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Abstract
Electrochemical CO₂ reduction (ERCO₂) to methane represents a sustainable strategy for biogas upgrading by directly converting CO₂ into a value‑added fuel. This work assesses a multi‑stage development strategy aimed at advancing a pilot‑scale electrolyzer system. The research emphasizes catalyst development, specifically metal–organic frameworks (MOFs) and heteroatom‑doped graphene quantum dots (GQDs), together with the optimization of gas diffusion electrodes (GDEs). Experimental results reveal that GDE formulation plays a decisive role in performance; in particular, the use of the Sustainion ionomer markedly improves methane Faradaic efficiency (FE) compared to the Nafion ionomer. During catalyst screening in a 5 cm² membrane electrode assembly (MEA) flow cell, Cu‑MOF‑MET and Cu‑ZIF‑8 (1:1) exhibited the highest methane FEs of 44.3% and 27.8%, respectively, while sulfur‑doped GQDs achieved an FE of 14%. Building on these outcomes, a 100 cm² electrolyzer featuring a serpentine flow‑field distributor is designed for integration into a pilot‑scale biogas upgrading facility. Overall, this study underscores the potential of ERCO₂ as an efficient pathway for biogas upgrading and renewable energy storage, while establishing a solid technical foundation for subsequent industrial‑scale validation efforts.
Introduction
The increase in atmospheric CO₂ emissions resulting from the combustion of fossil fuels leads to global impacts such as climate change and global warming. For this reason, it is necessary to seek alternative energy sources that mitigate the rise in atmospheric CO₂ concentrations while being renewable. One such alternative is biogas, which is produced through via anaerobic digestion of organic matter or waste. In this context, biogas plays an important role in the defossilization of the energy sector by reducing the carbon footprint, as it is a source of energy with net-zero CO₂ emissions (Zhang et al. 2020). Moreover, because it is derived from the valorization of waste, it also contributes to energy security by enabling local, sustainable energy production.
Biogas is generated via anaerobic digestion, a biologically mediated process in which microorganisms degrade organic matter under oxygen‑free conditions. It consists primarily of methane (50–70%) and carbon dioxide (30–50%), with their relative proportions depending on substrate properties and operating parameters such as pH. Biogas also contains minor components, including water vapor, nitrogen, oxygen, hydrogen sulfide, and other trace impurities (Angelidaki et al. 2018), which affect both its energy quality and downstream processing requirements. While methane is the principal energy carrier, the presence of CO₂ reduces the calorific value and combustion efficiency, and contaminants such as H₂S and moisture cause corrosion and equipment degradation. Consequently, upgrading biogas to biomethane with methane concentrations typically above 90–97% is essential for its efficient use in high‑value applications such as grid injection, transportation fuels, and chemical feedstocks.
Biogas upgrading relies mainly on physicochemical separation processes designed to remove CO₂ and other impurities while preserving methane. The most established approaches include absorption, adsorption, membrane separation, cryogenic processes, and emerging biological routes. Water scrubbing is the most mature and widely applied absorption technology, achieving high methane purities by exploiting the greater solubility of CO₂ and H₂S in water. However, it requires significant water and compression energy. Organic scrubbing and amine-based chemical absorption offer higher CO₂ selectivity and biomethane purity with lower methane losses, but at the cost of increased operational complexity, energy demand, and operating expenses. Adsorption technologies such as pressure swing adsorption (PSA) use solid sorbents and benefit from dry and modular operation, though they often experience higher methane slip and complex process control. Membrane separation has gained popularity due to its compactness, scalability, and relatively low energy consumption, achieving high biomethane purities in multistage configurations despite inherent methane losses. Cryogenic upgrading enables the production of very high-purity biomethane and liquefied CO₂ by exploiting differences in condensation temperatures, but its high capital cost and energy demand limit large-scale deployment. In parallel, biological upgrading technologies, based on hydrogenotrophic methanation either in situ or ex situ, are emerging as promising low‑carbon alternatives with the potential to reduce energy consumption, minimize methane losses, and support power‑to‑gas integration (Kapoor et al. 2019). However, they remain largely at pilot and demonstration scale.
