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ARTICLE INFO ABSTRACT

Keywords: The electrochemical conversion of carbon dioxide to methane is emerging as promising strategy for both miti-
EleCtrOCh?mlcal CO, reduction reaction gating CO, emissions and enabling renewable energy storage in a chemically stable, energy-dense form. Among
Methanation the possible products of CO, electroreduction, methane stands out due to its high volumetric energy density,
Biogas o1 .1 . . . . . . . .

. . compatibility with existing natural gas infrastructure, and potential for direct integration into current energy
Technoeconomic analysis . . . . X ? .
Electrocatalyst systems. This review provides a comprehensive overview of the recent advancements in the electrochemical CO2-
Reactor to-CHy4 conversion, with particular focus on catalyst development, cell configurations, and system-level perfor-

mance under industrially relevant conditions. Key challenges such as low selectivity, limited current densities
and long-term operational stability are critically discussed. In addition, the review also explores the techno-
economic aspects of electrochemical methanation, highlighting pathways toward scalable and sustainable
deployment. Special emphasis is then placed on the potential application of this technology for biogas upgrading,
which offers a unique advantage by utilizing an already COo-rich feedstock without the need for additional
separation steps. Finally, we outline future directions for research aimed at making electrochemical biogas

upgrading a viable component of circular carbon and renewable energy strategies.

1. Introduction

Global warming is one of the most pressing challenges of our time,
with profound implications for the environment, economy and society
[1]. This phenomenon is mainly caused by increasing greenhouse gas
(GHG) concentrations in the atmosphere, resulting from human activ-
ities such as fossil fuel burning, deforestation and industrialization. In
fact, despite the greenhouse effect is natural and necessary to maintain
temperatures compatible with life, excessive GHG emission in the last 50
years has intensified this process, leading to rising global temperatures.
Consequences include melting glaciers, rising sea levels, extreme
weather events, and alterations in ecosystems [2]. Carbon dioxide (CO3)
is the main GHG because it is the most abundant and has a long resi-
dence time in the atmosphere. In fact, although other gases have a
greater impact in the short term, COs is the main contributor to
long-term global warming [3].

To address the increase in CO, emissions, Carbon Capture, Utiliza-
tion and Storage (CCUS) technology has emerged. CCUS encompasses a
range of processes to capture CO, emitted from air, industrial and power

sources, use it in various ways, or store it in deep geological formations
to prevent its release into the atmosphere [4]. CCUS is considered a
crucial technology for achieving global climate goals, as it can reduce
emissions in sectors that are difficult to decarbonize and remove CO-
already in the atmosphere. However, its large-scale implementation still
faces challenges related to high costs, the need for adequate infra-
structure, and public acceptance. In this framework, the demand for
alternative renewable and sustainable fuels alternative to fossil-based
ones is continuously increasing [5].

In this framework, the electrochemical CO5 reduction reaction
(eCO2RR) is gaining considerable attention due to its ability to convert
CO, into energy-rich molecules using electricity, ideally derived from
intermittent renewable sources such as wind and solar power [6]. This
dual function of eCO2RR, enabling both carbon mitigation and renew-
able energy storage, positions it as a promising route to address the twin
challenges of decarbonization and energy transition. Compared to con-
ventional CO;, conversion methods, such as thermochemical, catalytic
hydrogenation, or biological pathways, the electrochemical approach
offers several distinct advantages [7]. Thermochemical processes, while
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mature and capable of high throughput, often require high temperatures
and pressures, leading to significant energy input and, in many cases,
dependence on hydrogen derived from fossil fuels [8]. Biological routes,
including microbial electrosynthesis or enzymatic conversion, tend to
operate under milder conditions but suffer from slower reaction rates,
complex process control, and scalability limitations [9]. In contrast,
eCO2RR proceeds under ambient or near-ambient conditions, exhibiting
high reproducibility and precise controllability, while also permitting
the use of green chemical reagents and sustainable supporting electro-
lytes [10]. Furthermore, its modularity and scalability make it
well-suited for decentralized applications, directly coupling with
renewable electricity sources for on-demand chemicals synthesis [11].

Among the various products obtainable from the electrochemical
reduction of CO,, methane (CHy4) stands out as a particularly promising
target due to its high volumetric energy density, ease of liquefaction,
and full compatibility with existing natural gas infrastructure for stor-
age, distribution, and utilization [12]. These features make CHy a stra-
tegic energy carrier, especially in regions with established gas networks
or policies oriented toward the replacement of fossil-derived natural gas
with renewable synthetic alternatives [13]. The electrochemical con-
version of CO, to CH4 thus emerges as a compelling approach for storing
intermittent renewable energy in a stable chemical form, while simul-
taneously contributing to carbon recycling and the decarbonization of
the energy sector. Advancing this technology requires a multidisci-
plinary effort focused on several key factors, including the design and
development of electrocatalysts, optimized reactor configurations, and
finely tuned operating conditions capable of ensuring efficiency, scal-
ability, and long-term stability [14,15]. This development can also
benefit from some technoeconomic analysis (TEA) feasibility work [16].

In this framework, given the growing interest in this technology and
considering the many points yet to be resolved, there is room for a re-
view that systematically investigates all aspects involved in the elec-
trochemical conversion of CO, to CHy4. For this reason, the next sections
will provide an introduction of eCO;RR (section 2), a bibliometric
analysis on scientific literature for CO,-to-CH4 conversion (section 3),
details on reactors (section 4), catalysts (section 5) and operative con-
ditions (section 6) used for this process, scaling up (section 7), and
technoeconomic analysis (section 8). Finally, critically analyzing what
presented in the review, in section 9 we look at an application scenario
in which electrochemical conversion of CO, to CH4 could be particularly
successful, namely the biogas upgrading. We thus demonstrate that the
future of electrochemical CO, methanation depends on the co-
optimization of catalyst stability, reactor architecture, and operating
parameters, as well as on the integration with biogas feeding strategies
and with renewable energy sources capable of reducing the cost of
electricity.

2. Electrochemical CO5 reduction reaction

The electrochemical CO, reduction reaction is carried out in an
electrolyzer cell, typically composed by the cathode (where eCO2RR
occurs), the anode (where a counter-reaction such as oxygen evolution
takes place), and an ion exchange membrane separating the two com-
partments (that allows passage of ions to close the circuit). Under the
application of an electrical current, electrons are transferred to CO5
molecules at the cathode; this transfer is balanced by ion passage
through the ion exchange membrane.

A great variety of reactions can be obtained with this process, each
leading to the formation of specific products with varying reduction
potentials. In addition to methane, the main end products that can be
obtained are carbon monoxide (CO), formate (HCOO™), ethylene
(CgHy), and ethanol (C2Hs0H), which are selected depending on choice
of catalyst and reaction conditions. Indeed, the selectivity (i.e. the
capability of convert CO2 to a single product) and efficiency of this
process are enhanced by the choice of catalyst employed on the cathode.
As an example, metals such as silver (Ag) and gold (Au) are mostly
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selective for CO production, while copper (Cu) is unique in its ability to
catalyze the formation of more complex hydrocarbons. The product
selectivity is mainly determined by the binding strength between cata-
lyst and adsorbed reaction intermediates such as *H, *COOH, *OCOH,
and *CO. This affinity can be predicted using the Sabatier principle,
graphically described in a volcano plot, which defines the optimum
interaction strength between catalyst and reactant.

The formation of different products involves varying numbers of
electron and proton transfers, which directly influences the over-
potentials required to drive the reactions. In fact, the production of
carbon monoxide (CO) and formate (HCOO™) can be obtained with a
relatively simple two-electron transfer, while the generation of hydro-
carbons can require six to twelve electrons and associated proton
transfers, leading to more complex reaction pathways with multiple
intermediate steps which usually each involve one or two electrons.
These multielectron processes typically demand significantly higher
overpotentials to overcome kinetic barriers and stabilize intermediates,
and also complicate the determination of product selectivity.

Many different figures of merit are used to define the performance of
electrolyzers for eCO2RR, such as Faradaic efficiency/selectivity, cur-
rent density, cell overpotential, energetic efficiency, and stability. The
Faradaic efficiency determines the amount of current used to convert to
a specific product, effectively describing the selectivity of a reaction. It is
generally defined as:

_znF

FE
Q

where z is the number of required electrons for the reaction, n represents
the number of moles of the given product, F is Faraday’s constant, and Q
is the total charge exchanged during the process.

The current density is defined as the overall current divided by the
active electrode area. It is a measure of the electrochemical reaction rate
per area of electrode and is a key parameter for the scale up of this
technology, as high current densities are needed for industrial viability.
From this figure of merit, it is possible to define the partial current
density, which simply refers to the current associated to the formation of
a specific product, providing insight into catalytic activity and selec-
tivity. It is obtained by multiplying the total current density by the
Faradaic efficiency of the target product.

The cell overpotential, defined as:

11:E—E0

represents the difference between the potential applied to the cell (E)
and the equilibrium potential of the half reaction (EO). It is also used to
determine the energy efficiency (EE), which measures the amount of
energy applied to the system that is actually stored and employed for the
reaction toward a specific product. The energy efficiency of the system
can be defined as:

EE:—ji—FE
E0 47

Finally, the stability quantifies the amount of time over which the
system can operate maintaining target performance.

While all these parameters are crucial for the development of an
efficient system, the optimization of each one simultaneously remains a
major challenge. In practice, efforts to improve one figure of merit often
come at the expense of another, highlighting trade-offs and difficulties
that must be addressed to make CO, electroreduction viable at industrial
level. This aspect will be analyzed in details in Section 7.1. In particular,
one of the main challenges in the electrochemical reduction of CO2 is the
competition with the hydrogen evolution reaction (HER) in aqueous
electrolytes, as both processes can occur simultaneously at the cathode
and are regulated by similar reaction potentials. In fact, the onset of HER
can significantly reduce the efficiency of COoRR by employing electrons
that could otherwise reduce CO5. Consequently, catalysts and reaction
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conditions should be carefully designed and optimized as to minimize
HER and maximize eCO2RR, thus improving the selectivity and reaction
rate.

3. Bibliometric analysis

A brief bibliometric analysis was conducted in order to gain insights
into the research trend and development of eCO2RR towards methane in
the time period between 2008 and 2024, to isolate and quantify the
main aspects involved in the development of electrochemical technol-
ogies for methane production. The analysis was based on data retrieved
from the Web of Science (WoS) database using a carefully constructed
search query designed to capture relevant studies, which is reported
below:

TS = “CO2 electroreduction”, OR TS = “Electroreduction of carbon
dioxide”, OR TS = “CO2 electrochemical reduction”, OR TS = “Elec-
trochemical reduction of carbon dioxide”, OR TS = “Electrocatalytic
reduction of CO2”, OR TS = “Electrocatalytic reduction of carbon di-
oxide”, OR TS = “CO2RR”, OR TS = “eCO2RR" AND (TS = "towards
CH4" OR TS = "to CH4" OR TS = "toward* methane" OR TS = "to
methane")

An initial screening was performed by excluding topic areas that are
not involved in the subject (such as Mineralogy, Biochemistry, Acoustics,
Mining Mineral Processing, Microbiology). A second exclusion criterion
was used to eliminate duplicated papers, conference papers, or book
chapters and papers not published in English. Due to the large amount of
papers containing overlapping terminology, additional keyword filters
were added to the search query (“NOT thermocataly* AND NOT pho-
tocataly* AND NOT microbial AND NOT methanation™) in order to
minimize retrieval of papers that discussed catalytic conversion in non-
electrochemical contexts. In cases where publications mentioned elec-
trocatalysis only tangentially or in unrelated frameworks, these were
further excluded through manual screening of titles, abstracts, and
keywords. Moreover, some additional sources were manually incorpo-
rated, employing a snowball method by looking into relevant publica-
tions on the reference lists of two review papers [17,18]. The final search
yielded a total of 1714 documents. The refined dataset was then im-
ported into VOSviewer [19] and Biblioshiny (a web interface for the
bibliometrix package in R) [20] for in-depth analysis and data
visualization.

