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Hydrogen production by the electrolysis of plastic-waste was recently suggested as an alternative approach to water electrolysis, owing to its favoured thermodynamics. However, the fundamental aspects of such electro-catalytic process were not studied in detail. Here we propose a new approach to understand the electrolysis of polymers, by the use of model molecules. Our target is to develop a technology for the electrolysis of poly(methyl methacrylate), PMMA, plastic waste.

We used methyl pivalate (MP) as a model molecule, since it contains similar functional groups than PMMA. We performed electrolysis experiments in a Polymer Electrolyte Membrane reactor with Nafion® protonic membranes and Pt/C electrodes at low temperatures (< 90 o C). The results obtained demonstrated that the electro-oxidation of MP allows to produce H2 in a range of electrical potentials where water electrolysis is not thermodynamically possible (< 1.2 V). The kinetics of this process were studied and a preliminary global mechanism was proposed to explain the electrooxidative cleavage of this model molecule. We have clearly demonstrated that the electrolysis of a plastic-like model monomer leads to the production of hydrogen. These results could be further extrapolated in view of the practical implementation of this technology for the valorisation of PMMA waste.

Introduction

The incursion of renewable energy sources in the electrical grid is an on-going process that will accelerate in the coming years. Renewable energy production (e.g. wind, hydraulic and solar) is increasing, but still fluctuating, making it challenging for their integration into the energy system [START_REF] Bareiß | Life cycle assessment of hydrogen from proton exchange membrane water electrolysis in future energy systems[END_REF]. To store these oscillating sources of energy and facilitate their transport, an energy carrier is required, hydrogen being the most promising one [START_REF] Züttel | Hydrogen: The future energy carrier[END_REF]. In this context, water electrolysis is one of the most popular electrochemical technologies that would allow transforming the renewable energies into pure H2, with O2 as the only by-product [START_REF] Kumar | Hydrogen production by PEM water electrolysis -A review[END_REF]. However, this process is not sustainable from energetic and economic points of view, since a minimum thermodynamic cell potential of 1.23 V is necessary to electrochemically cleave the H2O molecule [START_REF] Buttler | Current status of water electrolysis for energy storage, grid balancing and sector coupling via power-to-gas and power-to-liquids: A review[END_REF][START_REF] Coutanceau | Electrochemical conversion of alcohols for hydrogen production: a short overview[END_REF]. Consequently, different researchers have proposed to electrolyse organic molecules (e.g. methanol [START_REF] Guenot | Clean hydrogen generation from the electrocatalytic oxidation of methanol inside a proton exchange membrane electrolysis cell (PEMEC): effect of methanol concentration and working temperature[END_REF][START_REF] Lamy | A Kinetics Analysis of Methanol Oxidation under Electrolysis/Fuel Cell Working Conditions[END_REF][START_REF] Pham | Efficient hydrogen production from aqueous methanol in a PEM electrolyzer with porous metal flow field: Influence of PTFE treatment of the anode gas diffusion layer[END_REF][START_REF] Uhm | Clean hydrogen production from methanol-water solutions via power-saved electrolytic reforming process[END_REF] and ethanol [START_REF] Caravaca | Electrochemical reforming of ethanol-water solutions for pure H <inf>2</inf> production in a PEM electrolysis cell[END_REF][START_REF] Gutiérrez-Guerra | Electrochemical reforming vs. catalytic reforming of ethanol: A process energy analysis for hydrogen production[END_REF][START_REF] Gutiérrez-Martín | Hydrogen storage for off-grid power supply based on solar PV and electrochemical reforming of ethanolwater solutions[END_REF][START_REF] Ruiz-López | Electrochemical reforming of ethanol in a membrane-less reactor configuration[END_REF][START_REF] Lamy | Clean hydrogen generation through the electrocatalytic oxidation of ethanol in a Proton Exchange Membrane Electrolysis Cell (PEMEC): Effect of the nature and structure of the catalytic anode[END_REF][START_REF] Caravaca | From biomass to pure hydrogen: Electrochemical reforming of bio-ethanol in a PEM electrolyser[END_REF]), instead of water, to reduce the energy demand, since the thermodynamic potential for the electro-oxidation of these organic compounds is significantly lower than that for water. This opens the possibility for the use of organic wastes as a H2 resource. Different organic wastes/by-products have already been studied in electrolysers such as wastewaters [START_REF] Cheng | Optimal experimental conditions for hydrogen production using low voltage electrooxidation of organic wastewater feedstock[END_REF], biomass-based wastes [START_REF] Chen | Nanotechnology makes biomass electrolysis more energy efficient than water electrolysis[END_REF][START_REF] Hibino | Efficient Hydrogen Production by Direct Electrolysis of Waste Biomass at Intermediate Temperatures[END_REF][START_REF] Crisafulli | Electrochemistry for biofuels waste valorization: Vinasse as a reducing agent for Pt/C and its application to the electrolysis of glycerin and vinasse[END_REF], pyrolysis oil derivates [START_REF] Brueckner | Electrolysis of pyrolysis oil distillates and permeates in a multi-anode proton exchange membrane cell[END_REF], lignin [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] Caravaca | Towards a sustainable technology for H<inf>2</inf> production: Direct lignin electrolysis in a continuous-flow Polymer Electrolyte Membrane reactor[END_REF][START_REF] Bateni | Low-cost nanostructured electrocatalysts for hydrogen evolution in an anion exchange membrane lignin electrolysis cell[END_REF][START_REF] Naderinasrabadi | Biomass-depolarized electrolysis[END_REF] and glycerol [START_REF] Simões | Electrochemical valorisation of glycerol[END_REF][START_REF] Kongjao | Electrochemical reforming of an acidic aqueous glycerol solution on Pt electrodes[END_REF].