Recently, electrochemical biogas upgrading has emerged as a promising alternative to conventional routes, enabling the direct conversion of CO₂ in raw biogas into methane without prior separation. This approach reduces upgrading costs, valorizes CO₂ instead of discarding it, and enhances carbon utilization. When powered by renewable electricity, it also provides a pathway for storing renewable energy as chemical energy in methane (Biswas et al. 2025).
Electrochemical CO₂ reduction to methane traditionally relies on metallic catalysts, with copper‑based materials standing out for promoting the full eight‑electron reduction pathway toward CH₄. Beyond these traditional systems, novel catalyst materials are emerging to overcome selectivity and stability limitations. Metal–organic frameworks (MOFs) offer atomically precise and tunable metal coordination environments, enabling control over *CO adsorption strength and hydrogenation barriers; Cu‑based MOFs, in particular, have demonstrated high CH₄ selectivity by confining reaction intermediates and modulating electronic structure through ligand–metal interactions. Similarly, graphene quantum dots (GQDs), especially when heteroatom‑doped, provide high edge densities and localized electronic states that promote CO₂ activation and stabilize hydrogenated intermediates under relatively low overpotentials (Gao et al. 2025).
These catalysts are then employed in an electrochemical reactor. In this context, Membrane electrode assembly (MEA), or zero‑gap, reactor configurations are among the most advanced configurations for electrochemical CO₂‑to‑CH₄ conversion, as they place the catalytic layers directly against an ion‑exchange membrane, minimizing ohmic losses and eliminating liquid catholytes. CO₂ is supplied through a gas diffusion electrode, enabling high reactant availability and current densities above 100–300 mA cm⁻², while methane production benefits from limited product crossover due to its gaseous nature. The reviewed studies report stable operation of AEM‑based MEA reactors with Cu‑based catalysts, achieving methane selectivities of ~55–70% over extended operation times (up to ~100 h) (Biswas et al. 2025). However, carbonate precipitation and membrane degradation under alkaline conditions remain key challenges, as they hinder CO₂ transport and promote hydrogen evolution. Despite these limitations, the compact design, low resistance, and scalability of MEA systems make them one of the most promising reactor platforms for industrial CO₂‑to‑CH₄ electrolysis.
Within this context, the present work, carried out under the ELECTROMET project, aims to assess the development of a CO₂ electrolyzer for the electrochemical upgrading of biogas from a pilot‑scale plant through a multi‑stage approach. The first stage focuses on catalyst development, primarily targeting the synthesis of MOFs and non-metallic catalysts based on doped graphene quantum dots (GQDs), as well as the design of GDEs to maximize methane production. In the second stage, an MEA electrolyzer is designed for CO₂‑to‑CH₄ conversion and operated using real biogas streams to evaluate its performance in direct biogas upgrading. Finally, a 100 cm² electrolyzer will be integrated into a pilot‑scale biogas plant to validate the technology under real operating conditions and assess its technological readiness in an industrially relevant environment.

Methodology
2.1 Catalyst Synthesis

Non-metallic catalysts were synthesized via a hydrothermal approach to produce four types of doped graphene quantum dots (GQDs): nitrogen-doped (GQDs-N), sulfur-doped (GQDs-S), boron-doped (GQDs-B), and nitrogen/sulfur co-doped (GQDs-N,S). Citric acid was employed as the carbon precursor in all cases, while ethylenediamine, sodium thiosulfate, and boric acid were used as nitrogen (N), sulfur (S), and boron (B) sources, respectively. The molar ratio between citric acid and the dopant precursor was fixed at 1.6, corresponding to 0.10 M citric acid and 0.17 M dopant concentration (for all dopants, respectively). 