The overall metadata and bibliometric indicators derived from the
dataset are summarized in Fig. 1a. The results indicate a significant and
growing interest in the eCO2RR-to-methane research area. From 2008 to
2024, the field experienced a growth rate of 31.83 %, reflecting an
increasing number of publications and active contributors, with 7345
unique authors identified.

Notably, the number of published papers along with the total citation

Sources

244

Documents

1714

Timespan

2008:2024

Authors of single-authoi International Co-Authors!

9 27.25 %

Author's Keywords (DE)

2690

Document Average Age

4.03

Annual Growth Rate

31.83 %

Co-Authors per Doc

Average citations per doc
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count (as illustrated in Fig. 1b) demonstrates an almost exponential rise
beginning in 2013. This suggests that eCO2RR towards CHjy is gaining
interest considerably and evolving into a prominent subfield within the
broader carbon dioxide utilization and renewable energy research
domains.

Based on bibliometric data, publications related to the electro-
chemical reduction of CO, to methane are distributed across a variety of
subject categories. Most papers are concentrated in areas such as
Chemistry, Chemistry Multidisciplinary, and Materials Science Multidisci-
plinary, reflecting the focus on development of catalyst and process
analysis. In addition to these primary categories, other significant areas
of research include Nanoscience Technology and Engineering Chemical,
highlighting how the field is moving toward more advanced materials
(e.g. nanocatalysts) and optimization of process and experimental de-
signs to make this process more efficient and practical.

Overall, the analysis suggests that this area is highly interdisci-
plinary, proving that the challenge of converting CO, into methane re-
quires a broad, collaborative approach spanning across different areas of
both fundamental and practical science. This observation is confirmed
by a brief overview of the journals where the selected publications
appeared, offering insight into the main disciplinary focuses of the field.
A significant portion of the literature is published in journals dedicated
to catalysis and electrocatalysis, highlighting the fundamental role of
catalyst design and engineering. Many contributions also appear in
outlets focused on emerging materials and molecular systems for energy
and environmental applications, underlining the relevance of advanced
functional materials. The presence of journals centered on electro-
chemistry and applied chemical engineering further confirms the highly
interdisciplinary nature of this research area, which sits at the inter-
section of fundamental science and technological innovation.

To further understand the thematic focus and research priorities
within the field, an analysis of abstract and title keywords was con-
ducted, using VOSviewer for visualization of the results. Keywords offer
valuable insight into the core topics, materials, and methodologies that
define a research domain. In the resulting network map, reported in
Fig. 2, dense clusters indicate strong thematic connections between
terms, while larger and thicker nodes represent keywords found with
higher frequency in the literature.

For this specific topic, the keyword analysis revealed six distinct
clusters, each representing a thematic focus. Cluster 1 included key-
words related to the reaction pathway to CH4 (CO conversion, HCOOH,
electron transfer) along with terms like DFT, electronic structure and
binding energy, suggesting that gaining fundamental insight into the re-
action pathway to methane formation is a key research focus. Similarly,
cluster 2 mentions local pH, copper surface and CO intermediate, which are
all critical factors or for methane formation. The interplay between
clusters 1 and 2 illustrates a main focus in the literature, both on the

Citations

6.82

P & O D DD >80 DO D NV D
ﬂ?'ﬁ‘ﬁﬂ;'\?'ﬁ'@&'\?

Fig. 1. (a) Overview of the main information about the target literature; (b) Number of publications (bars, left axis) for each year in the analyzed time period
(2008-2024), along with the number of total citations (red line, right axis). (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)
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Fig. 2. Keywords network visualization for the electrochemical CO, conversion targeted to methane.

specific pathway conversion to methane, but also on interfacial condi-
tions that modulate selectivity. The overlap between clusters suggests
that progress in methane-selective CO; reduction requires simultaneous
control of both catalyst structure and the reaction microenvironment.

Cluster 3 is mostly characterized by keywords associated with
spectroscopic techniques, including Raman spectroscopy and X-ray spec-
troscopy, which frequently appear alongside terms like Cu species and
Cuz0. This indicates that these methods are commonly used to monitor
copper oxidation states and behavior. Moreover, the high number of
intersections with cluster 2 reinforce the notion that mechanistic un-
derstanding is increasingly being built upon in situ and operando mea-
surements, which directly connect catalyst structure with interfacial
phenomena. To support this claim, cluster 4 contains terms such as Cu
surface, active sites, and electronic structure, further emphasizing the
importance of catalyst characterization. Taken together with cluster 3,
this cluster suggests that copper-centered studies dominate the field,
reflecting its status as the benchmark material for CO,-to-hydrocarbon
conversion, but also highlighting a relative lack of diversification into
non-copper systems. In cluster 5, words that are related to the cell design
such as GDE, flow cell, electrolyte and cathode are shown, highlighting the
main focal points for system design and optimization. Along with them
are also words to describe performance such as faradaic efficiency and
high current density, reflecting the importance of architecture and oper-
ative conditions optimization to achieve commercially viable perfor-
mance of the system. Moreover, the high number of interconnections of
this cluster with clusters 2 and 4 reveals the importance of operative
system reaction conditions for stabilizing reaction intermediates and
reach optimal performance. Finally, cluster 6 groups emerging materials
and strategies such as metal-organic frameworks (MOFs) and ionic liquids
that are appearing with growing frequency, indicating an evolving
research direction. Interestingly, MOFs in particular exhibit strong in-
terconnections with clusters 3 and 4, being linked with terms such as
single-atom catalysts, Cu species, Cu sites, and Cu0. This indicates their
role in catalyst engineering, as they are often employed in hybrid ap-
proaches to support atomically dispersed metals or stabilize copper
oxidation states.

Overall, the six clusters demonstrate both the maturity and the
evolving directions of the field. The literature is anchored in copper-
based mechanistic and characterization studies (clusters 1-4), while

parallel streams are advancing system-level optimization (cluster 5) and
diversifying into novel material-focused strategies and directions (clus-
ter 6). The strong overlaps between clusters highlight that future prog-
ress will likely depend on integrating insights across scales, from
electronic structure to device design, rather than treating these domains
in isolation. All these aspects will be analyzed in the following sections.

To complement the keyword clustering, a thematic map (Fig. 3) was
generated in order to classify research themes according to their degree
of development (density) and their overall relevance (centrality). This
framework provides a deeper understanding of which topics are
currently well-established, which are emerging, and which are driving
the field forward.

Basic themes occupy the lower-right quadrant of the map, repre-
senting topics that are highly relevant but not necessarily the most
innovative. In this field, keywords such as carbon monoxide, copper
electrode, and hydrogen evolution dominate this category. Their posi-
tioning reflects their centrality to methane-selective CO3 reduction: CO
is the key intermediate in the methane pathway, copper remains the
benchmark catalyst due to its unique ability to bind and transform CO
intermediates, and hydrogen evolution persists as the most significant
competing reaction, often favored under operational conditions that also
promote methane formation. These themes form the conceptual foun-
dation of the field, as they are universally studied and underpin almost
all other research directions.

Emerging or declining themes appear in the lower-left quadrant.
These topics exhibit low density and low centrality, meaning they are
either underexplored areas of opportunity or subjects losing traction in
the field.

Highly specialized or niche themes, in the upper-left quadrant, are
well-developed but peripheral. They are characterized by high density
(indicating focused, advanced study) yet low centrality (suggesting
limited overall influence on the broader field). Examples include active
sites and graphene in catalyst engineering. These areas often yield deep
mechanistic insights or novel material strategies, but they remain rela-
tively confined in scope. Their presence indicates that while specialized
investigations are advancing, broader integration with mainstream
research could unlock their impact. For instance, integrating graphene
into catalyst engineering might bridge these niche efforts with central
challenges in the field.
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Fig. 3. Thematic map of key topics in the field of CO,RR to methane, classified by their development and relevance degree into Niche, Motor, Emerging/Declining

and Basic themes.

Finally, motor themes, located in the upper-right quadrant, are both
highly developed and highly relevant, representing the main topics that
are progressively moving forward the field. In this analysis, terms such
as nanoparticles, metal-organic frameworks (MOFs), and catalysis fall into
this category. Their presence underscores the central role of catalyst
engineering in advancing electrochemical conversion towards methane.
The appearance of MOFs alongside nanoparticles reflects a trend to-
wards hybrid or structurally tunable catalysts; together with the recur-
ring theme of catalysis, this highlights the great need to focus on catalyst
engineering and design in order to improve activity and selectivity.
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As anticipated, the system design and operational parameters impact
several key factors of eCO2RR, such as the cell overpotential, mass
transport, stability, reaction rates and product selectivity. Each elec-
trolyzer design has several variations which come with trade-offs across
the various metrics that define their performance, which may pose some
limitations to the development of scaled up systems for industrial ap-
plications. As the electrochemical conversion of CO5 to CHy4 particularly
requires precise control over a multi-step eight-electrons transfer reac-
tion, the choice of cell architecture must balance fundamental mecha-
nistic insights with practical considerations like scalability and energy
efficiency.
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Fig. 4. Schematic comparison of three representative electrochemical cell configurations for CO, reduction. The H-cell (a) consists of two electrolyte chambers in
which the electrodes are immersed, separated by an ion-exchange membrane, with CO, bubbled into the catholyte; it is useful for mechanistic studies but limited by
CO, solubility and low current densities. The flow cell design (b) still features two electrolyte chambers on both anode and cathode side, along with a gas chamber
directly behind the cathode. Moreover, the introduction of GDEs at the cathode side enables direct CO, supply from behind the GDE, while a liquid electrolyte flows
on the other side of the electrode, improving mass transport but introducing challenges such as electrode flooding. In the MEA or zero-gap configuration (c), while the
gas is again delivered directly behind the GDE through a serpentine flow-field, the catalyst layer is in direct contact with the ion-exchange membrane, eliminating
bulk liquid electrolyte on the cathode side and maintaining an electrolyte chamber only on the anode side.
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H-type cells, sketched in Fig. 4a, are one of the most commonly used
reactor configurations in fundamental studies of electrochemical CO2
reduction at laboratory scale. Structurally, an H-cell consists of two
compartments—anodic and cathodic—separated by an ion-conducting
membrane, allowing selective ion transfer while also preventing prod-
uct crossover. CO5 is pumped continuously on the cathodic side, where
the electrochemical reduction reaction occurs. This setup allows precise
control over experimental conditions, making it highly suitable for
mechanistic studies, analysis of reaction pathways and catalyst behav-
iour. H-type cells are widely used in the field for catalyst studies:
different works reached notably high selectivity (50 %-86 %) towards
methane [21-26], but always maintaining current density below 10
mA/cm?. In fact, although the physical separation enables high product
selectivity and low product crossover, a key limitation of this setup still
remains: the reactions are mass-transport limited, primarily due to the
low solubility and slow diffusion of CO in aqueous electrolytes, which
strongly hinders the reaction rates and limits its application at industrial
level.

