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The urgent global pursuit of carbon neutrality and sustainable energy storage has
positioned alkali metal-CO, batteries as a crucial technology. These systems offer the
unique dual functionality of high-density energy storage and effective carbon dioxide
utilization, aligning with United Nations Sustainable Development Goals for climate
action and clean energy. This work provides a critical synthesis of the recent
advancements in lithium, sodium, and potassium—COQO, batteries, integrating a rigorous
scientometric analysis of over 200 studies to map the evolving research landscape. By
identifying key technological bottlenecks,such as sluggish reaction kinetics, electrolyte
degradation, and anode instability,this study highlights the strategic importance of
advanced materials like MXenes, doped carbons, and hybrid electrolytes in overcoming
current performance limits. This review serves as a roadmap for the scientific community,
pinpointing emerging trends and research gaps that must be addressed to transition from

fundamental lab-scale experiments to scalable, commercially viable energy storage

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

solutions. Ultimately, this work contributes to the development of next-generation

Open Access Article. Published on 30 March 2026. Downloaded on 4/20/2026 1:21:59 AM.

batteries that not only power our future but also actively participate in global carbon
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mitigation efforts.
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Recent Advances and Scientometric Insights into Alkali Metal=CO3
Batteries: Materials, Performance, and Future Directions

Camila Stockey Erhardt "2, Moyra Freitas Vieira 2, Darlan Pontin 2, Chrisminder Dain ®, Felipe Dalla
Vecchia ?, Victor Hugo Jacks Mendes dos Santos *2
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DOI: 10.1039/x0xx00000x Alkali metal-CO, batteries are emerging as key sustainable energy storage technologies due to their high energy density and
CO, capture capabilities. This review provides a comprehensive overview of lithium (Li), sodium (Na), and potassium (K)—
CO; batteries, emphasizing materials development, cell configurations, and electrochemical performance. Particular
attention is given to cathode materials, transition metal catalysts, anode degradation, and the influence of electrolytes and
separators on battery stability. Beyond technical discussions, a scientometric meta-analysis was conducted following the
PRISMA 2020 methodology, analysing 206 articles from Web of Science and Scopus (2015-2025). VOSviewer was used to
identify research hotspots, keyword clusters, and global collaboration networks. Results show that Li—CO, batteries
dominate the field, while Na—CO, and K—CO, systems have gainned attention due to their cost and conductivity advantages.
However, rate-limited kinetics, anode instability, and electrolyte degradation remain significant barriers to
commercialization. Integrating advanced catalysts, solid-state or hybrid electrolytes, and functional separators presents
promising pathways toward efficient and durable systems. This review concludes by proposing future research directions to

accelerate the development of high-performance, scalable metal-CO, batteries for energy and environmental applications.
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Introduction

The growing global demand for sustainable energy storage
systems, coupled with the urgent need to mitigate climate
change through the reduction of atmospheric CO, levels, has
intensified interest in metal—CO, batteries 2. In alighment with
the United Nations Sustainable Development Goals (SDGs),
metal-CO, battery technologies directly support several key
global objectives. Specifically, SDG 7 (Affordable and Clean
Energy) advocates for the expansion of reliable and modern
energy systems; SDG 12 (Responsible Consumption and
Production) promotes the use of sustainable materials and the
development of circular technologies; and SDG 13 (Climate
Action) calls for urgent efforts to combat climate change and its
impacts 3. By enabling both energy storage and CO, utilization,
metal-CO, batteries offer a unique technological pathway.
Their dual functionality makes them particularly attractive as
next-generation technologies capable of addressing two of the
most pressing challenges of our time: clean energy and carbon
neutrality 4. These systems are being developed with an
emphasis on material abundance, lower environmental impact,
and decarbonization potential, positioning them as innovative
tools for a more sustainable and resilient energy future.
Among the various approaches under investigation, metal—
CO, batteries have gained attention due to their high
theoretical energy densities, tunable redox chemistries,
environmental relevance, and the potential to significantly
reduce the weight and size of future battery systems. These
batteries utilize metals as anodes and CO, as a cathodic
reactant, resulting in the electrochemical conversion of CO; into
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solid products. While lithium (Li) has been the most extensively
studied, alternative metals such as sodium (Na) and potassium
(K) have also gained increasing attention due to their potential
5712 Each metal offers distinct advantages in terms of
abundance, cost, safety, redox potential, and reaction
reversibility, opening new avenues for tuning the battery’s
performance and sustainability profile. At the same time, each
metal-CO, system presents its own specific challenges and
corresponding technological development pathways that must
be addressed to enable practical implementation.

