biorefinery lignin at room temperature, by performing the longest-term electrolysis tests (24 h) reported in the field and quantified[END_REF]. However, at this high potential, OER was significantly more favoured than lignin electrooxidation and any increase of lignin concentration was detrimental due to the blockage of the electrode pores and its catalytic sites. Moreover, Beliaeva et al. operated an AEM cell with a Ni-based anode at 80°C at a voltage as low as 1.1 V [START_REF] Beliaeva | New insights into lignin electrolysis on nickel-based electrocatalysts: Electrochemical performances before and after oxygen evolution[END_REF] and decreased the energy consumption rate to 2.6 kWh per Nm -3 H2, much lower than that required in water electrolysers (e.g., 4.3 kWh Nm -3 H2 at 1.8 V). Interestingly, even lower energy consumption can be achieved by adding a redox mediator in the electrolyte. This mediator chemically oxidizes the organic substrate in the anolyte and is subsequently electrochemically reoxidized (regenerated) on the anode. Many redox mediators have been reported in the literature for the electrooxidation of lignin and model phenolic compounds, as recently reviewed by Du et al. [START_REF] Du | Electrochemical Lignin Conversion[END_REF], such as nitroaromatics [START_REF] Smith | Biomass electrochemistry: Anodic oxidation of an organo-solv lignin in the presence of nitroaromatics[END_REF][START_REF] Pardini | Electroorganic reactions. 38. Mechanism of electrooxidative cleavage of lignin model dimers[END_REF], halides [START_REF] Gao | Selective electrochemical CO bond cleavage of β-O-4 lignin model compounds mediated by iodide ion[END_REF], polyoxometalates (POMs) [START_REF] Du | Low-Energy Catalytic Electrolysis for Simultaneous Hydrogen Evolution and Lignin Depolymerization[END_REF][START_REF] Liu | High efficiency hydrogen evolution from native biomass electrolysis[END_REF] or transition metal ions [START_REF] Du | Low-Energy Catalytic Electrolysis for Simultaneous Hydrogen Evolution and Lignin Depolymerization[END_REF]. For instance, H3PMo12O40 [START_REF] Liu | High efficiency hydrogen evolution from native biomass electrolysis[END_REF] and FeCl3 [START_REF] Du | Low-Energy Catalytic Electrolysis for Simultaneous Hydrogen Evolution and Lignin Depolymerization[END_REF] can oxidize biomass under heating (<100°C) or irradiation (UV) for few hours generating reduced POM and Fe 2+ species which are electrochemically reoxidized in acidic conditions at 100ºC on a noble metal-free anode like a pure graphite felt material. This indirect lignin electrolysis consumes only 0.69 kW h Nm -3 H2 at 0.2 A cm -2 [START_REF] Du | Low-Energy Catalytic Electrolysis for Simultaneous Hydrogen Evolution and Lignin Depolymerization[END_REF].

The electrooxidation of lignin can produce many different valuable aromatics like vanillin, vanillic acid, sinapic acid or acetovanillone [START_REF] Fidio | Electro-oxidative depolymerisation of technical lignin in water using platinum, nickel oxide hydroxide and graphite electrodes[END_REF]. For instance, the group of Staser [29] observed that Ni and Sn-doped Ni-based anodes can generate vanillin, a high-value chemical, in alkaline media, with a maximum production rate of 300 mg kglignin -1 min -1 at 1.4 V at RT while at higher voltages the OER predominates. The promoting effect of cobalt on nickel not only enhances the current densities and lowers the onset oxidation potential, as already observed for other electrooxidation reactions [START_REF] Brousse | To Be or Not To Be Pseudocapacitive?[END_REF][START_REF] Cui | Promoting Effect of Co in NimCon (m + n = 4) Bimetallic Electrocatalysts for Methanol Oxidation Reaction[END_REF], but also increases the yield of aromatic compounds like vanillin, 3-methylbenzaldehyde and apocynin [START_REF] Ghahremani | Electrochemical oxidation of lignin for the production of valueadded chemicals on Ni-Co bimetallic electrocatalysts[END_REF]. However, the separation and recovery of these various products in the anolyte remains a technological bottleneck. One possible strategy is to implement an in-situ selective extraction of low molecular weight products by an aqueous deep eutectic solvent associated with an extractant phase (e.g., methyl isobutyl ketone) to avoid their over-oxidation [START_REF] Marino | Emulsion electro-oxidation of kraft lignin[END_REF]. Another approach, proposed by Schmitt et al., is based on the absorption of the target fractions by a strongly basic anion exchange resin [START_REF] Schmitt | Highly selective generation of vanillin by anodic degradation of lignin: a combined approach of electrochemistry and product isolation by adsorption[END_REF].