A flow cell system, as shown in Fig. 4b, provides an effective strategy
to overcome this crucial limitation by introducing the gas diffusion
electrode (GDE), a gas-liquid-solid triple-phase interface, which allows
direct CO5 delivery to the catalyst active sites, thus supporting the high
CO,, flux necessary to reach increased current density. In fact, within this
configuration, CO is supplied directly from a gas chamber situated
behind the GDE while a liquid electrolyte flows past the catalyst layer on
the opposite side of the GDE, ensuring both ion transport and product
removal. This arrangement decouples CO, delivery from its limited
solubility in aqueous media and enables operation at industrially rele-
vant current densities, but at the cost of introducing new operational
complexities. This change in system setup, and therefore in experimental
conditions, pH and reaction rate, results in a significantly different
product distribution from that observed in conventional H-cell config-
urations. While the separation of the CO; gas from the electrolyte allows
the use of highly alkaline solutions, which have better ionic conductivity
and therefore low voltage loss, an alkaline pH in the cell has been found
to promote Cy; products formation, reducing current density and
selectivity towards methane [27]. Therefore, achieving a high Faradaic
efficiency for CHy4 at high current densities with this setup still poses a
challenge, also due to competing reactions such as HER. Rasouli et al.
were able to directly translate a H-cell system to a flow cell based one by
modelling the local pH and matching it to the one corresponding to
highest H-cell methane FE [28], successfully overcoming the current
density limit. Many other works employing flow cells were able to reach
high FE while maintaining technoeconomical compelling current den-
sities [29-33]. However, the main limitation encountered in this system
is the inevitable flooding of the GDE despite its excellent stability, which
typically happens within several hours of operation [34]. This phe-
nomenon involves the intrusion of bulk electrolyte into the GDE, which
causes blockage of pores and prevents CO, from reaching active sites,
resulting in a decrease of eCO,RR products in favor of HER and ulti-
mately driving the system to critical failure [35]. There are different
factors that contribute to this phenomenon, such as electrowetting
(where the applied potential alters the superficial tension of the GDE,
increasing water penetration into the layers), pressure imbalances be-
tween the gas and liquid phases at the interface, salt precipitation and
accumulation on the surface [36].

More recently, membrane electrode assemblies (MEAs) have
emerged as a very promising configuration, due to their potential to
overcome technical difficulties and limitations of eCO5RR. As shown in
Fig. 4c, in this setup gaseous CO; is delivered directly to the GDE
through a flow field serpentine, where it reacts at the catalyst layer in
close contact with an ion exchange membrane. This zero-gap architec-
ture, differently from the flow cell configuration, eliminates the need for
liquid catholyte, therefore only maintaining an electrolyte chamber
within another flow field serpentine on the anode side. In this way, mass
transport limitations and cell resistance are significantly reduced, and
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issues such as GDE flooding are mitigated due to the catalyst layer no
longer being in direct contact with a bulk liquid electrolyte. As a result,
MEAs can operate efficiently at industrially relevant current densities
and offer strong potential for stacking and scale-up. Although the MEA
system has been reported to significantly improve eCO5RR performance
[37,38], it still faces challenges in terms of stability and large over-
potential, which differently from the current density has not improved
when switching to this setup [17]. In fact, its long-term stability in in-
dustrial setting is still heavily hindered by the formation of precipitated
salts, which happens due to the reaction of CO5 with OH™ ions contin-
uously generated at the cathode [39]. The precipitated salts accumulate
on the electrode during operation, blocking the gas diffusion pathways
in the electrode pores and consuming available CO at the active sites by
reacting with carbonate deposits and moisture to form bicarbonates, and
accelerate cell failure [40]. While this configuration has allowed sub-
stantial improvement in selectivity towards CHy, this is mainly due to
the optimization of catalyst and membrane choice. Both anion (AEM)
[41-43] and cation exchange membranes (CEM) [44] have been
conventionally used with remarkable results.

Carbonate and bicarbonate-fed systems have also been developed
more recently as an alternative to gas-fed systems. These systems enable
CO4, capture and conversion processes within a single step and eliminate
the need for energy-intensive CO2 desorption and purification steps. In
this setup, CO2 is released in situ at the electrode surface by protons
generated from a bipolar membrane (BPM) that react with aqueous bi-
carbonate (HCO3) or carbonate (CO%’) solutions. This system offers
effective carbon utilization that bypasses the energy-intensive step of
extracting COy from a CO; captured solution. However, the additional
chemical equilibrium step of converting HCO3 to COg can limit the
availability of reactive species at the catalyst interface, potentially
reducing the overall reaction rate. For CH4 production, this poses a
particular challenge, as methane formation requires high local CO,
concentrations and efficient multi-electron transfer processes. While
most bicarbonate-fed systems have demonstrated good performance for
CO and formate, achieving high selectivity toward CH4 remains difficult
and typically requires highly active and stable catalysts [45]. More
recently, Obasanjo et al. were able to operate a bicarbonate-fed system
for 12 h at 500 mA/cmz, maintaining FE for methane over 70 % [46].

5. Catalysts
5.1. Copper

The pioneering work of Hori et al. in the 1980s first demonstrated
that CO4 could be reduced to CH4 at a copper electrode interface [47,
48]. Since then, Cu as catalyst has been extensively studied, due to its
properties that allow further reduction of CO5 to hydrocarbon products,
while other catalysts such as Ag, Au and Zn primarily yield CO with high
selectivity. While this characteristic sets Cu apart from other catalysts
explored so far, reduction to hydrocarbons still requires a high over-
potential and suffers from poor selectivity due to the wide range of
products that can be obtained [49] (shown in Fig. 5). Much effort has
been devoted to understanding the process of reduction at Cu metallic
interface, as well as tuning electrode structure and adjusting reaction
process and conditions to achieve higher selectivity towards a specific
product.

CO has been determined to be the crucial intermediate in eCO5RR to
methane, also backed up by DFT measurements [51-53]. First, *COOH
is formed on the catalyst surface through a proton-coupled electron
transfer step, which then produces *CO by dehydrogenation. The
strength of *CO adsorption on the catalyst at this step plays a crucial role
in determining the reaction pathway. *CO can either bind too strongly
and block the active sites, suppressing CO production and favoring HER,
or desorb from the catalyst, releasing CO as a main product. Only when
*CO binding strength on a catalyst’ surface is balanced (neither too
strong nor too weak) can further reduction reactions proceed effectively,
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Fig. 5. Proposed mechanism for carbon dioxide electroreduction. (a) The pathway to C; products (formate, carbon monoxide, and methane) and (b) the pathway to

C; products (ethylene and ethanol). Reproduced from [50], Copyright © 201
potentials, reproduced with permission from [51].

as established by Sabatier principle.

Schouten et al. observed two reaction pathways starting from CO: a
C; pathway leading to CH,4 formation and a Cy pathway leading mostly
to ethylene formation [54]. These pathways differ in the key step of *CO
protonation to *CHO, which ultimately leads towards methane (shown
in Fig. 6), or *CO dimerization to *OCCO, initiating C-C coupling and
leading towards ethylene and other Cy products. The relative stability of
either one of these intermediates dictates product selectivity. However,
the main difficulty in optimizing one pathway is the presence of scaling
relations, correlations between adsorption energies of key intermediates
that make it difficult to independently optimize different reaction steps.
This dependence manifests in practical tradeoffs: across a range of

b
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Fig. 6. Schematic of key reaction pathways for eCO.RR: hydrogenation to *

Reproduced from [43], © 2021, The Author(s), licensed under CC BY.
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catalysts and applied potentials, the methane-ethylene relationship was
found to be locked at nearly the same ratio, suggesting that the
branching kinetics at the common intermediate are inherently con-
strained [55,56]. Breaking this dependence by selectively stabilizing one
pathway over the other is therefore considered essential. Much effort has
been devoted to tune selectivity towards either one by changing vari-
ables such as geometry, morphology, surface roughness or other
chemical properties that affect chemisorption of reactive intermediates.

The stabilization of different intermediates is strongly potential-
dependent [53]. Experimental and theoretical studies indicate that hy-
drocarbon formation occurs in the range of approximately —0.6 V to
—0.9 V vs Reversible Hydrogen Electrode (RHE). At the lower end of this

*CHO

Hydrogenation
to CH

4

C-C Coupling
to multi-carbon products
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CHO for CHy4 production and C-C coupling to *OCCO leading to C, generation.
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window (around —0.6 V, where the barrier for CO dimerization is about
0.69 eV), ethylene formation is favored due to high CO coverage and
strong CO binding, which promote C-C coupling. When much more
negative or more positive potentials are applied, adsorbed hydrogen
(*H) binds more strongly than CO, progressively displacing it from the
active sites. This reduces surface CO coverage and suppresses the
ethylene pathway. Within this potential window, the *CHO intermedi-
ate is often described as a common branching point, capable of leading
either to methane (via sequential hydrogenation) or to ethylene (via C-C
coupling) [57,58].

Later studies from Hori et al. explored various Cu-based catalysts
(polycrystalline and single crystal) and determined the effect of surface
orientation on product selectivity [59,60]: the C; pathway to methane
production is mostly enhanced on single-crystal Cu(111) electrodes,
while ethylene production is favored on Cu(100) electrodes. This facet
dependence can be rationalized by the stabilization of different pro-
tonated CO intermediates due to a different geometric disposition
(shown in Fig. 7). In fact, Cu(111) facilitates the formation of an alter-
native *COH intermediate, which makes the hydrogenation pathway
more accessible and thus promotes CH4 formation [61]. On Cu(100)
instead, *CHO is more accessible and can either participate in C-C
coupling with neighbouring CO*, form ethylene and other C in-
termediates or hydrogenate stepwise to form methane, depending on the
relative surface coverages of CO*, which are dictated by the applied
potential [62-64]. The selective stabilization of *CHO versus *COH
therefore accounts for the distinct behavior of Cu facets: *COH on Cu
(111) biases selectivity toward C; products, while *CHO on Cu(100)
enables both C; and Cy pathways depending on applied potential which
determines CO surface coverage.