In this frame, plastic-wastes are organic polymers and must also be contemplated as a massive source of hydrogen. Nowadays, less than 10 % and ∼ 30 % of the plastics are recycled in USA and Europe, respectively [START_REF] Kunwar | Plastics to fuel: a review[END_REF][START_REF] Rahimi | Chemical recycling of waste plastics for new materials production[END_REF]. In 2017, a considerable fraction of the plastic waste produced within the EU went to Energy Recovery (∼ 39.5 %) [START_REF] Lopez | Thermochemical routes for the valorization of waste polyolefinic plastics to produce fuels and chemicals. A review[END_REF] usually by direct combustion/incineration. However, this process often causes a significant environmental impact owing to hazardous emissions (NOx, SOx, Volatile Organic Compounds, etc.). The same year, the remaining vast amount of plastic waste was directly sent to landfill (∼ 30.8 %) [START_REF] Lopez | Thermochemical routes for the valorization of waste polyolefinic plastics to produce fuels and chemicals. A review[END_REF], which is not a viable option in the long run. In addition, plastic wastes are becoming a major environmental issue in aquatic systems as a result of a permissible waste management and plastic fragmentation processes in the environment [START_REF] Lettieri | Recycling and recovery routes of plastic solid waste (PSW): A review[END_REF][START_REF] Singh | Recycling of plastic solid waste: A state of art review and future applications[END_REF][START_REF] Schwarz | Sources, transport, and accumulation of different types of plastic litter in aquatic environments: A review study[END_REF][START_REF] Moura | Developing a plastic waste management program: From river basins to urban beaches (case study)[END_REF].

Among the different plastics, poly(methyl methacrylate) (PMMA) is a widely used polymer in automotive, construction and electrical industries, and is also crucial for the production of Plexiglass® and Perspex® [START_REF] Achilias | Chemical Recycling of Polymers. The Case of Poly(methyl methacrylate)[END_REF]. The global market for this plastic is estimated to reach a value of about USD 11 billion for 2022 [START_REF] Godiya | Depolymerization of waste poly(methyl methacrylate) scraps and purification of depolymerized products[END_REF]. Even if different thermal and chemical methods are used today for recycling PMMA with a worthy recuperation rate of its monomer methyl methacrylate (MMA), no processes for direct Energy Recovery different than incineration are known. In the present study we propose, for the very first time, a novel potential route to valorise PMMA waste by producing H2 via low temperature electrolysis.

The direct electrolysis of synthetic polymers for H2 production has been scarcely studied. To the best of our knowledge, only two studies [START_REF] Pati | A solid oxide membrane electrolyzer for production of hydrogen and syn-gas from steam and hydrocarbon waste in a single step[END_REF][START_REF] Pal | Invited) Electrolyzer for Waste to Energy Conversion[END_REF] reported the electrolysis of plastics (polypropylene) in high temperature Solid Oxide Electrolysers (> 800 o C). One study reported a solar thermo-coupled electrochemical depolymerization of polypropylene at intermediate temperatures (350-400 ºC) [START_REF] Jiang | STEP polymer degradation: Solar thermo-coupled electrochemical depolymerization of plastics to generate useful fuel plus abundant hydrogen[END_REF], and one study was recently carried out in low temperature (< 200 o C) electrolysers [START_REF] Hori | Fuel cell and electrolyzer using plastic waste directly as fuel[END_REF]. Low temperature electrolysers are advantageous in terms of simplicity and energy-demand. In ref. [START_REF] Hori | Fuel cell and electrolyzer using plastic waste directly as fuel[END_REF], a wide variety of industrial common plastics (sponges, cable ties, stocking and rope) and pure polymers (polyvinyl alcohol (PVA) and polyurethane) were electrolyzed in acid media (85% H3PO4) on Pt-based electrodes. Even though this study demonstrated the proof-of-concept to electrolyze plastic-waste resources in low temperature electrolysers, the electrochemical processes involved and mechanistic routes are not described. A deep comprehension of the processes involved will allow assessing the feasibility of the electrochemical cleavage of plastic polymer and the optimization of procedures to produce H2 from plastic-waste. In addition, we believe that the strong acid media could transform the polymer into smaller molecules easy to electrolyse, and therefore the process would not be purely electrocatalytic.