Li—-CO, batteries, in particular, have drawn significant
attention due to their high theoretical energy density (~1,876
Wh/kg) and ability to capture and convert CO, into lithium
carbonate (Li.COs3) and carbon 314, These properties position
Li—CO, batteries as attractive alternatives to conventional Li-ion
systems, especially for applications demanding higher energy
capacities such as electric vehicles, aerospace, and grid-scale
storage 116, In parallel, Na—CO, and K-—CO, batteries are
increasingly being investigated as costs-effective and safer
alternatives, owing to natural abundance and reduced reactivity
of sodium and potassium compared to lithium. While their
energy densities are lower (~1.10 Wh/kg for Na and ~1.0
Wh/kg for K systems), their enhanced ion transport properties
and potential for high-rate operation make them attractive
candidates for specific applications and further exploration
within the metal—CO, battery research. 1718

Given the expanding interest and diversification of materials
and architectures, a systematic review is both timely and
essential to summarize the rapidly growing body of knowledge
on metal-CO; batteries, identify dominant configurations, and
highlight key performance trends. In parallel, a scientometric
meta-analysis can provide quantitative insights into the
evolution of the field, emphasizing influential contributors,
emerging themes, and existing research gaps. Accordingly, this
review has three overarching goals: (i) to provide a
comprehensive technical assessment of the current state of
alkali metal-CO, batteries by systematically evaluating cell
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architectures, electrode and electrolyte materials, and reaction
mechanisms, with special emphasis on critical limitations such
as poor reversibility and metal anode degradation; (ii) to
conduct a rigorous scientometric analysis of the literature
published between 2015 and 2025 following PRISMA 2020
guidelines, employing tools such as VOSviewer to map thematic
clusters, leading institutions, and global research
collaborations; and (iii) to propose a forward-looking
perspective to guide future developments in efficient, stable,
and scalable metal-CO, batteries that contribute
simultaneously to sustainable energy storage and carbon
mitigation. The present review focuses exclusively on alkali
metal-CO, batteries, leaving out other systems such as Zn—CO,,
and restricts its scope to peer-reviewed scientific articles.
Patents were not included at this stage, given the overall early
maturity level of the technology.

The paper is organised as follows: Section 2 examines
fundamental operating principles, Section 3 methodology and
scientometric results, Section 4 analyses cell components and
materials, Section 5 discusses current challenges and future
opportunities, and Section 6 presents concluding remarks. The
final aim is to shed light on potential development priorities and
to enable the advancement of the technology’s TRL by
addressing, in a multifactorial manner, the various aspects
required to develop and mature scalable and economically
viable battery technologies, while also understanding the
application context of future products. Through this structured
analysis, we seek to accelerate progress toward sustainable
energy storage solutions that simultaneously address energy
and environmental challenges.

Fundamentals of alkali metal-CO, batteries
Basic Operating Principles

Alkali metal-CO, batteries operate based on the redox
reactions between alkali metal anodes (Li, Na, K) and CO, at the
cathode. These systems offer high theoretical energy densities
and the potential for CO, capture, making them an effective
way to store energy while reducing greenhouse gas emissions.
The general operational mechanism involves the oxidation of
the alkali metal at the anode, releasing electrons to the external
circuit, and the reduction of CO, at the cathode, leading to the
formation of metal-carbon products such as metal carbonates,
reduced solid carbon or oxalates, depending on the alkali metal
and electrolyte used 1920,

The electrolyte facilitates the movement of ions between
the anode and cathode. Despite growing research efforts, the
mechanisms of CO, Reduction Reaction (CO,RR) and CO,
Electroreduction Reaction (CO,ER) remain debated due to the
system's inherent complexity. For instance, reported discharge
products vary widely, from Li,CO3z and Li,C,04 to carbon and
carbon monoxide, raising questions about their origin. It
remains unclear whether these products stem from direct
CO4RR or electrolyte decomposition 21,