Other works also reported that key intermediates such as *CO and
*CHO were stabilized on stepped and kinked surfaces. This effect arises

Top view:
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because atoms at step edges or kink sites have a lower coordination
number (fewer nearest neighbors) compared to terrace atoms, which
makes them more reactive and capable of binding *CO more strongly
[66]. Scholten et al. reported that clean, flat, and atomically ordered
surfaces favor hydrogen production, while defective and higher index
surfaces lead to the generation of hydrocarbons, with higher yield of
Cy/C; products on surfaces exhibiting a higher CO binding strength [51,
65,67-69]. Durand et al. demonstrated that Cu(211) was the most active
surface for CH4 production, as it greatly stabilizes adsorbates and lowers
reaction limiting potential with respect to (111) and (100); moreover, it
tends to stabilize more CHO adsorption over CO adsorption, resulting in
a much lower potential requirement for this specific pathway [65].
High-index crystal facets instead, such as Cu(311), Cu(511) and Cu
(711), which show wider terraces with (100)-like geometry separated by
steps, tend to be more active toward production of C;H4 and other Cy
and C3 compounds, as they provide both the strong *CO binding of steps
and the C-C coupling propensity of (100) terraces [63,65].

Several other strategies have been employed to finely tune the
electronic structure of Cu, and in turn also the product selectivity.
Incorporating foreign metal elements into the Cu lattice can either alter
the electronic structure (via d-band center shifts, charge redistribution,
and modified *CO/*H binding energies) or the geometric structure
(ensemble size, strain, and interfacial effects), so as to affect adsorption
energy and disposition of specific intermediates, effectively changing
catalyst’ activity and selectivity. Alloying Cu with metals like Ag [70,
711, Fe [72], Au [73], or Zn [22,73] can improve methane selectivity by
enhancing *CO binding and protonation [74], as the insertion of foreign
elements moves the electronic bands away from Fermi level, resulting in
an optimized binding energy for intermediates. Beyond alloying stra-
tegies, tandem catalysts have gained interest, due to their potential to
aid multi-step reactions. In these systems, a CO-producing component

100

Fig. 7. The (111), (100), and (211) facets of the copper fcc crystal, as viewed directly and from perspective. 211 contains a terrace of atoms in the (111) geometry
(with 3-fold coordination) and a step containing 4-fold coordination. Reproduced from [65] with permission.
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such as Ag first converts CO5 to CO, which then diffuses to adjacent Cu
sites where hydrogenation proceeds toward CHg. In this way, FE towards
methane is increased due to a higher coverage of *CO on the modified
Cu surface than bare Cu catalyst [70,75].

Despite the promising advantage of alloys, nanostructuring of Cu/
Cu-based alloys remains essential for reaching high methane selec-
tivity. As stated previously, the catalytic performance is strongly influ-
enced by surface morphology, defect density, grain boundaries, and
facet orientation. By engineering these features at the nanoscale,
nanocatalysts can significantly enhance selectivity, as they can directly
modulate adsorption energies, stabilize key reaction intermediates, and
lower energy barriers along the methane formation pathway.

5.1.1. Nanostructures

With the advance in nanoparticle (NP) synthesis that allows to finely
tune their dimension, composition, structure and morphology, nano-
structured Cu catalysts in different shapes and sizes were explored in
literature in order to tune surface chemisorption and resulting selec-
tivity [76,77]. NPs present a clear advantage as catalyst in eCO2RR with
respect to their bulk counterpart due to their increased number of active
sites as well as atoms on the corners, along the edges and in the crystal
planes with different coordination numbers and chemical interaction
energy. Smaller nanoparticles generally should enhance overall catalytic
activity due to their higher surface-to-volume ratio and the presence of
more high-energy reactive sites, such as edges and corners. However,
understanding the size dependence of catalytic reactions remains com-
plex, especially when multiple competing pathways coexist. Moreover,
since different crystallographic facets can be stabilized on NPs with
different shapes, different results are to be expected on different shapes
[78] (as shown in Fig. 8).

For example, nanocubes (shown in Fig. 8b) are found to be more
selective for ethylene, mostly due to their exposition of (100) surfaces
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and edge site atoms [81-84]. In fact, as (100) surfaces do not exclude
pathway to methane, edge sites have been recognized as the main
contributor to the shift in selectivity. This has been demonstrated by
studies comparing nanocubes of different sizes: as the cube size in-
creases, the proportion of corner and edge atoms decreases moving to-
wards a surface configuration closer to one single crystal dominated by
(100) planes. Loiudice et al. found optimal selectivity for ethylene in
nanocubes with 44 nm edge length, suggesting that this result derives
from an optimal balance between these plane- and edge-sites [81].

Contrasting results were instead found when analysing spherical NPs
(depicted in Fig. 8a). Some studies report higher methane selectivity for
smaller diameters [85,86], while others found HER to drastically surpass
the activity for the eCOsRR with sizes smaller than 20 nm [73,84].
Indeed, smaller diameters were linked to higher CO and Hy formation,
while bigger sizes were more selective towards hydrocarbons.

Studies involving copper nanoclusters (NCs) instead showed highest
selectivity for methane in the particles with lowest size (0.5 nm) [27,
87]. Recent studies and DFT calculations relate this increase in selec-
tivity for smaller NPs to a lower coordination number, which favours the
key step of *CO hydrogenation [43,44,88]. Another study on
nano-octahedra NPs (Fig. 8c) investigated effects on selectivity of par-
ticles sizes in the range of 75-310 nm and found that the smallest
dimension showed the best selectivity for methane [61,77]. This result
was attributed to geometrical effect, given by the high presence of
corners and edge exposing (110) and (100) planes.

A phenomenon similar to the particle size effect was also observed in
nanowires (NWs) (Fig. 8d): depending on the length and density, the
local pH is modulated, influencing either pathway over the other. Ma
et al. found that as the Cu NW arrays grew longer and denser, the FE for
Hy production steadily decreased as the amount of CO, reduction
products increased, and, particularly, the FE for CyH4 gradually
increased with increasing the length of Cu NWs [89]. However, no C;

Fig. 8. SEM images of different nanostructured Cu based catalyst used in eCO,RR: (a) spherical, (b) cubical NPs, where dominant (100) facets favor C-C coupling to
ethylene (c) octahedral NPs, which are enriched with (100) facets and promote C; products, adapted with permission from [61], Copyright © 2020 American
Chemical Society; (d) Cu nanowires, which depending on length can offer edge sites and steer selectivity towards C, or C; products, reproduced with permission from
[791, Copyright © 2017 American Chemical Society; (e) a molecular copper-porphyrin complex, which provides well-defined coordination environments that mimic
enzymatic active sites and stabilize key intermediates along methane pathway, adapted with permission from [80], Copyright © 2016, American Chemical Society.
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products were observed. Li et al. instead investigated a 20 nm-diameter
5-fold twinned ultra thin Cu nanowire which exhibited a FE for CH,4 of
55 % due to the high presence of low coordination edge sites [79].
However, this effect may be mostly due to the insertion of twin
boundaries, which have been reported to significantly lower interfacial
energy, while enhancing mechanical strength, electrical conductivity,
thermal stability and methane selectivity [21]. For instance, a copper
twin-boundary reported an intrinsic faradaic efficiency for methane of
92 % at a current density >1 A/cm?.

Cu single atom catalysts (SACs) have also received attention recently,
as their isolated active sites should reduce C-C coupling and potentially
result in a higher selectivity towards CH4 [90-92]. In fact, a few have
been reported to improve selectivity, while also allowing to reach in-
dustrial compelling current densities (>100 mA/cm?), especially when
paired with supporting carbon (such as graphene) or porous molecular
structures for enhanced stability and improved electrical conductivity
[31,44,93-95]. Alongside SACs, other metal complexes and molecular
structures have been explored, because they possess well-defined atomic
structures whose electronic states can be tuned. Particularly, metal-
—organic frameworks (MOFs), known for their high porosity and specific
surface area, have emerged as a promising platform for spatially
isolating metal atoms in an atomically dispersed state. More impor-
tantly, the inherent structural and compositional tunability of MOFs
allows precise control over the coordination environment of single-atom
catalysts, enabling customized catalytic properties. Among various
MOFs, porphyrin-based ones (reported in Fig. 8e) have gained attention
due to their nitrogen-rich structures, which readily coordinate with a
range of transition metal ions via the central nitrogen sites, facilitating
the formation of transition metal-based SACs [80,96-99].

Among molecular structures, of particular interest are nitrogen-
doped carbon frameworks with Cu—Ny configurations [100], where
copper atoms are coordinated with nitrogen within a carbon matrix,
mimicking enzymatic centers, and are known to promote catalytic re-
actions with high selectivity and stability. Similarly, copper phthalocy-
anine (CuPc), a macrocyclic complex featuring a Cu-N4 core, has
demonstrated outstanding catalytic performance due to its ability to be
reversibly restructured to Cu nanoclusters, which aid CH4 formation
[23]. These materials seem to be highly promising, as they bridge the
gap between heterogeneous and homogeneous catalysis, exploiting the
well-defined active centers of molecular catalysts while also offering the
durability and recyclability of solid-state systems.

5.1.2. Cu reconstruction and oxidation states

While all these nanostructures report high catalytic activity, their
main limitation lies in the process of surface reconstruction, the ten-
dency for nanoscale metal-based catalysts to change in morphology,
shape, size or oxidation state during eCO2RR, causing activity degra-
dation or even a shift in selectivity. The reconstruction of electro-
catalysts typically involves the dissolution of metal ions when the
catalyst comes into contact with the electrolyte and interacts with re-
action intermediates. These dissolved metal ions can then redeposit
under a reductive potential. However, the specific reconstruction
mechanism changes depending on initial catalyst structure and
morphology. For instance, polycrystalline Cu has been found to recon-
struct to Cu(100), probably due to CO* poisoning [101]. Other studies
report that Cu NPs tend to aggregate to create disordered structures,
changing disposition of active sites and therefore causing product
selectivity to have a shift towards ethylene [102].

The reconstruction of the Cu surface by oxidation has also been
found to have a great impact on the activity and product selectivity
[103]. In fact, copper exhibits multiple stable oxidation states (Cuo, Cu,
and Cu®"), each with distinct electronic properties that influence the
adsorption and stabilization of key reaction intermediates, tuning per-
formance either toward methane or ethylene and other Co; compounds.
Particularly, the presence of Cu' sites has been widely associated with
enhanced selectivity toward C-C coupling products like ethylene [104],

10

Renewable and Sustainable Energy Reviews 226 (2026) 116365

due to its ability to stabilize the *OCCOH intermediate with respect to
the Cu® counterpart.