All syntheses were carried out in an aqueous medium using a hydrothermal reactor (Parr Series 4560 Mini Bench, Parr Instrument) with a total working volume of 200 mL, equipped with temperature control and constant mechanical stirring. The reaction system was maintained at 180 °C for 4 h under autogenous pressure. Following synthesis, the non-metallic catalysts were purified by dialysis using a membrane with a molecular weight cutoff (MWCO) of 1 kDa. The purification process was conducted over 24 h under continuous magnetic stirring to facilitate the removal of unreacted precursors, residual salts, and low-molecular-weight by-products generated during the hydrothermal treatment. The dialysis medium was periodically refreshed to sustain an effective concentration gradient and enhance purification efficiency. After purification, the GQD suspensions were collected and stored in the dark at 4 °C to prevent photodegradation and preserve their physicochemical properties.

The material employed for the preparation of the MOF-based materials was Zirconium (IV) chloride (ZrCl4, >99.5 %), copper nitrate trihydrate (Cu(NO3)2·3H2O, 99 %), copper acetate (Cu(CH3COO)2·H2O, 98 %), zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 99 %), terephthalic acid (H2-BDC, 98 %), 2-methylimidazole (Hmim, 99 %), triethylamine (TEA, 99.5 %), methanol (99.9 %), N,N-dimethylformamide (DMF, 99.8 %), hydrochloric acid (HCl, 37 %), acetone (> 99.8 %), and ultrapure water (18.2 MΩ cm-1 at 25 °C) were used as received. UiO-66 (UiO-66-V3) and MOF-5 were synthesized via solvothermal methods based on previously reported procedures (Zhu et al. 2020, Katz et al. 2013) with slight modifications. For UiO-66, ZrCl4 (10.7 mmol) was dissolved in DMF (150 mL) with HCl (20 mL), then H2-BDC (14.8 mmol) was added, dissolved in DMF (150 mL). The mixture was heated at 80 °C for 15 h. For MOF-5, Zn(NO3)2·6H2O (13.4 mmol) and H2-BDC (12.2 mmol) were dissolved in DMF (250 mL) and heated at 100 °C overnight. ZIF-8-based materials were synthesized at room temperature by dissolving Hmim (80 mmol) in methanol (30 mL) and adding it dropwise to a methanolic solution (30 mL) containing Zn(NO3)2·6H2O and Cu(NO3)2·3H2O (total metal content: 10 mmol). Cu:Zn molar ratios of 1:2, 1:1, and 2:1 were investigated. The mixture was stirred overnight. Copper was introduced either during synthesis (direct synthesis) or via post-synthetic modification. Post-synthetic metalation (MET) was performed by dissolving Cu(NO3)2·3H2O in DMF, followed by the dropwise addition of TEA under stirring (Makhmutov et al. 2025). The parent MOF (UiO-66 or MOF-5, ~1 g) was added, and the mixture was stirred at room temperature overnight. Ion exchange (IE) was carried out for UiO-66 by suspending the MOF (~1 g) in an aqueous Cu(CH3COO)2 solution (0.01 M, 600 mL) under stirring for 24 h, maintaining the pH at 5-6. All materials were recovered by centrifugation (3000-5000 rpm, 5-10 min), washed three times with the synthesis solvent (DMF or methanol), and subjected to solvent exchange with acetone. The final solids were dried at 75 °C in a convection oven.
2.2 GDE fabrication
The electrodes used for catalyst screening are fabricated by automated spray coating. In this process, a catalytic ink is prepared consisting of the selected catalytic material and an ionomer acting as a binder. Two ionomers of different nature are employed: Nafion (D‑521, Ion Power) as a cation‑conducting ionomer and Sustainion (Dioxide Materials) as an anion‑conducting ionomer. The catalyst and ionomer are suspended in an organic solvent, such as isopropanol, which evaporates upon deposition of the ink onto a carbonaceous support (Sigracet 39BB) placed on a heated substrate maintained at 70 °C. The catalyst loading of the GDEs is 1.5 mg cm-2 for MOFs, and 3 mg cm-2 for GQDs.