The energy release is determined by the enthalpy of the CO,
reduction reaction, and the overall battery performance is

2| J. Name., 2012, 00, 1-3
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dependent on various factors such as the choice of glectrolyte,
electrode materials, and reaction kinetic§©!: 10.1039/D6EBO0006A

Alkali Metals and Their Specificities

electrochemical
affect battery

Each alkali metal
properties

performance (Table 1):

provides
reaction pathways

unique

and that

e Lithium is the most widely studied alkali metal in CO,
batteries due to its high theoretical capacity (~3.860
mAh/g) and corresponding energy density (~1.876
Wh/kg)?2. These exceptional values make Li-CO, systems
highly  attractive for high-energy  applications.
Consequently, research on Li-CO, batteries is the most
mature, including the development and testing of diverse
battery systems (e.g., solid-state and flexible designs),
various electrolytes (e.g., non-aqueous liquid, gel, and
solid), and numerous advanced catalysts and cathode
materials.

e Sodium is more abundant and cost-effective than lithium,
making it an attractive alternative and highly promising for
large-scale, stationary energy storage where material
costs are a major factor 23. While its theoretical specific
capacity (~1.160 mAh/g) and energy density (~1.10
Wh/kg) are lower than those of Li-CO,, Na-CO; systems
offer the potential for sustainable and economical battery
production.

e Potassium batteries are a more recent addition to the
field. Based on its redox potential, K-CO; systems exhibit a
favourable theoretical specific capacity of approximately
687 mAh/g and an energy density of around 1.0 Wh/kg.
Despite the lower theoretical metrics compared to Li and
Na, K offers unique kinetic advantages. Specifically,
Potassium offers superior ionic conductivity due to its low
Stokes radius, resulting in rapid charge transport and
enhanced rate capabilities. K—CO, systems also benefit
from lower charge—discharge overpotentials in some
reports.

Additionally, since K* has a weaker Lewis acidity than Li* and

Nat*, it possesses a faster rate of migration between electrolyte

and electrode, leading to a better rate performance of the

battery. The selection of alkali metal significantly impacts the

battery's configuration, discharge products, and overall
electrochemical behaviour.
Main Challenges

Currently, there are several challenges impeding the

practical application of high-performance metal-CO; batteries,
such as:

e Anode Instability: Alkali metal anodes are prone to
dendrite formation, which can lead to short-circuiting and
reduced cycle life. The metal also undergoes volume
expansion during cycling, which may cause mechanical
stress and deterioration of the electrode ?7.

e  Sluggish CO,RR/CO,ER Kinetics and Low CO, Conversion:
The kinetic limitations of CO,RR and COER reactions are a

This journal is © The Royal Society of Chemistry 20xx
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major challenge. These sluggish reactions occur at the
cathode during discharge and charge, respectively, and
involve the deposition and decomposition of insulating
discharge products (e.g., metal carbonates or
oxalates)??28. This slow decomposition often leads to
accumulation of residual discharge products, which
passivate the cathode surface and diminish battery
capacity over time. Consequently, the overall energy
efficiency and cyclability of the battery are significantly
compromised. Enhancing the kinetics of CO,RR and CO,ER
requires the development of high-surface-area, porous
cathode structures and catalytic materials capable of
promoting product reversibility and facilitating charge
transfer?:30,

Electrolyte Degradation: The electrolyte plays a critical
role in mediating ion transport and maintaining interfacial
stability. However, in metal—-CO; systems, electrolytes are
exposed to highly reactive alkali metals and intermediate
species such as superoxide and carbonate radicals. These
species can trigger electrolyte decomposition, especially
under high voltage conditions and during high recharge
overpotentials, leading to capacity fade, gas evolution,
and poor cycling stability. Moreover, the electrochemical
stability window of the electrolyte must be wide enough
to support both CO, reduction and product oxidation 27.
CO, Diffusion Issues: The diffusion of CO, in non-aqueous
electrolytes is generally slow, limiting the rate at which
CO; can participate in the reduction reaction and reducing
the overall charge/discharge rates. Furthermore, gas
bubble formation during cycling can block active sites,
further impeding mass transport 3.