Finally, the membrane technology is probably the most promising, due to its compact and modular approach and the avoidance of additional solvent and extractant phase. In this process, a filtration membrane can be integrated, like an AEM, in a 3-chamber electrolyzer [START_REF] Stiefel | Controlled depolymerization of lignin in an electrochemical membrane reactor[END_REF] (Figure 2a-b) or used downstream of the lignin electrolyzer [START_REF] Stiefel | An integrated electrochemical process to convert lignin to value-added products under mild conditions[END_REF] (Figure 2c) to separate the unreacted lignin (retentate) in the anolyte from the low molecular weight fractions (permeate). For instance, Figure 2d shows the time evolution of the relative molecular weight of the lignin electrooxidation products in an AEM using a Ni-based anode (indicating enhanced lignin depolymerization with increased electrical current), while Figure 2e shows a typical chromatogram of both retentate and permeate fractions, demonstrating the ability of the ultrafiltration membrane to extract low-molecular weight compounds in the permeate stream [START_REF] Stiefel | An integrated electrochemical process to convert lignin to value-added products under mild conditions[END_REF]. 

ii) Lignin electrooxidation above 100°C

Operating an electrolyser at temperatures above 100°C provides advantages such as better oxidation kinetics and more favourable thermodynamic conditions. The group of Hibino at the Nagoya University was the first to explore lignin electrolysis between 100 and 200°C, using a PEM electrolyser with a H +conducting Sn0.9In0.1P2O7-polytetrafluoroethylene (PTFE) membrane [START_REF] Hibino | Hydrogen Production by Direct Lignin Electrolysis at Intermediate Temperatures[END_REF][START_REF] Hibino | the use of a functionalized carbon black as anode for the direct electrolysis of a wide variety of raw biomass (cellulose, starch, lignin, protein, lipid, wastes of bread, cypress, rice chaff) in acid[END_REF][START_REF] Hibino | The authors explored the use of a functionalized carbon black as anode for the direct electrolysis of the cellulose and lignin[END_REF]. Lignin was dissolved in H3PO4 and impregnated on the anode. In a batch cell configuration (Figure 3a), lignin could be electrooxidized from 0.25 V at 200°C on Pt/C and 0.1 V at 150°C on PtFe/C [START_REF] Hibino | Hydrogen Production by Direct Lignin Electrolysis at Intermediate Temperatures[END_REF], a performant electrocatalyst that also stood out in direct cellulose fuel cells [START_REF] Hibino | High Performance Anode for Direct Cellulosic Biomass Fuel Cells Operating at Intermediate Temperatures[END_REF]. Faradaic efficiency values of 100% towards H2 evolution on the cathode and 83-91% towards CO2 formation on the anode were determined by mass spectrometry, regardless of the temperature. C4-C7 aromatic and aliphatic molecules were further detected by liquid chromatography-mass spectroscopy after thermal treatment of the lignin-H3PO4 solution at 200ºC [START_REF] Hibino | Hydrogen Production by Direct Lignin Electrolysis at Intermediate Temperatures[END_REF]. During continuous operation at 20 mA cm -2 and 150°C, a voltage of only 0.57 V was required after 30 min using the PtFe/C anode, corresponding to a low electric energy consumption rate of 1.36 kWh per Nm 3 H2 (Table 1), although the energy for heating was not considered. More recently, the same group has investigated the electrochemical oxidation of raw biomass dissolved in H3PO4, from model molecules like cellulose, starch, lignin, protein and lipid [START_REF] Hibino | the use of a functionalized carbon black as anode for the direct electrolysis of a wide variety of raw biomass (cellulose, starch, lignin, protein, lipid, wastes of bread, cypress, rice chaff) in acid[END_REF] to more complex lignocellulosic molecules like wastes of bread, cypress, rice chaff [START_REF] Hibino | the use of a functionalized carbon black as anode for the direct electrolysis of a wide variety of raw biomass (cellulose, starch, lignin, protein, lipid, wastes of bread, cypress, rice chaff) in acid[END_REF] and even newspaper [START_REF] Hibino | The authors explored the use of a functionalized carbon black as anode for the direct electrolysis of the cellulose and lignin[END_REF], both in the previous batch cell configuration (Figure 3a) and in a flow-through configuration equipped with a syringe feeder (Figure 3b). Using a metal-free anode consisting of a carbonyl-functionalized mesoporous carbon, raw biomass was electro-oxidized at cell voltages lower than 0.5 V at 150ºC, reaching current densities up to 0.3 A cm -2 at 1 V and producing mainly CO2 and NO2 (from proteins) at the anode (Figures 3c and3d) [START_REF] Hibino | the use of a functionalized carbon black as anode for the direct electrolysis of a wide variety of raw biomass (cellulose, starch, lignin, protein, lipid, wastes of bread, cypress, rice chaff) in acid[END_REF][START_REF] Hibino | The authors explored the use of a functionalized carbon black as anode for the direct electrolysis of the cellulose and lignin[END_REF]. Electrochemical performances were dependent on the main functional groups (e.g., carbonyl groups in cellulose and starch were more reactive than carboxyl groups in proteins) and on the acid-solubility (lignin and lipids being less soluble). These studies demonstrate the possibility of electrolyzing real biomass without any noble metal at moderate temperatures (100-200ºC) in acidic media, resulting in lower electric energy consumption (Table 1). However, some bottlenecks remain such as sluggish kinetics, deactivation issues and heating energy requirements. In addition, above 100°C, lignin and other raw biomass are mainly electrooxidized into CO2 (Fig. 3d) to the detriment of value-added chemicals. On the other hand, high-temperature electrolysis in alkaline conditions seem to promote the electrooxidation of lignin into vanillin: for instance, the group of Waldvogel at University of Mainz recently proved that the selective depolymerization of lignin is possible in alkaline media at 160ºC using simple Ni foam electrodes in a batch cell configuration at current densities of 5-40 mA cm -2 (2-3 V) [START_REF] Zirbes | High-Temperature Electrolysis of Kraft Lignin for Selective Vanillin Formation[END_REF]. Vanillin and acetovanillone yields of 2.0-4.2 wt.% and 0.2-1.2 wt.%, respectively, were obtained depending on the lignin source and the operation conditions.