2.3 Catalyst testing
The screening of catalytic materials is carried out using a flow cell in a membrane electrode assembly (MEA) configuration with an active area of 5 cm². The GDE is placed in intimate contact with an anion exchange membrane (Sustainion, Dioxide Materials). The cathodic compartment is fed with a stream of pure CO₂ at 50 mL min⁻¹, while the anodic compartment is supplied with a 1 M KOH solution at a flow rate of 0.57 mL min⁻¹ cm-2, using a titanium anode. Electrochemical experiments are conducted at current densities of 50 and 100 mA cm⁻² for a duration of 45 minutes. Gaseous products generated at the cathode, mainly CH₄ and H₂, are continuously analyzed using a micro gas chromatograph (Agilent), while liquid samples from the anolyte are periodically collected to quantify products such as formate or alcohols.
Results
1.1 Catalyst physicochemical characterization
The physicochemical characterization confirmed the successful synthesis of all doped GQDs, exhibiting uniform, nanoscale size distributions, excellent colloidal stability, and no evidence of aggregation. Dynamic light scattering (DLS) and atomic force microscopy (AFM) analyses revealed particle sizes ranging from ~1–6 nm (hydrodynamic diameter) and 2.5–12 nm, respectively, with low polydispersity values indicating a high degree of homogeneity. X-ray photoelectron spectroscopy (XPS) further verified the effective incorporation of heteroatoms (N, B, S), with dopant concentrations consistent with those reported in the literature. Overall, these results demonstrate the successful synthesis of well-defined, stable, and uniformly doped GQDs. 
In the case of the Cu-MOFs, the characterization confirmed the successful synthesis of both UiO-66 and MOF5, as well as their subsequent functionalization with Cu. Fourier-transform infrared spectroscopy (FTIR) verified the correct formation of the MOF frameworks and provided of Cu incorporation through ion exchange and metalation processes, involving distinct coordination environments.  Thermogravimetric analysis (TGA) demonstrated the high thermal stability of the materials and further supported Cu incorporation, as reflected by reduced water uptake and increased residual mass after decomposition. Finally, scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM–EDS) revealed a homogeneous Cu throughout the materials while preserving the original crystal morphology, confirming the effectiveness and robustness of the synthesis and modification procedures.
1.2 GDE formulation
In this first part of the results, the work carried out on the electrode design for the electrochemical conversion of CO₂ to methane is presented. In particular, the study focuses on the type of ionomer used as a binder in the GDE and its influence on maximizing methane production. To this end, a reference catalyst (Cu‑UiO66) is employed to fabricate electrodes with an identical catalytic loading of 1.5 mg cm⁻², using either Nafion or Sustainion as the ionomer. In both cases, the ionomer constitutes 10 wt% of the total catalyst–ionomer mixture (90:10 catalyst‑to‑ionomer mass ratio). As shown in Figure 1, changing the ionomer modifies the dominant charge transport mechanism within the GDE, which has a pronounced effect on the performance of the electrochemical CO₂ reduction reaction.
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Figure 1: CO2 electroreduction to CH4 in terms of FEs for GDEs with a) Nafion, and b) Sustainion as ionomer.

As shown in Figure 1, when Sustainion is used as the ionomer, significantly higher CH₄ production is obtained, reaching FE values between 15 and 25%, compared to the 5–10% achieved when Nafion is employed as the ionomer. In this case, enhanced anion transport improves the selectivity toward methane while simultaneously suppressing or disfavoring the hydrogen evolution reaction (HER), which is the main competing reaction in this system. Therefore, Sustainion was selected as the ionomer for the fabrication of GDEs for the electroreduction of CO₂ to methane.  Regarding the catalyst–ionomer ratio, a high catalyst loading was chosen, for example, 90 wt% catalyst and 10 wt% ionomer, since an excessive ionomer content could enhance ionic transport pathways but also alter the catalyst-gas interface. While improved anion transport may influence reaction kinetics, it can also lead to a shift in reaction selectivity, favoring alternative products such as CO rather than methane.