In the present study, we report a different approach to understand the mechanism for the electrooxidation of PMMA. Due to the complexity and the heterogeneity of real PMMA-based plastics, a model molecule representative of the main chemical bonds present in the polymer repeating unit was used: methyl trimethylacetate (methyl pivalate, MP). This molecule exhibits identical ester units, together with the C=O, C-C and C-H bonds than in PMMA, as opposed to the monomer methyl methacrylate (MMA), which exhibits a double C=C bond absent in the polymer (Fig. S1).

The MP model molecule is slightly soluble in water, allowing performing electrochemical experiments in aqueous phase as opposed to PMMA, which is a water-insoluble solid. The idea of this work is to study, for the first time, the electro-oxidation of the MP model molecule. To do that, we performed electrolysis experiments in a Polymer Electrolyte Membrane-based (PEM) reactor with acidic-based membranes which serve as electrolyte (Nafion®). This configuration allows working in aqueous media in the absence of a liquid electrolyte (e.g. H3PO4), then preserving the MP molecules in the anodic compartment. This study represents a starting point towards understanding the electrochemical cleavage of the main bonds present in the PMMA plastic, and the results could be further extrapolated for real plastic-wastes.

Experimental

The experiments were performed in a commercial Polymer Electrolyte Membrane (PEM) electrolysis cell (Dioxide Materials®) using commercial electrodes and membranes (FuelCellStore®). Both electrodes (5.3 cm 2 ) were composed of a Pt/C catalyst impregnated on a carbon cloth with a carbon gas diffusion layer (0.2 mg cm -2 of 20 % wt. Pt supported on CVulcan).

A Nafion™ 117 membrane was used as proton-conducting membrane (183 µm thickness). Before use, the membrane was pretreated by immersion at 100 °C for 2 h in 3 different solutions: 150 mL of 3 % wt. H2O2, then 150 mL of 0.5 M H2SO4 and finally 150 mL of deionized water. The membrane electrode assembly (MEA, anode/membrane/cathode) was prepared by hot-pressing under 1 metric ton at 120°C for 3 min. Then, the MEA was introduced between two Teflon gaskets to ensure correct sealing of the cell and the PEM cell assembly was mounted. A temperature control system and reactants/products flasks for anodic and cathodic compartments were put in place as well. Figure 1 shows the scheme of the PEM experimental set-up.

Methyl trimethylacetate (methyl pivalate, MP, 99 % purity, boiling point 110 o C, < 15 g L -1 solubility in water), trimethylacetic acid (pivalic acid, PA, 99 % purity) and methanol (MeOH, ≥ 99.9 % purity) were purchased from Sigma-Aldrich. During the electrolysis experiments, an aqueous solution of the model molecule (30 mL, 10 g L -1 methyl pivalate, 1000 rpm stirring, 1.8 mL min -1 ) and deionized water (30 mL, 1.8 mL min -1 ) were fed to the anode and cathode compartments, respectively. For comparison purposes, every experiment was first performed under the same conditions by feeding deionized water to both, anode and cathode. All solutions were fed in recirculation mode starting 30 min before applying polarization (for stabilization purposes). A peristaltic pump assured constant liquid flow rates. For the polarization of the PEM cell, a potentiostat-galvanostat equipped with a 10 A booster (Origalys®) was used.

In addition, the hydrogen purity and production was verified online with a quadrupole mass spectrometer (Portable Quadrupole MS, Aspec). The QMS operates with high vacuum of around 1.3x10 -6 mbar, evacuated by a 70 L/s turbo molecular drag pump combined with a backing pump.

The relative molecular concentrations of different compounds such as H2 (m/z = 2 amu), H2O (18 amu), N2 (28 amu), O2 (32 amu), and CO2 (44 amu) were online monitored. The gas out-stream in the cathodic vessel (see Fig. 1) was mixed with a constant flow of inert gas (He, 33 mL min -1 ) and further introduced into the QMS device. The H2 trend was analysed and expressed in arbitrary units.

Results and discussion

The first tests were performed to demonstrate the possibility to electrolyse the organic model molecule (MP) in a range of electrical potentials where water electrolysis is thermodynamically impossible, i.e., Vcell < 1.23 V. Fig. 2a shows the 10 th cycle of cyclic voltammetry experiments (Vcell = 0 -1100 mV, scanning rate of 10 mV s -1 ) by feeding deionized water or the MP solution to the anode, always in the absence of any liquid electrolyte, at 80 o C. With regards to water electrolysis, a trend observed in previous studies for Pt-based materials [START_REF] Caravaca | Towards a sustainable technology for H<inf>2</inf> production: Direct lignin electrolysis in a continuous-flow Polymer Electrolyte Membrane reactor[END_REF] was obtained, with a weak forward onset oxidation potential at ~ 0.9 V attributed to a partial passivation of Pt (formation of oxygen layer), which would be reduced during the backward scan.