Side Reactions: Several side reactions, including the
formation of unwanted by-products, can occur during
cycling. Such reactions not only consume active materials
but also contaminate the electrode surfaces, interfere
with redox pathways, and alter the selectivity of the
desired products, often taking place through irreversible
reaction pathways. Therefore, compromising the
Coulombic efficiency and lifespan of the battery 2832,

Despite these challenges, ongoing research aimg.to.eptimize
the performance of alkali metal-CO, bagteties) YOrhpoNihg
electrolyte formulations, stabilizing anode materials, and
enhancing the CO, reduction process. These improvements
could lead to more efficient and cost-effective systems for
energy storage and CO; sequestration.

Scientometric methodology

The scientometric analysis in this review is based on
publications retrieved from Web of Science and Scopus. The
search strategy was structured across three primary axes to
ensure thematic depth: (i) battery chemistry, (ii) components,
and (iii) performance metrics. The systematic retrieval
employed the following parameters: ("Li-CO, batter*" OR "Na-
CO; batter*" OR "K-CO; batter*" OR "alkali metal-CO, batter*")
AND ("cathode" OR "anode" OR "electrolyte" OR "stability" OR
"catalyst") AND ("cycling performance" OR "energy density" OR
"power density" OR "coulombic efficiency" OR "electrochemical
performance" OR "cycle life" OR "capacity retention" OR
"overpotential" OR "discharge capacity").

This integrated approach was deliberately designed to
prioritize studies that provide robust and comparable
electrochemical data. To ensure a systematic and transparent
selection, the PRISMA guidelines were employed. Figure 1
presents the PRISMA flowchart documenting the literature
screening and selection process. The initial search yielded 388
records, which were subsequently filtered through duplicate
removal, title/abstract screening, and full-text evaluation.

In total, 206 studies met the predefined inclusion criteria.
While this rigorous filtering may exclude purely fundamental or
mechanistic studies that do not explicitly report the specified
performance metrics in their metadata, it ensures a cohesive
and representative dataset for analysing the current state-of-
the-art in alkali metal-CO, battery technology.

This standardised protocol ensures the reproducibility of the
results and maintains a high level of methodological consistency
throughout the evaluation of developmental milestones within
the 2015—-2025 period.

Table 1 - Standard potential and theoretical capacity of lithium, sodium and potassium metals 22-24,

Metal Standard Potential Theoretical Energy Electrochemical Performance and Specific Descriptors
(V vs SHE) Capacity (mAh/g) density
(Wh/g)
Lithium (Li) -3.04V 3.860 ~1.876 High theoretical voltage (2.80 V vs. Li/Li+); suffers from severe
charge overpotentials (nch> 1.0V) due to the insulating nature of
Li,CO3 and C products.
Sodium (Na) -2.71V 1.160 ~1.13 Theoretical cell voltage 2.35V; typically shows lower discharge
overpotentials than Li but faces stability issues with superoxide
intermediates (NaO,) in certain electrolytes.
Potassium (K) -2.93V 687 ~1.0 Exhibits higher exchange current density (i0) compared to Li/Na

This journal is © The Royal Society of Chemistry 20xx

systems; demonstrates a narrower voltage gap (typically AV < 1.2V
at low current densities) due to more reversible K,CO3 formation.

J. Name., 2013, 00, 1-3 | 3
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Fig. 1 PRISMA flowchart.

Using VOSviewer (1.6.20), the final dataset was processed
to extract bibliometric data on keyword co-occurrence, co-
authorship networks, and international collaborations. A total
of 1,581 keywords were identified in the research. By applying
a minimum threshold of 10 occurrences, a keyword co-
occurrence map was generated, as shown in Figure 2. In this
map, the size of each circle represents the frequency of the
corresponding keyword in the analysed articles—the larger the
circle, the higher its incidence. Notably, the central and most
prominent keyword is “CO,”, both in terms of position and size,
indicating its dominant presence across the dataset.