1.3 Catalyst screening
In the material screening stage, different catalyst structures were evaluated. Initially, the study will focus on GQDs doped with various heteroatoms, including sulfur, nitrogen, a combination of both, and boron. The preliminary performance of these materials is evaluated in terms of FE. As shown in Figure 2, the catalytic performance of these materials is currently limited. Among the investigated catalysts, only the sulfur-doped GQD exhibits a noticeable activity, reaching FEs toward methane of up to 14% at a current density of 50 mA cm⁻². The enhanced CH4 production observed for the sulfur-doped GQDs is attributed to sulfur-induced electronic effects that improve CO2 adsorption and stabilize key reaction intermediates. Sulfur incorporation modifies the electronic structure of graphene, promoting a more favorable charge distribution and enhancing selectivity toward CH₄ formation. Therefore, to integrate this type of catalytic structure into a 100 cm² electrolyzer, it is necessary to further improve methane productivity. To this end, several strategies can be considered, such as increasing the dopant concentration within the material or implementing co-doping approaches, for instance by combining sulfur with other heteroatoms. Subsequently, MOF-based catalysts were evaluated (Figure 3). In this study, six different materials with distinct structural variations were synthesized, namely Cux‑MOF5‑MET, Cux‑UiO66‑MET, Cux‑UiO66‑IE, Cu‑ZIF8‑(1:2 Cu/Zn), Cu‑ZIF8‑(1:1 Cu/Zn), and Cu‑ZIF8‑(2:1 Cu/Zn). Their electrochemical performance was assessed in terms of FE toward methane. As shown in Figure 3, the catalysts exhibiting the best performance at a current density of 50 mA cm⁻² are Cux‑MOF5‑MET and Cu‑ZIF8-(1:1 Cu/Zn), which achieve FEs toward methane of 44.3% and 27.8%, respectively. As discussed above, the MOF in which Cu is incorporated via metalation exhibits enhanced CH₄ production, likely due to the formation of well-dispersed Cu active sites without significant clustering. In contrast, Cu incorporation through ion exchange may induce structural modifications and favor reaction pathways leading to C₂ products. Among the studied materials, MOF-5 displays the highest specific surface area and porosity, as well as the greatest Cu loading in both weight and molar terms, resulting in a higher Cu/Zn ratio than the Cu/Zr ratio achieved in UiO-66. Furthermore, the presence of Zn may facilitate CO₂ conversion through pathways that preferentially generate CO, which can subsequently be hydrogenated to CH₄ on neighboring Cu sites. This synergistic effect is consistent with the higher CH₄ selectivity observed for Zn-based MOFs (MOF-5 and ZIF-8) compared with the Zr-based UiO-66. These results indicate that MOF‑based materials display a pronounced selectivity toward methane formation. In contrast, the remaining catalysts show greater contributions from the HER and other unquantified products, such as alcohols, leading to lower methane selectivity.
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Figure 2: CO2 electroreduction to CH4 in terms of FEs for the different GQDS catalysts at a) 50 mA cm-2, and b) 100 mA cm-2.
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Figure 3: CO2 electroreduction to CH4 in terms of FEs for the different MOFs-based catalysts at a) 50 mA cm-2, and b) 100 mA cm-2.

Conclusions and Future Outlook
Biogas represents a key renewable energy vector that can significantly contribute to decarbonization and local energy security, although its effective utilization requires efficient upgrading technologies. Conventional upgrading methods are mature but often energy‑intensive and associated with methane losses, motivating the exploration of alternative routes. Electrochemical CO₂‑to‑CH₄ conversion emerges as a promising solution by directly valorizing CO₂ within biogas while enabling renewable electricity storage. The results presented demonstrate that catalyst design, particularly MOF‑based materials and optimized GDE formulations, plays a critical role in enhancing methane selectivity. Moreover, MEA reactor configurations show strong potential for scalable implementation despite remaining challenges related to stability and carbonate management. In summary, the project ELECTROMET advances from catalyst screening to the design and lab-scale validation of a 100 cm² electrolyzer optimized for efficient CO₂ distribution and conversion. Key challenges include managing contaminants, optimizing gas flow, and ensuring methane purity. Future work will focus on integrating the system into a pilot plant with appropriate pre-treatment stages. Additionally, a digital twin will support performance prediction under variable biogas compositions.
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