The introduction of the organic model molecule leads to a completely different trend. First of all, much higher electrical currents (i.e. higher electrolysis efficiency) were obtained during both, forward and backward scans. As previously shown in Fig. 1 (PEM scheme), since acid H + membranes were used, MP solutions fed to the anode are electro-oxidized (𝑀𝑀𝑀𝑀 + 𝐻𝐻 2 𝑂𝑂 → 𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 + 2𝐻𝐻 + + 2𝑒𝑒 -), with the subsequent production of oxidized products and H + . The protons migrate through the membrane, leading to the corresponding H2 evolution cathodic reaction (2𝐻𝐻 + + 2𝑒𝑒 -→ 𝐻𝐻 2 ). Therefore, the enhanced performance of the electrolyser in the presence of MP can be clearly attributed to the electro-oxidation of the organic model molecule. In addition, during the forward scan, with an onset potential of ∼ 400 mV, a significant oxidation peak was observed at ∼ 700 mV.

After that, the current decreased, and a new oxidation trend seemed to start around the maximum potential applied (1100 mV). During the backward scan, after an electrical current decrease, a new oxidation peak was obtained at a very similar potential than the forward peak (∼ 750 mV). As a matter of fact, similar trends were obtained for the electro-oxidation of simple alcohols (e.g. methanol [START_REF] Chung | Methanol electro-oxidation on the Pt surface: Revisiting the cyclic voltammetry interpretation[END_REF], ethanol [START_REF] Wang | Ethanol electrooxidation on a carbon-supported Pt catalyst: Reaction kinetics and product yields[END_REF][START_REF] Pushkarev | Pt/c and pt/snox/c catalysts for ethanol electrooxidation: Rotating disk electrode study[END_REF]) in Pt-based electrodes. The results obtained could be explained according to two different mechanisms: i) the forward peak is usually due to the electro-oxidation of the organic molecule to some reaction intermediate, while the backward oxidation peak could be attributed to the oxidation of such reaction intermediate still adsorbed on the catalyst surface, as suggested for methanol in ref. [START_REF] Manoharan | Methanol oxidation in acid on ordered NiTi[END_REF].

ii) the backward oxidation peak could be just attributed to the adsorption of new molecules of the organic feedstock [START_REF] Chung | Methanol electro-oxidation on the Pt surface: Revisiting the cyclic voltammetry interpretation[END_REF].

In the case of the present study, the second option seems more likely, considering that the oxidation peak for both, forward and backward scans, takes place at very similar cell potentials. If this is the case, it is worth mentioning that the backward peak is much smaller than the forward peak, which indicates that the catalyst surface might change upon the application of higher potentials, or some of the reaction intermediates produced during the forward scan remained chemisorbed on the catalyst, leading to a partial poisoning of the anodic Pt active sites.

The purity and production of hydrogen at the cathode was verified by mass-spectrometry (MS) measurements of the gas species produced. Fig. 2c shows the whole voltammetry experiment previously described (10 cycles) for the MP model molecule in dynamic mode, i.e., current vs. time, together with the variation of the MS signal for H2 (in arbitrary units). As expected, considering the pure H + conductivity of Nafion membranes, no other gas product was detected at the cathode. In addition, it can be clearly observed that the hydrogen measured followed exactly the same trend than that for the current obtained in the cyclic voltammetry experiment. It points out that this powerful technique allows to correlate in-operando the obtained current with the production of pure hydrogen in this electrolysis technology.

To get more insights into the electrochemical behaviour of the MP electrolysis, chronoamperometry experiments were performed under the same reaction conditions (Fig. 2b). Different potentials were applied in a range from 0 to 1100 mV (forward and backward) for 10 min each with a step change of 100 mV. During the forward experiments, a very similar trend than that observed for the cyclic voltammetry was obtained, with maximum currents at 700-800 mV. The cathodic H2 production was calculated according to the Faraday's law (𝑟𝑟

𝐻𝐻 2 = 𝑗𝑗 𝑝𝑝 𝑛𝑛𝑛𝑛
, where jp is the current density obtained under polarization, n is the number of transferred electrons, 2 in this case, and F is the Faraday's constant). At every applied potential higher than 600 mV, the current suffered a strong decay with time. In addition, during the backward experiments (from 1100 to 0 mV), a similar trend was observed, but the obtained currents were slightly lower in general.

The obtained results suggest an enhanced performance for the electro-oxidation of the MP organic model molecule in a range of potentials were water electrolysis is simply not possible, i.e., ∼ 700-800 mV. The following conclusions could be deduced from these figures: i) the trend observed could be rationalized as in a previous study by Wang et al. with ethanol on Pt electrodes [START_REF] Wang | Ethanol electrooxidation on a carbon-supported Pt catalyst: Reaction kinetics and product yields[END_REF], where they suggested that at high potentials the electro-oxidation of the organic could be hindered by the passivation/oxidation of Pt to PtO, in good agreement with the trend observed when water was fed to the system (Fig. 2a). During the backward scan, the electro-oxidation competes with PtO reduction, first leading to a current decrease, followed by the formation of a second oxidation peak.