More recently, Cu?* has also drawn attention, despite being gener-
ally considered unstable as it tends to reduce to Cu * or Cu® during
operation. As more oxidized states increase progressively *CO adsorp-
tion energy, Cu?* sites are reported to favor sequential hydrogenation of
*CO to *CHO/*COH and ultimately CH, rather than *CO dimerization
due to the stronger electrostatic interaction [32]. However, under the
reductive potentials applied during operation, Cu®" is not thermody-
namically stable and inevitably transforms into lower-valent copper
species (Cu T or Cu®), contributing to the formation of oxide-derived
copper (OD-Cu) catalysts, which often exhibit mixed-valence states
with interfacial regions of Cu™ and Cu®. These interfaces are reported to
be more selective for Cy; product formation: in fact, surfaces exhibiting
a balanced mixture of Cu*/Cu® achieved significantly higher FEs for Cy.,
products, while surfaces dominated by Cu® mostly favored CH, pro-
duction [105,106]. The stabilization of Cu®" ions therefore remains
complex, although some strategies are being developed: for instance,
optimizing structural coordination [107], embedding the ions into
robust oxide lattices, MOFs [108,109] or solid solutions can stabilize the
valence state, prevent complete reduction by hindering electron trans-
fer. Zhou et al. were able to stabilize Cu?* by incorporating them into a
protective CeO4 matrix, reaching a FE of 67.8 % for CH,4 [32] (depicted
in Fig. 9). While tuning the oxidation state of copper seems to deliver
promising results, future research is still needed in order to achieve
reliable and stable control over Cu oxidation states.

Overall, as methane production in CO2RR is intimately linked to the
catalyst’s atomic structure, surface facets, defect density, and electronic
properties, its selectivity is strongly favored by catalyst designs that
stabilize the *COH intermediate and promote sequential hydrogenation,
as exemplified by Cu(111), stepped facets such as Cu(211), and low-
coordination sites in nanostructures. Strategies such as facet engineer-
ing, defect introduction, alloying, nanostructuring (particularly through
manipulation of particle size, shape, composition) and the development
of single-atom and molecular Cu catalysts have shown significant
promise in tuning the adsorption energies of key intermediates to
overcome the inherent scaling relations that otherwise lock product
distributions. Exploiting specific oxidation states of copper emerges as
another promising direction to increase selectivity. Yet, despite their
high activity, these advanced structures often suffer from surface
reconstruction or valence change under operating conditions, leading to
a shift in product selectivity. Moving forward, great effort should be
devoted to stabilize these structures and obtain consistent and scalable
methane production. The integration of these design strategies with
supporting frameworks and matrices offers a compelling path to achieve
both high selectivity and long-term stability.

5.2. Other catalysts

While copper remains the benchmark catalyst for CO2 reduction to
most hydrocarbons including methane, its broad product distribution,
modest selectivity, high overpotential and limited stability have moti-
vated exploration of other materials. Other alternative catalysts are far
less explored and consequently their experimental demonstrations
remain scarce, although theoretical studies and DFT calculations indi-
cate significant promise.

Early studies identified certain noble metals, such as Pt, Pd and Ru,
as capable of catalyzing CO» reduction to methane under specific con-
ditions [110], although not as the main product. Their high hydroge-
nation activity suggests potential for driving the stepwise reduction of
adsorbed CO intermediates toward CH4. However, in aqueous electro-
lytes, these metals mostly overwhelmingly favor the competing HER,
producing methane only in trace amounts [111]. Their tendency toward
strong proton reduction, combined with insufficient binding energy
balance to stabilize CH,4 intermediates, has so far limited their viability
compared to copper.
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Fig. 9. Selected Area Electron Diffraction (SAED) patterns of Cu-Ce-Ox (a) before operation and (b) after operation; (c) scheme of the mechanism of the self-
sacrificing Ce-Ox matrix to protect Cu*" ions. Adapted with permission from [32], Copyright © 2022, American Chemical Society.

For instance, Pt was first discarded as catalyst for the eCORR as it
suffers from deactivation due to formation of CO,qs that heavily poisons
the catalyst. However, it has been gaining attention recently with the
development of MEAs, as this configuration allows more control on the
CO,gs coverage and enables high faradaic efficiency towards methane. In
particular, since reduction of CO,4s to methane is assisted by Hypp
(which represents hydrogen adsorbed on the Pt surface at potentials
more positive than the equilibrium potential for HER), the reaction is
able to proceed at potentials close to its thermodynamic equilibrium
[112,113]. Additionally Pt is gaining interest due to its notable stability
in both alkaline and acidic media, which could maintain long term
operation provided that the catalyst is strategically designed to steer
from HER to methane selectivity [114].

Building on insights from copper, similar catalyst design strategies
have been applied to other metals to enhance CH4 selectivity. For
instance, as previously discussed, SACs have been determined to be very
promising for methane formation. Recent theoretical and experimental
studies suggest that, similar to Cu, other metals may also display strong
dependence on their coordination environment and local geometry,
possibly making copper-based design strategies transferable to optimize
pathway to methane formation [115,116]. Moreover, first-principles
studies are being conducted to explore and combine different mate-
rials with the goal of tuning their electronic structure and obtain a lower
potential barrier. Few studies tested different transition metal single
atoms supported on TiC and TiN, which due to their tailorable electronic
features show a remarkably low reaction overpotential [117,118].
Two-dimensional materials such as graphene have also been investi-
gated by DFT studies as support, due to their high surface area and
highly tunable electronic structure [119,120]. DFT studies on N-doped
graphene sheets doped with Fe, Co, or Ni have revealed distinct catalytic
pathways, with Co-doped graphene achieving particularly low limiting
potentials [121]. Single Zn atoms supported on defective graphene were
predicted to favor CH4 formation at lower overpotentials than Cu
(—0.83 V vs. RHE) [122], and theoretical calculations show that Zn
atoms should inhibit CO generation as it links to the O atom rather than
the C, therefore blocking the generation of CO and helping to produce
CH4. Experimentally, Han et al. demonstrated methane production with
Zn-based SACs on N-doped carbon, achieving 85 % faradaic efficiency,
although at modest current densities [123]. This result provides direct
evidence that copper-free elements can indeed catalyze methane
formation.

In summary, while copper continues to dominate CO2RR research,
few studies are emerging on alternative catalysts to overcome the main
downsides of Cu-based systems. Although the field is still in its early
stages and shows limited experimental validation, theoretical pre-
dictions and initial experimental breakthroughs highlight that non-Cu
catalysts hold strong promise for achieving lower overpotentials and
new pathways for methane production. Nevertheless, deeper
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mechanistic understanding and extensive experimental efforts are still
needed before these systems can progress significantly, and their in-
dustrial implementation remains a distant prospect.

6. Operative conditions

The great advantage of electrochemical reactions consists in being
able to be carried out at standard conditions of both temperature and
pressure. While the temperature is generally maintained between 20 and
30 °C, some studies explore elevated temperatures, up to around 60 °C,
to assess effect on reaction kinetics and simulate industrial conditions. In
fact, while pressure does not seem to impact significantly on the reaction
seelctivity [124], temperature modulation has been found to deeply
influence product selectivity. Koper’s group has determined that
methane selectivity decreases with increasing temperature up until
48 °C, while HER completely dominates at temperatures over this
threshold [125]. This change in selectivity is attributed to an increase in
local pH caused by higher rate of OH™ formation.

Hori et al. first suggested the pH environment to be a crucial
parameter for determining the reaction selectivity [126]. Later studies
confirmed this correlation [127-129], but mostly attributed this high
influence to the local interfacial pH. An acidic local pH is beneficial for
both HER and methane selectivity as it favours the defining step of CO
protonation, responsible for shifting the selectivity towards methane
and therefore inhibiting ethylene production. However, maintaining an
acidic environment is not trivial as the reaction continually produces
OH" ions. In this case, the choice of electrolyte becomes a critical factor
for suppressing local pH increase depending on its buffer capacity. It has
been determined that high concentrations of bicarbonate cause the bulk
pH to be closer to neutral, favouring methane formation [128].

Besides the (bi)carbonate concentration, different studies have also
focused on the role of alkali metal cations in the electrolyte and how
they are able to influence selectivity on Cu. It has been confirmed that
selectivity for C, products grows following the trend Cs* > Rb™ > K* >
Na® >Li*, while enhanced methane formation mostly follows the
opposite trend [128,130-133]. Different explanations have been pro-
posed for how cations cause this effect, relating it to variations in
adsorption kinetics and local electric field strength. The Norskov group
suggested that accumulation of alkali metal cations at the electro-
de-electrolyte interface modulates the electric field at the interface,
modifying stabilization of reaction intermediates [130,134].

To enhance the solubility of CO, in aqueous systems, Kaneco et al.
employed methanol in combination with various sodium-based sup-
porting electrolytes. Their study reported relatively large methane effi-
ciency for all of them (>43.4 %) and a maximum methane efficiency of
70 % using a NaClO4/methanol-based electrolyte [25]. Some studies
also implement binders as strategy to control the local pH and increase
efficiency towards methane [135,136].
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As a strategy to regulate local CO, availability at the catalytic sites
and promote the methane pathway over C-C coupling, Wang et al.
investigated the impact of using a more diluted CO, feed [137]. In fact,
they were able to achieve a methane FE of 48 % with a gas stream
containing 75 % COx.

In conclusion, while elevated temperatures generally suppress CHy
formation in favor of hydrogen, the decisive factor is represented by
interfacial pH, with mildly acidic conditions favoring CO protonation
over C-C coupling. Since maintaining this environment is challenging,
electrolyte composition becomes critical: smaller cations (Na™t, Li")
promote CHy, while larger cations favor Cy products. Overall, precise
control of local pH and electrolyte chemistry remains the most effective
strategy for steering the reaction toward methane. Adjusting feed
composition represents another promising direction, but further studies
are required to evaluate how CO, availability and the presence of
different co-feeds or gas mixtures influence the reaction pathway and
methane selectivity.

7. Scale up

While extensive progress has been made in the laboratory on catalyst
engineering and understanding reaction mechanisms, the transition to
commercial-scale CH4 production presents significant technical and
economic challenges. Obtaining methane as major product is still chal-
lenging at increasing current densities and the electrochemical conver-
sion of CO2-to-CH4 lacks sufficient stability, carbon utilization, and
energy efficiency [138].

At commercial scales, conventional H-cell systems are impractical
due to mass transport limitations. The popularization of gas-diffusion
electrodes, which enhance CO, availability, product removal and
overall water control in the cell, has made flow cells and MEAs the most
promising configurations for industrial-scale operation. Key engineering
goals include maintaining current densities larger than 200 mA/cm?,
minimizing cell voltages (<3 V), and managing gas-liquid interfaces to
avoid flooding and carbonate formation in order to considerably
improve stability. Industrial implementation also requires a robust
supply of CO- from flue gas, direct air capture, or other biogenic sources,
although impurities present in these streams can often degrade catalysts
and membranes. Therefore, the electrolysis system must be compatible

Table 1
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with variable CO» purity or include pre-treatment processes.

Finally, to be economically and environmentally viable, CO5-to-CHy4
systems should be able to integrate with intermittent renewable energy
sources and still achieve total energy efficiencies exceeding 30 %. This
includes not only electrochemical performance but also downstream gas
separation, compression, and system thermal management. Lifecycle
assessments must demonstrate a net reduction in CO, emissions
compared to conventional methane synthesis methods (e.g., the Sabatier
process).