Surrounding it, three other significant and centrally located
nodes are observed: “lithium compounds”, “cathodes”, and “Li-
CO, Additionally, the thickness of the
connecting the nodes represents the strength of their co-
occurrence—how frequently they appear together in the same
articles. The colours indicate clusters of keywords that are
thematically related. The analysis revealed four distinct
clusters, with a total of 1,327 links between the keywords. The
first cluster is centred around “Li-CO, batteries”, which is

batteries”. lines

4| J. Name., 2012, 00, 1-3

primarily connected to “catalyst”, and includes a total of 94
keyword occurrences.

The second cluster is dominated by the keyword “cathodes”,
with 81 occurrences, and shows strong associations with
“carbon” and “carbon nanotubes”. The third cluster is the
largest, featuring “CO.,” as the most frequently occurring
keyword across the dataset, appearing in 145 articles. Finally,
the fourth cluster revolves around “lithium compounds”, which
appears 111 times and comprises 7 related keywords. Based on
this map, it is evident that the vast majority of articles focus on
Li-CO, batteries. Na-CO, batteries appear within the largest
cluster—centred on “CO,”—while K-CO, batteries are not
represented in the map at all. Among the articles in the
database used for this analysis, only three focused on K-CO,
batteries, which explains their absence from the co-occurrence
map 113334 The Figure 3 illustrates the annual number of
scientific publications related to CO, batteries, categorized into
total publications and those specifically focused on Li-CO,, Na-
CO,, and K-CO; systems.

This journal is © The Royal Society of Chemistry 20xx
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From the data, it is evident that Li-CO, batteries dominate the
research landscape, with a consistently increasing number of
studies over the years. This strong upward trend reflects the
scientific community's growing interest in lithium-based CO,
batteries, likely due to their high theoretical energy density and
potential applications in next-generation energy storage
systems.

In contrast, Na-CO, batteries appear much less frequently,
with only a modest number of publications each year. Despite
this, their presence in the literature suggests a niche but
emerging field, motivated by the abundance and low cost of
sodium. K-CO, batteries are nearly absent, showing minimal
representation in the database. This indicates that potassium-
based systems remain largely unexplored or are still in their very
early stages of investigation.

When comparing with the total number of articles published
each vyear, it is clear that Li-CO, research contributes a
substantial portion of the CO, battery literature. The overall
publication count also reveals the growing attention the field of
CO; electrochemistry has received over the past decade.

Figure 4 presents the average number of citations per
publication for the ten countries with the highest number of
scientific articles on CO, batteries. At the top of the list is the
United States, with an impressive 57.07 citations per
publication, indicating that although it has fewer publications
than China (14 vs. 127), its research tends to be highly
influential. Following closely is China, the most prolific in terms
of publication volume, with 127 papers and an average of 44.50

honqhkong aus_t,ralia

o@E

taiwan

unitedingdom

Fig. 5 Co-occurrence of Countries.

Its pioneering approach, strong experimental validation, and
relevance across materials science and energy storage fields
have contributed to its widespread recognition within the field.
At the international level (Figure 5), China has emerged as the
most prolific and interconnected country in this domain,
maintaining strong collaborative ties with countries such as the
United States, South Korea, Japan, and the United Kingdom. The
United States positions itself as the second most connected

View Article Online
DOI: 10.1039/D6EBO0006A
citations per article, showing a strong balance between quantity

and impact.

The United Kingdom ranks third, with 38.6 citations per
article from just 5 publications, suggesting a highly selective yet
impactful contribution. Japan, Australia, and Germany similarly
appear in the list with high impact scores despite having only 2
publications each, emphasizing the significance of quality over
volume. In contrast, Taiwan and South Korea show moderate
citation averages, despite having a slightly higher number of
publications compared to Japan, Australia, and Germany. Hong
Kong also appears with 4 publications and an average of 17.75
citations, while India completes the list with 9 citations per
publication from 3 studies. This analysis highlights that a high
number of publications does not always equate to higher
impact per article. Countries like the UK, Japan, and Australia
demonstrate that even with a smaller volume of work, it is
possible to achieve strong recognition and influence in the
scientific community. The data also indicates a growing interest
from the Asian market in this research area, particularly in
Japan, China, Taiwan, South Korea, Hong Kong, and India.