ii) together with the likely oxidation of Pt, the system seems to suffer a significant deactivation even in short periods of time, suggesting that the anodic Pt catalyst could be partially poisoned by some reaction intermediates or products produced at the optimum potentials. To support this hypothesis, long-run chrono-amperometric experiments were also carried out with a fresh MEA at different fixed potentials (500, 750 and 1000 mV) for 45 min. As shown in Fig. S2, the currents obtained at 750 and 1000 mV were lower than in the above described experiment, which could be attributed to degradation of the catalyst during the long-run experiment at 500 mV. Nevertheless, these experiments show that the performance of the system decreased with the time at all the studied potentials, with a higher registered current when the PEM cell works at 750 mV, in good agreement with the experiments shown in Fig. 2b. A similar deactivation phenomenon was observed in previous studies for ethanol electrolysis on Pt-based electrodes [START_REF] Caravaca | From biomass to pure hydrogen: Electrochemical reforming of bio-ethanol in a PEM electrolyser[END_REF][START_REF] Caravaca | Electrochemical reforming of ethanol-water solutions for pure H<inf>2</inf>production in a PEM electrolysis cell[END_REF]. In those studies, the catalyst was further regenerated by a cyclic strategy, by applying steady polarizations between 0 and 1 V forward and backwards until the activity was recovered. We demonstrated that the application of such potentials led to the further electro-oxidation of the poisonous species.

Therefore, a similar cyclic strategy will be proposed in future studies aiming for the regeneration of the Pt catalyst used in this study.

Aiming for a study of the overall kinetics for the electro-oxidation of the MP model molecule, the influence of the MP concentration in the starting solution was studied. Fig. 3a shows a series of cyclic voltammetry experiments (Vcell = 0 -1100 mV, scanning rate of 10 mV s -1 ) at a constant temperature of 80 o C for the different MP concentrations. The maximum MP concentration tested was 10 g L -1 due to the limited solubility of MP in water. Even if a similar trend was observed for all the experiments, the electrochemical performance towards MP electro-oxidation clearly increased with its concentration in the initial solution. After each voltammetry experiment, a chrono-amperometry test was performed at each concentration upon the application of 750 mV for 30 min (Fig. 3b), where a growing current (and therefore H2 production) was also obtained as the MP concentration increased.

Since the PEM device works in recirculation mode, it can be considered as a batch system, where the overall rate law can be simplified as [START_REF] Caravaca | H2 production by the photocatalytic reforming of cellulose and raw biomass using Ni, Pd, Pt and Au on titania[END_REF]:

𝑟𝑟 𝐻𝐻 2 = 𝑘𝑘𝐶𝐶 𝐻𝐻 2 𝑂𝑂 𝑎𝑎 𝐶𝐶 𝑏𝑏 𝑛𝑛 = 𝑘𝑘 𝑜𝑜𝑏𝑏𝑜𝑜 𝐶𝐶 𝑏𝑏 𝑛𝑛 (1)
Where k is the rate constant, 𝐶𝐶 𝐻𝐻 2 𝑂𝑂 and 𝐶𝐶 𝑏𝑏 are the initial H2O and MP concentrations, and a and n are the reaction orders with respect to H2O and MP, respectively. Assuming an almost constant water concentration due to the water excess in the initial solution, kobs comprises the rate constant, together with the concentration of water. According to Eq. 1, the representation ln(rH2) vs. ln(Cb) leads to a linear fit, and its slope corresponds to the reaction order n. Fig. 3c depicts the average 𝑟𝑟 𝐻𝐻 2 (obtained by integrating the curves shown in Fig. 3b, divided by the duration of the experiment) vs. the initial MP concentration, while the inset in such figure displays the logarithm fit. The reaction order observed was n ≈ 1. These results clearly demonstrate that the system is not governed by diffusional limitations, and that the production of hydrogen is strongly dependent on the concentration of the model molecule. In this sense, and considering the limited solubility of MP in water, an initial concentration of 10 g L -1 was chosen for the rest of the experiments of this study.

In the next series of experiments, the influence of the reaction temperature was studied for the electrolysis of the MP model molecule. Figures 4a andb show, respectively, cyclic voltammetry (Vcell = 0 -1100 mV, scanning rate of 10 mV s -1 ) and chrono-amperometry experiments (0 to 1100 mV, step change of 100 mV, 10 min at each potential) at 50, 70 and 80 o C. Experiments at higher temperatures were not performed in order to avoid the partial evaporation of the anodic solution.