Currently, very few projects focusing on scaling up this technology
are being developed. Opus Twelve, funded by SoCalGas and PG&E, has
investigated a method to convert CO; in raw biogas to methane in a
single electrochemical step, employing a stack of PEM electrolyzers
[139]. Another potentially promising project consists in an initial scale
up to 81 cm? of active area in MEA, performed by Xu et al. [140]. They
employed di-amino-triazole (DAT) as catalyst and were able to reach a
FEcha of 54 % at a total current of 10 A (123 mA/cm?). Other promising
results found in literature, that were able to obtain a FEcy4 higher than
50 % at technoeconomic compelling current densities (>100 mA/cm?)
are reported in Table 1. However, it has to be highlighted that all these
collected results refer to small scale (i.e. few cmz) electrodes, once again
confirming the technical challenges associated with this process. This
demonstrates that the path has been laid out, but research still needs to
be pushed forward toward the preparation of large-scale electrodes for
methane production, similar to what is happening with other eCO2RR
products [141].

7.1. Interdependencies and trade-offs in key performance indicators

As analyzed in the previous sections, the electrochemical reduction
of CO; to methane is a complex process influenced by multiple, often
interdependent, performance indicators. Understanding the correlations
and trade-offs between these variables is essential, as improvements in
one metric frequently come at the expense of another, especially when
dealing with scaling up of the system.

Previous studies have consistently reported trade-offs among key
performance indicators in CO2RR. One widely observed relationship is
the trade-off between current density and applied potential: operating at
higher, industrially relevant current densities typically requires a larger

Comparison of relevant results employing different catalysts and setup from literature obtained at technoeconomic compelling current densities. TDPP: diamino-
triazine; CuTAPP: donor-acceptor modified Cu porphyrin; SAS: single atom site; Fc-CPP-Cu: Cu-porphyrin based conjugated porous polymers, Fc: ferrocenyl. DBC:

dibenzo-[g,p]chrysene-2,3,6,7,10,11,14,15-octaol, SOH-DBC.

Catalyst Electrolyte Reactor Current density (mA cm~2) Electrode size (cm?) Membrane FEcua Ref.
200 nm sputtered Cu 1.5 M KHCO3 flow cell 250 - AEM 48 % 28
Cu single-atoms/hydrogenated Graphene 1.0 M KOH MEA 200 0.5 AEM 70 % 90
Cu-TDPP 0.5 M PBS flow cell 183 0.5 AEM 71 % 96
Fe phthalocyanine/Cu 1.0 M KHCO3 flow cell 128 1 AEM 64 % 31
Cu-Ce-Ox 1 M KOH flow cell 200 - AEM 68 % 32
Ga doped CuAl 1.0 M KHCO3 flow cell 109 - AEM 53 % 29
Au-Cu 1 M KHCO3 flow cell 112 1 AEM 56 % 33
0.5 nm Cu NGCs 1 M KOH +2 M KCl flow cell 1500 - AEM 80 % 27
LayCuOy4 1 M KOH flow cell 205 3 AEM 56.3 % 142
Cu phthalocyanine 0.005 M HySO4 MEA 100 - BPM 71 % 135
CNP/Cu phthalocyanine 0.05 M KHCO3 MEA 136 5 AEM 62 % 43
Cu NPs over N-doped carbon 0.1 M KHCO3 MEA 320 4 AEM 73.40 % 42
Cu mesh 0.3 M KHCO3 MEA 500 2 AEM, BPM 75 % 46
B-doped Cu-N 1 M KOH MEA 300 0.6 PEM 73 % 44
LasClos 1 M KOH MEA 193.5 4 AEM 64.50 % 143
°3,5-diamino-1,2,4-triazole 0.1 M KHCO3 MEA 123 4 AEM 50 % 140
18-Crown-6/CuNPs H2S04 + K2504 flow cell 600 - PEM 51 % 144
CuTAPP 1 M KOH flow cell 290 1 AEM 54 % 97
Cu SAS in MOF 1 M KOH flow cell 420 - AEM 81 % 145
Fc-CPP-Cu 1 M KOH flow cell 200 0.5 AEM >70 % 98
Poly-Cu 1M KOH flow cell 192 1 AEM 64 % 146
Cu-DBC 1M KOH flow cell 203 0.25 AEM 80 % 108
Ir;—Cu3N/Cux0 1M KOH flow cell 320 1 AEM 75 % 147

12



S. Verhovez et al.

overpotential, as illustrated by polarization curves (current-voltage
behavior) reported in multiple studies [148,149]. This increase in po-
tential directly impacts energy efficiency by raising the overall power
consumption of the system and therefore production cost, presenting a
key challenge for scaling up.

Another important trade-off involves FE and current density. Several
works have shown that increasing current density often leads to a
decrease in FE, due to enhanced competition from side reactions such as
hydrogen production and limitations in COy mass transport to the
catalyst surface. This translates in another competition between FE and
single pass conversion (SPC): low CO; feed flow rates can enhance SPC
by allowing more complete CO, utilization within a single pass, but this
frequently comes at the cost of reduced FE [150,151]. This reduction
stems from local depletion of CO5 at reactive sites, which not only lowers
FE but also limits the maximum current density achievable under such
conditions.

Additionally, a trade-off arises between stability and current density
[152], as a higher current density generally accelerate catalyst degra-
dation and reduce FE. Consequently, achieving high production rates
often comes at the expense of durability, as systems operated at elevated
current densities exhibit more rapid performance decay and lower FE
over extended timescales.

Among these key performance indicators, cell potential, faradaic
efficiency, current density, and operational stability are then central to
evaluating catalyst and cell performance. To qualitatively test whether
these widely assumed relationships emerge systematically from reported
data, a brief multi-variate analysis was conducted on a small dataset of
experiments found in literature. The dataset was constructed by inte-
grating results from Table 1 with others reported in literature [17].
Operating potential was converted to cell voltage by assuming a com-
bined anodic, membrane, and electrolyte overpotential contribution of
1.5V [153] in order to have uniform samples.

First, a Principal Component Analysis (PCA) was performed on the
selected dataset. PCA is an unsupervised multivariate technique that
reduces the dimensionality of a dataset by projecting it onto new
orthogonal axes (principal components) [154]. Each component is a
linear combination of the original variables and is ordered according to
the amount of variance it explains in the data. This allows one to visu-
alize how these performance indicators vary together, uncover corre-
lations between them, and detect outliers.

The PCA revealed that a small number of principal components (PC1
and PC2) captured most of the variance in the dataset. Scores plots of
PC1 vs. PC2 were used to illustrate the distribution of samples along the
main axes of variance, allowing for the identification of groups of ex-
periments and potential outliers. Loading plots were included in parallel
to show the contribution of each performance indicator to the principal
components, providing insights into how individual variables contribute
to the main axes of variability in the dataset. Variables with large
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loadings of the same sign on a given component are positively correlated
along that mode of variability, whereas variables with large loadings of
opposite signs are negatively correlated. Conversely, variables with
small loadings contribute little to that component and exhibit weak
correlation in that direction.

In the present analysis FE and voltage displayed strong negative
loadings on PC1 (see Fig. 10a), indicating that these variables usually
vary together along the dominant trend in the data. Current density also
exhibited a negative loading on PC1, but with a smaller magnitude,
suggesting a weaker positive correlation with both FE and voltage in this
variability mode. While these relationships are specific to each principal
component, they can be interpreted as patterns of shared variance be-
tween these performance descriptors. This relationship is visible in
different articles from the dataset, where experiments performed at high
current density and showing high FE also show higher potential [42,43,
135]. The fact that this trend emerges cleanly in PCA confirms its
robustness across different reports and catalyst designs.

On PC2 (Fig. 10b), FE and current density contributed with negative
loadings, while stability and cell voltage displayed strong positive
loadings. Thus, PC2 captures a secondary trade-off in the dataset: ex-
periments characterized by higher FE and current density are generally
associated with lower stability and reduced cell voltage, whereas stable
operation is correlated with higher cell voltage but lower selectivity and
productivity. This correlation emerges again in numerous samples from
the dataset [27,44,46,144]. Again, this is consistent with prior qualita-
tive discussions in the field, but here it is quantitatively confirmed across
multiple independent studies employing different catalysts.

In the sample plot (Fig. 10c), along PC1 (y axis), samples were
distributed across both positive and negative scores, indicating that the
dataset contains distinct regimes of performance. The balanced spread
of samples across this axis suggests that multiple performance regimes
are represented in the dataset rather than a single dominant trend.
Looking at PC2 samples instead, the majority of sample scores were
located near the origin of PC2 (x axis), indicating that while the
productivity-stability trade-off is present, it is statistically less dominant
than the FE-voltage-current relationship.

To complement the analysis, a Partial Least Squares (PLS) regression
model was also calculated and applied to the same dataset. PLS is a
supervised regression technique designed to model the relationships
between a set of predictor variables (X) and one or more response var-
iables (Y) [155]. Unlike PCA, which only considers the variance within
the predictors, PLS extracts latent variables (LVs) that maximize the
covariance between X and Y. In this analysis, methane selectivity was
chosen as a response, aiming to identify which of the others experi-
mental parameters are most strongly associated with this specific per-
formance outcome.

Latent Variable 1 (LV1), whose loadings are shown in Fig. 11la,
explained a substantial portion of the covariance between predictors and
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response. In this component, potential and current density exhibited
similar loadings, confirming the general trend that higher currents are
typically linked to higher cell potentials. This axis also aligned positively
with FE, indicating that improved selectivity is commonly achieved at
the cost of higher energetic input. These contributions govern the x-axis
of the sample plot (Fig. 11c), showing a mostly uniform distribution of
samples; however, samples that present a higher response (higher FE)
are mostly located in the positive quadrant, suggesting current density
and potential to be more impactful in the current dataset. Again, the
trade-off between higher FE and higher potential at industrially relevant
current density is suggested. LV2 (Fig. 11b) instead, which represents
the y-axis on the sample plot, shows a much higher stability contribu-
tion, while current density and potential are much less present. While
most of the samples seem to not be affected by stability, it is possible to
find some outliers, which are highlighted in the score plot.

Overall, PCA revealed that the dataset is structured around a small
number of dominant trade-offs: on PC1, faradaic efficiency, cell poten-
tial and current density opposed stability, while PC2 contrasted selec-
tivity/productivity with stability and cell voltage. PLS analysis
complemented these findings by directly relating operational parame-
ters to methane selectivity, showing that the main correlation (LV1)
links higher current densities with potentials, while an alternative
regime (LV2) showed an opposite correlation between stability and FE,
highlighting difficulty of maintaining high selectivity for long term
measurements.