Conclusions

Low temperature lignin electrolysis has been demonstrated with energy inputs in the 2.5 -4.5 kWh per Nm -3 H2 range on electrodes made of non-noble metal compounds (Ni, Co, Ti, Pb) in alkaline conditions, with the selective production of H2 at the cathode and the generation of valuable aromatic molecules at the anode. Furthermore, lignin conversion can be more efficient and less demanding in electrical energy at 150-200°C. Importantly, at these temperatures, lignin is mostly converted in acidic conditions to CO2, reducing the added value brought by the production of platform aromatic compounds observed at low temperature. However, in alkaline conditions, the generation of aromatics seems to increase with the temperature on Ni-based electrodes. While improvements have been made regarding the energy efficiency of the process, its kinetics remain lower than the ones involved in traditional water electrolysis by several orders of magnitude. If low current densities have been ascribed to the fouling of electrodes and blocking of active sites by lignin, in-depth mechanistic studies are still lacking as well as a thorough analysis of the anodic products obtained in flow-through lignin electrolysis cells. This is partly due to the extreme chemical complexity of the molecule at hand and the wide variety of reaction and side products, requiring the development of advanced in-situ and operando analytic tools to unravel the molecules interaction with catalytic sites under operating conditions. Thankfully, significant progress is currently being made on this front, which gives hope for a rapid improvement in the understanding and efficiency of lignin electrolysis in the coming years. [29] R. Ghahremani, F. Farales, F. Bateni, J.A. Staser, Simultaneous Hydrogen Evolution and Lignin Depolymerization using NiSn Electrocatalysts in a Biomass-Depolarized Electrolyzer, Journal of The Electrochemical Society. 167 (2020) 43502. ** The authors studied the effect of Sn-doping in Ni catalysts used in an AEM cell for the electrolysis of a biorefinery lignin at room temperature. An optimum composition of Ni3Sn1 led to the highest electrocatalytic performance, which was directly linked to an enhanced electrochemical surface area.
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 1 Figure 1. a) Schematic representation of the lignin structure, highlighting monolignols: sinapyl alcohol

Figure 2 .