Similar trends were observed in both figures for all the reaction temperatures. However, the activity of the system seems to be almost negligible at 50 o C. As expected, higher temperatures improved the overall performance. It can be attributed to two factors: the enhanced ionic conductivity of the polymer electrolyte membrane and the acceleration of electro-oxidation kinetics. A similar phenomenon was observed in a previous study for lignin electrolysis [START_REF] Caravaca | Towards a sustainable technology for H<inf>2</inf> production: Direct lignin electrolysis in a continuous-flow Polymer Electrolyte Membrane reactor[END_REF] (a complex organic biopolymer), where a temperature of at least 50 o C was required to activate the electro-oxidation of the organic molecule. However, the electrolysis of simple organic alcohols (e.g. methanol, ethanol and glycerol) is known to take place even at room temperature. It seems to indicate that the electrooxidation of complex organic molecules, such as MP, needs to overcome significant kinetic barriers. In this context, the activation energies for the oxidation processes were calculated by the Arrhenius equation (Fig. 4c):

𝑘𝑘 = 𝐴𝐴𝑒𝑒 �- 𝐸𝐸 𝑎𝑎 𝑅𝑅𝑅𝑅 � (2)
Where k is the rate constant, A is a pre-exponential factor, Ea is the activation energy, T is the temperature and R is the gas constant. The Arrhenius plots (ln rH2 vs. 1/T) were obtained by using the hydrogen production (calculated from the current values by the Faraday's law) at the maximum values of the forward and backward electro-oxidation peaks previously discussed (Fig. 4a). Ea values of 42.6 kJ mol -1 (forward scan, Vcell ~ 700 mV) and 55.9 kJ mol -1 (backward scan, Vcell ~ 700 mV) were calculated, respectively. Several factors affect the activation energy calculation, including the applied potential. For instance, values between 10 and 25 kJ mol -1 [START_REF] Jing | Comparative study of methanol adsorption and electrooxidation on carbon-supported platinum in acidic and alkaline electrolytes[END_REF][START_REF] Wakabayashi | Temperature-dependence of methanol oxidation rates at PtRu and Pt electrodes[END_REF] have been reported for methanol electro-oxidation on Pt/C electrodes at 0.5-0.7 V. These results suggest that the electro-oxidation observed during the backward scan needs to overcome a more energetic barrier than the forward electro-oxidation. It could be due to the fact that the electro-oxidation of MP takes places in several consecutive steps, and therefore those peaks could be attributed to different reactions. Nevertheless, as previously explained, it could also be attributed to the partial passivation/oxidation of Pt at high potentials during the forward scan, which would hinder the MP electro-oxidation during the backward scan. In any case, it seems that the electro-oxidation of the model organic molecule is limited at low reaction temperatures, and higher activation energies than those previously reported for methanol on similar anode materials are required.

During the electro-oxidation of alcohols more complex than methanol on Pt-based materials, such as ethanol, the cleavage of the molecule generally leads to its partial oxidation towards aldehyde and carboxylic acids at similar temperatures and upon the application of low electrical potentials (< 1.23 V). That indicates that the activity of the system is limited to the oxidation of the alcohol (-OH) terminal functional groups. However, the MP molecule does not have -OH terminal bonds in its structure (nor the PMMA polymer, see Fig. S1). Therefore, considering that C-C cleavage seems very unlikely under such conditions [START_REF] Wang | Ethanol electrooxidation on a carbon-supported Pt catalyst: Reaction kinetics and product yields[END_REF][START_REF] Monyoncho | Ethanol Electro-oxidation on Palladium Revisited Using Polarization Modulation Infrared Reflection Absorption Spectroscopy (PM-IRRAS) and Density Functional Theory (DFT): Why Is It Difficult To Break the C-C Bond?[END_REF][START_REF] Monyoncho | Computational screening for selective catalysts: Cleaving the CC bond during ethanol electro-oxidation reaction[END_REF], we propose that the electro-oxidation activity observed in Figs. 2345is linked to the electro-oxidative cleavage of the ester C-O bonds, as we will explain later in the manuscript. All in all, these experiments prove that, potentially, the electrolysis of the PMMA plastic polymer is possible in a range of potentials lower than that for pure water electrolysis. Further analysis of the charge transfer kinetics for MP electro-oxidation was performed by varying the scanning rates during cyclic voltammetry experiments. Fig. 5a shows the voltammograms (10 th cycle) at scanning rates between 10 and 50 mV/s, by feeding solutions of MP to the anode (10 g L -1 ) at 80 ºC. The full voltammetry experiments are shown in Fig. S3.

As expected, faster scan rates lead to higher electrical currents during the forward scan (and slightly lower currents during the backward scan) due to a decrease of the diffusion layer size. As previously reported for the electrolysis of other organic molecules (e.g. ethanol [START_REF] Han | Ethanol electro-oxidation: Cyclic voltammetry, electrochemical impedance spectroscopy and galvanostatic oscillation[END_REF] and lignin [START_REF] Movil | Non-precious metal nanoparticle electrocatalysts for electrochemical modification of lignin for low-energy and cost-effective production of hydrogen[END_REF]), the electro-oxidation of MP is most likely an irreversible process. As discussed by Han et al.

[56], the peak potential exhibits a linear dependence upon the logarithm of the square root of the scanning rate if the reaction is irreversible, as is the case in this study (see inset in Fig. 5a).