The present analysis serves primarily as a qualitative confirmation of
established interdependencies between key performance indicators this
field. However, both analyses identified three main outliers that deviate
from the general patterns found in the dataset. The first corresponds to
the work of Gabardo et al. [156], which utilized sputtered copper as
catalyst, resulting in very high operational stability (100 h) but low
selectivity toward methane as the system targeted C, products. A second
outlier, reported by Xu et al., who employed carbon nanoparticles
combined with copper phthalocyanine, achieving relatively high fara-
daic efficiency together with exceptional stability exceeding 100 h [43].
Finally, the last outlier corresponds to the work of Salehi et al., which
investigated copper nanoclusters as a catalyst, obtaining very high
faradaic efficiency and current density compared to the majority of re-
ported systems [27]. Specifically, these last two samples illustrate how
specific catalyst designs can circumvent the general trade-offs and
trends observed in the broader dataset. Indeed, such cases represent
promising strategies for overcoming the otherwise consistent trade-offs
observed across the literature and therefore warrant further investiga-
tion as promising directions for advancing eCO,RR performance to-
wards methane.
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8. Technoeconomic analysis

A thorough and comprehensive TEA of an electrochemical system for
methane production is essential to evaluate the viability of this emerging
technology from multiple perspectives. Such an analysis not only pro-
vides critical insights into the economic feasibility and cost structure of
the process, but also serves as a key metric for assessing its environ-
mental sustainability and potential competitiveness with respect to
more established and commercially deployed methane synthesis
methods. In particular, understanding the capital and operational ex-
penditures, energy demands, conversion efficiencies, and scalability of
electrochemical methane production routes is fundamental to determine
their suitability for integration into energy systems oriented toward
decarbonization and circular carbon management.

Despite growing interest in eCO2RR, the techno-economic landscape
of processes specifically targeting methane remains largely underex-
plored. Numerous TEAs have been carried out in recent years focusing
on eCO,RR technologies, but methane is only occasionally included
among the potential products evaluated [157-159]. In fact, these studies
often center on broader product distributions or emphasize other
reduction targets such as carbon monoxide, formate, ethylene, or alco-
hols, leaving methane electrosynthesis insufficiently investigated from a
dedicated process engineering standpoint. To the best of our knowledge,
only a limited number of works have directly addressed the economic
and technical aspects of methane production via electrochemical routes,
assuming CO, feedstocks derived from point sources such as industrial
flue gases, or even more dilute streams like ambient air and seawater
[160,161]. Based on the few data present in the literature, we collected
different key economic metrics and operational parameters employed in
the TEAs, which are reported in Table 2.

The table clearly shows that, despite the selection of ambitious
performance parameters in terms of currents and selectivity, the calcu-
lated cost of methane production remains, in most cases, far above the
current market price, which is less than 0.2 $/kg [162]. This high cost is
mainly attributed to the current high cost of electricity, which domi-
nates (in the range 40-60 %) all other items of expenditure [159].
Moreover, also the costs associated with the COy capture heavily
contribute to the technology OPEX, especially for gas mixtures con-
taining low (<20 %) concentrations of CO,. In any case, it is worth
noticing that this production cost is in line with other analyses provided
in the literature for eCO2RR and other general power-to-methane sys-
tems [11,163,164].

Going into details on studies focused only on methane production,
Wu et al. [160] investigated the economic aspects of CO, electro-
reduction to CH4 using CO, sourced from industrial flue gases. Their
analysis incorporated several key cost components: CO, capture at a
price range of $30-60 per ton; capital investment for a capture facility
capable of processing 100,000 tons annually estimated at $27 million;
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Table 2

Comparison of relevant economic metrics and operational parameters employed
in the TEAs of CO electroreduction to CH4. CAPEX: Capital Expenditure; OPEX:
Operating Expenditure; y: year; —: data not provided. Regarding cell potential
values, positive values are referred to voltage (V), while negative ones are
referred to potential (V vs RHE).

Metric/Parameter Ref. [158] Ref. [160] Ref. [161] Ref. [159]

FEcna (%) 90 90 85 50

Current density (A/cm?) - - 0.5 1

Voltage (V)/Potential (V - —-1.30 4.00 -1.06
vs RHE)

Carbon utilization (%) - 60 - -

Energy conversion 60 - - -
efficiency (%)

CH,4 productivity (ton/y) - 34333 29565 101

Lifetime (y) - - 7 20

Working hours (h/y) - 8000 - -

Electricity cost ($/kWh) 0.020 0.091 0.049 0.061

CO,, capture cost ($/ton) 30 30 277 -

Total CAPEX (M$) - 59.7 313.7 -

Total OPEX (M$/y) - 71.3 133.3 -

Electrolyzer cost ($/kW) 500 300 221 -

CH4 production cost 0.8 0.3 5.4 5.7

($/Kg)

electrolysis parameters assuming 90 % FE for methane and 10 % for
hydrogen at a potential of —1.3 V vs RHE; an electricity cost of 0.091
$/kWh resulting in an annual energy expenditure of $4.5 million; and a
projected cost of $20 million for the electrolyzer stack based on a price
of 300 $/kW. The electrolyzer was assumed to operate for 8000 h per
year, with maintenance costs around 2.5 %. Gas separation, crucial to
the process, was carried out through Pressure Swing Adsorption (PSA,
see section 9.1), selected for its relative efficiency. Their findings
revealed that even under optimized operating conditions, the combi-
nation of high electrical energy consumption (high electrovalency) and
the low market value of methane render the process economically un-
feasible at present. However, the authors emphasized the potential of
this technology in future applications, particularly as a sustainable en-
ergy storage medium or even as a method for in situ fuel production in
extraterrestrial environments—such as producing methane-based rocket
fuel on Mars, a concept relevant to human space exploration. Interest-
ingly, they also noted that selectivity toward methane had a lesser
impact on profitability than anticipated, primarily because hydro-
gen—the major byproduct—is significantly more valuable, at approxi-
mately 5.09 $/kg.

Similarly, Welch et al. [161] analyzed the cost-effectiveness of
methane production via electrosynthesis using renewable electricity
sourced from photovoltaic systems and COy captured either from in-
dustrial emissions or directly from the atmosphere. Their study
compared the electrochemical pathway to thermochemical, biochem-
ical, and photoelectrochemical alternatives. They concluded that elec-
trochemical methane production could potentially become
cost-competitive with thermochemical and biochemical method-
s—estimated around 2.4 $/kg —only if exceptionally high-performance
metrics are achieved. Specifically, current densities exceeding 5 A/cm?
and an overall electrolyzer efficiency (encompassing both voltage and
FE) greater than 50 % would be required. These conditions, however, far
exceed the capabilities of current technologies. For comparison, at a
more realistic performance scenario of 100 mA/cm? and 15 % energy
efficiency, the calculated methane production cost balloons to 10.7
$/kg, underlining the present technological limitations.

From this analysis, it can be concluded that electrochemical methane
production is not yet economically viable. Specifically, as already dis-
cussed in previous Sections, current electrochemical performance has
not yet attained the thresholds required for reliable long-term industrial
implementation, while the cost of electricity remains the predominant
factor limiting large-scale deployment. Nevertheless, the substantial
progress observed over the past years [12] indicates a clear trajectory of
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performance enhancement, and projected reductions in electricity prices
further support this trend [158]. Taken together, these considerations
suggest that the development of an industrial-scale system for the
electrochemical conversion of CO2 to CH4 may become a feasible pros-
pect within the coming decades.

9. Perspective scenario: electrochemical biogas upgrading

Despite all the challenges associated with electrochemical methane
production discussed so far—ranging from low selectivity and conver-
sion efficiencies to high energy demands and capital costs—the studies
presented in the previous section collectively underscore the promising
long-term potential of this technology. These investigations demonstrate
that, with continued advancements in catalyst design, system integra-
tion, and energy supply strategies, electrochemical methane synthesis
may become a viable alternative or complement to conventional routes,
particularly in scenarios aligned with decarbonization goals and
renewable energy integration. To fully unlock this potential, however, it
is essential to critically evaluate the characteristics of the CO; feedstock
employed in the process. Most of the existing studies focus on dilute or
challenging carbon sources, such as CO, captured from flue gases, at-
mospheric air, or even seawater, which typically involve additional
energy and infrastructure requirements for separation, purification, and
compression. While these pathways are relevant in the context of direct
air capture or point-source decarbonization, they often introduce tech-
nical and economic complexities that can hinder practical deployment at
scale. In our view, a particularly promising and underutilized CO5
source for electrochemical conversion is biogas.

Biogas is produced through the anaerobic digestion of organic mat-
ter, such as agricultural residues, food waste, and wastewater sludge. It
consists primarily of methane (50-70 %) and carbon dioxide (30-50 %),
along with trace amounts of other gases (hydrogen sulfide, water vapor,
hydrogen, oxygen, nitrogen, ...) [165]. While biogas is a valuable source
of renewable energy, its raw composition limits its direct use in many
applications, since CO; and trace gases reduce the heating value [166].
Therefore, upgrading biogas to biomethane, i.e. a purified form with
higher (>95 %) methane content, has become a crucial step in maxi-
mizing its efficiency, economic viability, and environmental benefits
[167]. The following subsection will report details on the technologies
currently employed for biogas upgrading.

9.1. Technologies for biogas upgrading

Biogas treatment typically involves two sequential processes:
cleaning and upgrading. The cleaning step focuses on the removal of
trace contaminants, such as hydrogen sulphide, and other particulates,
which are considered minor but potentially harmful components. This
initial stage, despite often being energy-intensive, is essential for pro-
tecting equipment and ensuring compatibility with other downstream
upgrading technologies. The successive upgrading process is properly
aimed at increasing the methane content by selectively removing CO,.
Over the past few decades, several upgrading technologies have been
extensively studied and established at industrial level. These technolo-
gies, reported in Table 3, are primarily classified based on their
approach to carbon dioxide management in order to achieve a higher
concentration of CH,. The most established and efficient techniques for
biogas upgrading employ CO; removal either exploiting the differences
in physical or chemical properties between the two gases (physical/
chemical scrubbing, pressure swing adsorption), or through selective
separation methods (membranes, cryogenic processes).

Water (physical) scrubbing is one of the most common approaches
due to its simplicity, reliability, and relatively high efficiency [168]. It
takes advantage of the higher solubility of CO3 in water compared to
methane: as biogas is pressurized and passed through a water column,
CO4, is absorbed, leaving behind a high purity methane gas. However,
this method requires substantial water use, as well as considerable
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Table 3
Comparison of principal technologies for biogas upgrading.
Technology CH4 Energy Maturity ~ Advantages Disadvantages
Purity Use
Water Scrubbing 95-98 % Medium High Simple, no chemicals, low cost Water consumption, moderate CHy loss
PSA >97 % High High High purity, compact, fully automated High cost, adsorbent wear, sensitive to gas quality
Membrane 92-96 % Medium High Modular, scalable, low maintenance Requires multiple stages, membrane degradation
Separation
Chemical Scrubbing >99 % Very High High Excellent CO, removal, proven for large plants High operational cost, chemical handling and degradation
Cryogenic Separation >97 % Very High Medium Bio-LNG production, very high purity Complex, energy-intensive, high CAPEX
Biological Upgrading ~ 95-98 % Low Medium Low energy, mild conditions, renewable Needs Hj, low reaction rates, sensitive microbiology, still
integration maturing
Thermocatalytic >95 % High Medium Adds CH, yield, power-to-gas compatible Needs H, catalyst degradation, higher complexity

energy and heat input for compression and water regeneration. Another
common approach is chemical scrubbing, which operates on similar
principles: it uses reactive solvents (typically amine- or alkaline-based)
to chemically bind CO, in an absorption column [169]. While this
method can achieve high CO; removal efficiencies, it relies on
temperature-sensitive reactions and therefore demands repeated heat-
ing and cooling cycles for solvent regeneration, which is associated with
considerable operational costs. PSA is another mature technology that
separates CO, from methane using solid adsorbents such as activated
carbon or zeolites, that selectively capture CO2 and other trace gases
under high pressure. When the pressure is reduced, the adsorbed gases
are released, and the adsorbent is regenerated. PSA offers high methane
purity but involves complex control systems and periodic maintenance
[170]. More recent technologies include cryogenic and membrane sep-
aration. Cryogenic upgrading separates CO5 by cooling the biogas to
very low temperatures, causing COy to condense or freeze while
methane remains in gaseous form. This method enables the production
of high-purity biomethane and has gained attention due to its ability to
simultaneously produce liquefied biomethane (bio-LNG) despite being
highly energy and cost-intensive [171]. Membrane based technologies
instead rely on differential gas permeabilities to separate CH4 from CO.
While membranes are appealing for their flexibility and low mainte-
nance, achieving very high methane purity often requires multi-step
systems, and membrane degradation can occur over time due to expo-
sure to impurities [172].