 2 Figure 2. a) Scheme and b) cross section of the setup integrating the alkaline lignin electrolysis and membrane separation processes, where NFM stands for nanofiltration membrane; Reprinted with permission from [19]. c) Scheme of the setup comprising an alkaline lignin electrolyzer and a downstream membrane module; d) relative molecular weight of kraft lignin after electrolysis in an AEM with a Ni-based anode; e) example of size exclusion chromatogram of the retentate and the permeate in configuration c). Reprinted with permission from [49].

Figure 3 .

 3 Figure 3. Schemes of a) batch and b) flow-through cell configurations for intermediate-temperature electrolysis of H3PO4-dissolved lignin; c) I-V curves of the electrolysis of various model biomass molecules at 150ºC in a batch cell. Reprinted with permission from Ref. [50]. d) Evolution of cell voltage, H2 and CO2 production rates with time during continuous electrolysis of newspapers at 175ºC in a batch cell for different cell voltages. Anode: carbonyl-group functionalized mesoporous Kerjen black carbon, membrane: Sn0.9In0.1P2O7-PTFE, cathode: Pt/C. Reprinted with permission from Ref. [51].

Table 1 .

 1 Electrocatalytic performance of anodes tested for direct lignin electrolysis for H2 production.

	Anode : Catalyst / support	Cell configuration	Operation conditions	T (ºC)	Current density (mA cm -2 )	Cell voltage (V)	Time (h)	H2 production (mL min -1 )	H2 FE (%)	Electric energy (kWh Nm -3 ) consumption	Ref.
	Ni / Ti Ni3Sn1 / Ti	AEM cell Cathode: Pt Membrane: FFA-3	Biorefinery lignin (10 g L -1 ) in 1 M NaOH	RT	13.1 16.0	1.60 1.60	--	1.00 1.20	99.0 99.5	3.49 3.55	[29]
	NiCo-TiO2 (1:3) / Carbon paper	AEM cell Cathode: Pt Membrane: FFA-3	Biorefinery lignin (50 g L -1 ) in 1 M NaOH	RT	10.0 20.0 30.0	1.60 1.67 1.72	24.00 24.00 24.00	0.74 1.49 2.26	99.0 100.0 101.0	3.91 4.03 4.12	[20]
	NiCo/TiO2 / Carbon paper PbO2/MWNTs / Carbon paper	AEM cell Cathode: Pt Membrane: FFA-3-50	Kraft lignin (10 g L -1 ) in 1 M NaOH	RT	20.0 30.0 20.0 30.0	1.98 2.15 1.87 1.96	0.05 0.04 0.05 0.04	1.52 2.28 1.52 2.28	98.5 99.4 98.5 97.2	4.34 4.73 4.15 4.41	[28]
	Ti/PbO2	Batch AEM cell Cathode: Pt Membrane: FFA-3-50	Sodium lignosulfonate (10 g L -1 ) in 1 M NaOH	60	0.4	1.80	5.00	0.02 a	-	4.31 a	[39]
	Ni(OH)2/C (22 wt.% Ni) / Carbon cloth	AEM cell, Cathode: Pt/C Membrane: FAA-3-50	Kraft lignin (10 g L -1 ) in 1 M KOH	80	1.7 7.5	1.10 1.50	1.00 1.00	0.30 a 1.30 a	̴ 100 ̴ 100	2.63 a 3.59 a	[21]
	Pt/C (40 wt.% Pt) PtFe/C	Batch cell Cathode: Pt/C Membrane: Sn0.9In0.1P2O7	H3PO4-impregnated Lignin (wt. ratio 1:2.8)	150	20.0 20.0	0.64 0.57	0.50 0.50	0.28 a 0.28 a	̴ 100 ̴ 100	1.53 a 1.36 a	[27]
	a Values calculated by assuming a H2 faradaic efficiency (FE) of 100%.								

, although at slightly higher potentials than Ni-based catalysts employed in other works by the same group.
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