Therefore, following a similar approach than Movil et al. [START_REF] Movil | Non-precious metal nanoparticle electrocatalysts for electrochemical modification of lignin for low-energy and cost-effective production of hydrogen[END_REF] for totally irreversible one-step/oneelectron reactions (described in detail in ref. [START_REF] Bard | Electrochemical Methods: Fundamentals and Applications[END_REF]), we calculated the standard charge transfer rate constant (k 0 ) for the two main electro-oxidation processes observed during the forward (k 0 1) and the backward (k 0 2) scans by using equation 3:

𝐼𝐼 𝑝𝑝 = 𝑛𝑛𝐴𝐴𝑛𝑛𝑘𝑘 0 𝐶𝐶 𝑏𝑏 𝑒𝑒 �- α𝐹𝐹 𝑅𝑅𝑅𝑅 (𝐸𝐸 𝑝𝑝 -𝐸𝐸 0 ′ )� (3)
Where Ip is the current obtained at the peak, A is the area of the electrode, α is the transfer coefficient, Cb is the reactant concentration, Ep is the peak potential and E 0' is the formal potential (standard electrode potential under specific reaction conditions). Considering a low degree of consumption of MP compared to its high initial concentration (10 g L -1 ), Cb was assumed to be constant. In addition, since no values of E 0' could be found in literature for the MP model molecule, we will keep the same assumption of Movil et al. [START_REF] Movil | Non-precious metal nanoparticle electrocatalysts for electrochemical modification of lignin for low-energy and cost-effective production of hydrogen[END_REF], considering the formal electrode potential for MP is the same than that for carbon (0.21 V vs. SHE). Taking the Ip and Ep data for both oxidation peaks at different scanning rates, a linearization of Eq. 3 can be done in the form of ln(ip)

vs. (Ep-E 0' ). The plots are shown in Fig. 5b, where the intercept of each line is equal to ln(nAFk 0 Cb).

It allows calculating the following k 0 values: k 0 1=4.74x10 -3 cm s -1 and k 0 2=1.58x10 -6 cm s -1 for the forward and backward peaks, respectively. The physical interpretation of these values is associated with the kinetic facility of the redox couple. In other words, high k 0 values indicate that the system will rapidly achieve the equilibrium. Both values of k 0 fall in the intermediate range, considering common k0 values between 1-10 (for fast processes) and 10 -9 (for slow processes) [START_REF] Bard | Electrochemical Methods: Fundamentals and Applications[END_REF]. The standard charge transfer rate constant range of our investigated electrochemical system is typical of irreversible reactions. Hence, the results obtained suggest that the forward peak is related to an electro-oxidation process with simpler and faster transfer of electrons than the backward peak. Two assumptions can be proposed: i) the competition between the reduction of oxidized Pt and the MP electro-oxidation reaction during the backward scan, or ii) the formation of strongly adsorbed species during the forward scan, which would hinder the kinetics of the electro-oxidation process during the backward scan.

Having in mind the irreversible nature of the MP electro-oxidation process, a preliminary global reaction mechanism can be proposed. From previous studies on electrolysis of other small organic molecules (e.g. ethanol [START_REF] Wang | Ethanol electrooxidation on a carbon-supported Pt catalyst: Reaction kinetics and product yields[END_REF][START_REF] Monyoncho | Ethanol Electro-oxidation on Palladium Revisited Using Polarization Modulation Infrared Reflection Absorption Spectroscopy (PM-IRRAS) and Density Functional Theory (DFT): Why Is It Difficult To Break the C-C Bond?[END_REF][START_REF] Monyoncho | Computational screening for selective catalysts: Cleaving the CC bond during ethanol electro-oxidation reaction[END_REF] and glycerol [START_REF] Coutanceau | Selective electrooxidation of glycerol into value-added chemicals: A short overview[END_REF][START_REF] Simões | Electrochemical valorisation of glycerol[END_REF]), we can assume that cleaving C-C bonds is very unlikely at low temperatures and applied potentials < 1.2 V. In addition, it is well-known that acid hydrolysis of esters is simply the reverse of the esterification process, leading to the formation of a carboxylic acid and an alcohol [START_REF] Anantakrishnan | Kinetic studies in ester hydrolysis -Part I. The hydrolysis of halogeno-aliphatic esters[END_REF] 

(R-C=O-O-R' + H2O → R-C=O-OH + R'-OH).
As the MP electrolysis is carried out in a PEM cell with an acid membrane in the absence of any liquid electrolyte, the cleavage of the MP model molecule is purely (or mainly) electrochemical, as opposed to the reference study recently published for plastic electrolysis [START_REF] Hori | Fuel cell and electrolyzer using plastic waste directly as fuel[END_REF], where the plastic could be potentially transformed into smaller molecules in the H3PO4 liquid electrolyte. Hence, we believe that the electro-oxidation of MP is most likely due to the cleavage of the ester group, leading to the production of a carboxylic acid (pivalic acid, PA) and intermediate methoxy-type species (CH3O-), in a similar way than the esters acid hydrolysis previously described. The methoxy intermediate species would be further oxidized into CO2, with the subsequent production of H + and e -, which would further migrate to the cathode to produce hydrogen, as represented by the following equations:

𝐴𝐴𝑛𝑛𝐴𝐴𝐴𝐴𝑒𝑒: (CH 3 ) 3 CCOOCH 3 + 2 H 2 O → (CH 3 ) 3 CCOOH + CO 2 + 6H + + 6e - (4) 
𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝐴𝐴𝐴𝐴𝑒𝑒:

6H + + 6e -→ 3H 2 (5) 
In order to support this overall reaction mechanism, cyclic voltammetry experiences (10 th cycle)

with aqueous solutions of methanol and pivalic acid (in the absence of liquid electrolyte) were performed at 80ºC, using the stoichiometric concentrations corresponding to a total conversion of a MP 10 g L -1 solution, i.e. 0.086 mol L -1 (Fig. 6). Regarding the methanol curve, it is worth noting its similar trend compared to the MP electro-oxidation, with forward and backward peaks appearing at similar potentials, even though the obtained current was higher for methanol. This could be attributed to the higher activation energy (i.e., the higher kinetic barrier) observed for the electrolysis of the MP model molecule, compared to that previously reported for direct methanol electrolysis. On the other hand, no activity was obtained for the electrolysis of pivalic acid under the proposed working conditions. This is expected, considering that the further oxidation of Despite, other issues should be taking into consideration, including the fact that PMMA is not soluble in water and therefore such material should be pretreated or introduced in form of nanodispersions to minimize the very likely diffusional limitations. In any case, further experiments will be performed in future studies coupled with products analysis by liquid chromatography and spectroscopic techniques to corroborate the fundamental aspects of this original system.

Conclusions

This study reports the electrochemical behaviour for the electro-oxidation of MP, an organic model molecule with similar bonds than the PMMA polymer, on Pt-based electrodes. First of all, we clearly demonstrated that the electro-oxidation of this molecule leads to an enhanced performance compared to water electrolysis at low temperatures (50-80ºC) and in a low range of electrical potentials (< 1.2 V). The highest electrochemical performances for MP electro-oxidation were achieved at intermediate reaction potentials (700-800 mV), where the partial oxidation of Pt did not occur. However the system suffered a significant deactivation with time, likely owing to the strong chemisorption of reaction intermediates or products. All in all, this study establishes a starting point towards understanding the electro-catalytic transformation of MP, allowing for the production of H2 (most likely) from the cleavage of the ester groups. These results could be extrapolated to PMMA, in view of the further valorisation of the massive amounts of this kind of plastic waste to produce pure green hydrogen. in distillate water, 30 mL solution, 1.8 mL min -1 . Cathode: distillate water, 30 mL, 1.8 mL min -1 . Temperature = 80ºC. Cathode: distillate water, 30 mL, 1.8 mL min -1 . Temperature = 80ºC. Cyclic voltammetry (scan rate 10 mV s -1 ) from 0 to 1100 mV (only 10 th cycle). Anode: MP 10 g L -1 in distillate water (MP electrolysis), PA 0.086 mol L -1 (PA electrolysis), or methanol 0.086 mol L -1 (MeOH electrolysis), 30 mL solution, 1.8 mL min -1 . Cathode: distillate water, 30 mL, 1.8 mL min -1 . Temperature = 80ºC.

  carboxylic acid at low potentials and reaction temperatures is very unlikely, as previously observed for the electrolysis of ethanol on Pt-based catalyst-electrodes. Therefore, experiments agree with the global mechanism proposed by Eqs. 4 and 5. Considering this initial theory, MP seems to be the right model molecule as a representative of PMMA. Taking into account the unlikely C-C cleavage, the electrochemical depolymerization of PMMA can be disregarded under the studied reaction conditions with the Pt/C catalyst. The above-suggested electrochemical cleavage of the ester functional group, leading to the production of methoxy groups (which would be further electro-oxidized leading to the production of H2), could potentially happen in an important extent with the PMMA with similar energy requirements, without breaking the polymer backbone chain.
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 1 Figure 1. General scheme of the Polymer Electrolyte (PEM) experimental set-
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 2 Figure 2. Comparison between MP and water electrolysis in a PEM cell: a) Cyclic voltammetry (scan rate 10 mV s -1 ) from 0 to 1100 mV (only 10 th cycle), b) Chrono-amperometry from 0 to
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 3 Figure 3. Effect of the concentration (Cb) on the MP electrolysis in a PEM cell: a) Cyclic voltammetry (scan rate 10 mV s -1 ) from 0 to 1100 mV (only 4 th , 6 th , 8 th and 10 th cycles), b)
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 4 Figure 4. Effect of the reaction temperature on MP electrolysis in a PEM cell: a) Cyclic voltammetry (scan rate 10 mV s -1 ) from 0 to 1100 mV (only 10 th cycle), b) Chrono-amperometry
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 5 Figure 5. Effect of the scanning rate on MP electrolysis in a PEM cell: a) Cyclic voltammetry (scan rate 10-50 mV s -1 ) from 0 to 1100 mV (only the 10 th cycle). Inset figure: Ep vs. Ln (ν 1/2 )
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 6 Figure 6. Comparison of electrolysis in a PEM cell of MP, methanol and pivalic acid (PA).
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