While all the above-mentioned technologies aim to remove COo,
recent developments have shifted attention toward CO5 utilization,
particularly through methanation. These approaches convert CO; into
additional methane, eliminating the need for CO3 disposal and reducing
greenhouse gas emissions. Biological upgrading leverages specific mi-
croorganisms, such as methanogenic archaea, that consume CO; and Hy
during anaerobic digestion to biologically produce methane [173,174].
If this process is conducted in-situ (directly inside the reactor), it uses the
CO4 component of biogas to reach very high methane yields. It is a
low-energy, low-temperature process with potential for integration into
circular bioeconomy systems but still emerging at industrial scale as it
requires strict control of microbial activity and operational conditions.
Thermocatalytic methanation, based on the Sabatier reaction, is another
developing field with strong potential for biogas upgrading. It involves
the chemical conversion of CO, and Hj into methane using metal-based
catalysts (such as nickel and ruthenium) at elevated temperatures
(typically 300-700 °C) and pressures (10-20 bar) [175]. The main
limitations are its high thermal energy demand and the sensitivity of
catalysts to impurities, which can lead to degradation or deactivation
over time.

9.2. Electrochemical biogas upgrading

In recent years, electrochemical methods have emerged as a prom-
ising alternative also for biomethane production, offering enhanced
selectivity, energy efficiency, and potential for integration with renew-
able electricity sources. Electrochemical biogas upgrading represents, in
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fact, an innovative approach that not only purifies methane but also
valorizes the separated CO,, thereby enhancing the overall sustain-
ability of the process.

Despite its advantages, electrochemical biogas upgrading still faces
several challenges that must be addressed before large-scale deploy-
ment, including the catalyst stability and selectivity already discussed in
the previous sections, and also the integration with biogas plants, since
the existing infrastructure is designed for conventional upgrading
methods [18]. Nevertheless, considering that, unlike flue gas or ambient
air, biogas already contains a high concentration of CO, mixed with
CHy, using biogas as feedstock will eliminate the need for costly CO,
capture and purification steps. In this scenario, the entire biogas stream
can be directly fed into the electrolyzer, simplifying system design and
reducing capital and operational expenditures, as discussed in Section 8.
In particular, a 10-20 % reduction in costs can be expected thanks to the
elimination of CO, capture and purification operations [160,161].This
economic perspective has prompted the scientific community to explore
the possibility of electrochemical upgrading.

In a pioneering conceptual study by Gattrell et al. [153], the pro-
ductivity of an electrochemical system for upgrading biogas (composed
of 60 % CH,4 and 40 % CO5) consisting of 5 filter press flow-by reactors
[176] arranged in series (each with 50 % conversion), powered by 100
mA/cm? and a cell voltage of 3.0 V, was calculated. A brief schematic of
the analyzed system is reported in Fig. 12. Considering the use of stacked
copper screens as a catalyst, an output gas composed of 73 % methane,
19 % hydrogen, and the remainder carbon monoxide, ethylene, and
unreacted carbon dioxide was obtained. This led to an efficiency for the
electrochemical conversion of electrical energy to chemical energy of
around 38 %. Moreover, it is noteworthy that the composition of this gas
mixture closely resembles that of hythane, a hydrogen-methane blend
that has gained attention as a renewable fuel candidate. Hythane ex-
hibits favorable combustion properties, such as reduced pollutant
emissions and high energy efficiency, making it particularly attractive
for transportation applications. Furthermore, its compatibility with
existing natural gas infrastructure enhances its practicality, while its
hydrogen content positions it as a strategic intermediate in the transition
toward hydrogen-based energy systems [177]. An analogous outcome
was experimentally demonstrated by Huang and coworkers employing
an H-type cell equipped with graphite electrodes, wherein CaSiOs was
dissolved in the anodic compartment, separated from the cathodic
chamber by a GEM [178]. Through the electro-migration of Ca®" ions
toward the cathode, a fraction of the CO; present in the biogas feed was
selectively sequestered as CaCOs. Concurrently, hydrogen evolution at
the cathode enabled the generation of hythane, with an outlet gas
composition of approximately CH4:H2:CO2 = 75:15:10 % under an
applied cell potential of 3.5-4.0 V. Notably, the methane concentration
in the product stream corresponded to 98-99 % of the methane fraction
initially present in the biogas feed, which implies minimal methane loss
compared to other upgrading methods. It is important to emphasize that
this approach does not involve an actual conversion of CO. into
methane, but simply an upgrade of biogas because the CO, is separated
and stored in the form of bicarbonate. Similarly, Mohammadpour et al.
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Fig. 12. Schematic of an electrochemical system for the upgrading of sewage sludge biogas. Reproduced from [153] with permission.

[179] proposed a three-chamber system, where the separation of CO5
from CH4 is made possible by the basification of the catholyte induced
by hydrogen production, which leads to the formation of (bi)carbonate
ions. These migrate (through an AEM) into the central compartment,
where they react with protons from the anode (produced by OER, which
pass through a CEM), thus releasing pure CO5 gas. The cell operated for
40 h, with a current density of 30 mA/cm? and a voltage lower than 4 V.

Critical examination of the available literature indicates that, while
the direct electrochemical conversion of CO3 in biogas into CH4 repre-
sents a conceptually attractive strategy for the upgrading, to the best of
our knowledge no studies have yet provided experimental validation of
this pathway, with the sole exception of bioelectrochemical systems
[180-182], which nevertheless fall beyond the scope of the present re-
view. This should provide the impetus for progress in research in this
field. As highlighted in Welch et al. [161], future improvements in
catalyst design—especially those that enhance current density—could
significantly lower methane production costs. Furthermore, as discussed
above, although improving FE for CH4 is advantageous, an equally
viable strategy would be to tune the electrolysis process such that
hydrogen is the only byproduct. This would result in the production of
hythane, that can be used directly without the need for additional
downstream separation, further improving system economics [183]. A
final comment regards the heavy influence of electricity cost on overall
exploitability. As of now, the relatively high price of electricity remains
a major barrier. However, looking toward a future where renewable
energy sources become more widespread and economically accessible,
the cost of green electricity is expected to decline significantly. In such a
scenario, the production of low-carbon, electrochemically synthesized
biomethane could become not only technically feasible but also
commercially attractive, thereby playing a vital role in the transition
toward a sustainable and circular energy economy.

17

10. Conclusions

The electrochemical reduction of CO, to CH4 has gained consider-
able attention as a sustainable route for both carbon utilization and
renewable fuel production. A bibliometric analysis of scientific publi-
cations over the past two decades shows a marked increase in research
output, especially after 2013, reflecting growing interest in electro-
chemical carbon conversion technologies in the context of climate
change mitigation and energy transition. The rise in interdisciplinary
collaborations, particularly among materials scientists, chemists and
engineers, highlights the complex and multifaceted nature of this field.
While academic interest is accelerating, the gap between laboratory-
scale success and industrial relevance remains a key challenge to
address.

At the core of this process lie the catalytic materials and reactor
configurations, which strongly influence selectivity, efficiency, and
scalability. Copper remains the benchmark catalyst due to its unique
ability to reduce CO5 beyond CO to hydrocarbons like CH4. Recent ad-
vances have included nanostructured copper catalysts, oxide-derived
systems, and bimetallic formulations designed to stabilize key in-
termediates and suppress competing reactions like hydrogen evolution.
Operative conditions such as electrolyte composition, temperature,
pressure, and pH also play crucial roles in optimizing reaction kinetics
and product distribution. Reactor designs have evolved from simple H-
cells to more sophisticated flow cells and GDE systems, with MEA con-
figurations offering higher current densities and better scalability.
Nevertheless, achieving industrially relevant performance is still an
ongoing endeavour. All these aspects are summarized in the sketch
shown in Fig. 13.

From a practical perspective, scaling up CO»-to-CH4 conversion in-
volves not only technical hurdles but also economic considerations. TEA
underscores the importance of renewable electricity prices, catalyst
longevity, system integration costs, and product purification in
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Fig. 13. Conceptual representation of the factors influencing the development
of electrochemical biogas upgrading. At the core, the process couples biogas
upgrading with electrochemical CO, conversion, offering the advantage of
being directly powered by renewable electricity, thus enabling carbon-neutral
or even carbon-negative energy cycles. Surrounding this central concept are
the main aspects that must be addressed to achieve industrial viability: (i)
catalyst and electrode design, ensuring high activity, selectivity, durability and
scalability; (ii) reactor engineering and configuration, including mass transport
optimization, cell architecture; (iii) operating conditions, such as pressure,
temperature, electrolyte management; (iv) trade-offs among key performance
indicators; (v) scaling strategies, considering techno-economic feasibility,
modularity, and system robustness.

determining commercial viability. While current systems remain cost-
intensive, projections suggest that with improvements in electrolyzer
design and catalyst durability, costs could decrease sub-
stantially—especially if co-located with sources of concentrated CO,
emissions or renewable energy generation. Hybridization with existing
energy infrastructures, such as power-to-gas facilities or anaerobic
digestion plants, may accelerate market adoption by leveraging syn-
ergies and reducing capital costs. For instance, using CO5 from biogas
upgrading units as feedstock for electroreduction could transform waste
emissions into additional CH4 output, effectively increasing overall
system efficiency.

In particular, integrating electrochemical CO, reduction into biogas
ecosystems offers a unique opportunity for enhancing methane yields
while contributing to a circular carbon economy. In fact, electro-
chemical conversion of this CO, to CHy using surplus renewable elec-
tricity would not only improve carbon utilization but also smooth out
fluctuations in biogas production tied to feedstock availability or
digestion kinetics. This hybrid strategy could enable decentralized en-
ergy systems capable of producing storable methane fuel while mini-
mizing GHG emissions. Future research should focus on pilot-scale
demonstrations of such integrated platforms, supported by compre-
hensive lifecycle and technoeconomic assessments to validate environ-
mental and financial sustainability under real-world conditions.
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