The most cited article in the CO, battery research field is
titled "The first introduction of graphene to rechargeable Li—CO,
batteries: a highly efficient catalyst for Li,CO3 decomposition"
35, With 343 citations, this work is highly influential because it
was the first to explore the use of graphene as a catalyst in Li—
CO, batteries, addressing a critical limitation: the poor
decomposition of lithium carbonate during charging. By
improving the reversibility of the system, the study opened new
paths for developing rechargeable Li—CO, batteries.

united states souli@orea

country. This reflects the collaborative nature of energy storage
research, where partnerships between leading scientific nations
are essential for rapid technological advancements.
Interestingly, Taiwan and Hong Kong appear as regional hubs
closely connected to China, which likely reflects the shared
linguistic and cultural ties, as well as similar research priorities.
While nations like France, Greece, and Poland appear less
central in the network, they still contribute meaningfully,

Page 8 of 24
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particularly in niche areas like solid-state electrolytes and
advanced characterisation techniques.

Together, these scientometric insights reveal a dynamic and
rapidly evolving research landscape. While lithium remains the
dominant chemistry explored in metal-CO, batteries, the
increasing presence of sodium— and potassium—based systems,
innovative materials, and transnational collaborations point
toward a maturing field with expanding horizons. This
comprehensive mapping of the literature provides a valuable
guide for researchers and funding agencies seeking to identify
hotspots, research gaps, and strategic opportunities for
advancing dual-purpose energy storage and CO, conversion
technologies.

Cells architectures and materials

Understanding the structural and compositional aspects of
alkali metal-CO, batteries is crucial to optimising their
performance, stability, and reversibility. The overall
architecture of a battery (Figure 6) — including the cathode,
anode, electrolyte, and separator — governs its energy density,
reaction kinetics, and long-term cycling behaviour.

In recent years, significant advances have been made in the
development of multifunctional materials and innovative cell
designs tailored to overcome the intrinsic limitations of metal—
CO, systems, such as insulating discharge products, dendrite
formation, and electrolyte degradation .This section provides a
comprehensive overview of the main components that define
the electrochemical configuration of Li, Na, and K-CO,

Anode
Metal: Li; Na; K
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batteries, highlighting recent trends, materjgl, ,choices,
fabrication strategies, and their impact oR@elicé FerPfoAdte:

Cathode of alkali metal-CO, batteries

In metal-CO, batteries, the reduction of CO, at the cathode
during discharge is a crucial process, playing an important role
in the battery's overall operation32. The choice of cathode
material and the type of electrolyte system (aprotic or agueous)
used directly influence the selectivity and efficiency of this
reaction, which may result in the formation of different
discharge products such as CO, HCOOH, and other
hydrocarbons. Significant research efforts focus on optimising
the cathode through various modifications, including advanced
synthesis techniques, doping strategies, defect engineering,
and surface treatments of the precursor materials 36738,

These approaches aim to enhance catalytic activity, improve
CO, adsorption, and ensure greater stability and efficiency of
the cathode, thus advancing the performance and practical
viability of metal-CO, batteries. Based on the bibliometric
analysis, a diverse range of materials are commonly employed
for cathode fabrication due to their favourable properties.
Among these, carbon-based materials are widely utilised,
including carbon cloth3?, porous carbon!®, carbon nanotube
(CNT)-based structures’4%41, graphene 42744, and functionalised
variants such as doped graphene 4> and carbon nanotubes?t.
These materials are favoured for their high electrical
conductivity, large surface area, and ability to improve the

electrochemical reactions involved in CO, reduction and
product decomposition.
/7
Cathode
Discharge > Carbon matrix
+ catalyst

]

Electrolyte

Separator
Glass fiber

Fig. 6 Configuration of an alkali metal-CO2 battery.

Carbon cloth, which typically ranges from 0.08 to 0.15 mm
in thickness, is a preferred material for its high electrical

8 | J. Name., 2012, 00, 1-3

conductivity, which is crucial for efficient electron transfer
during electrochemical reactions. Its three-dimensional porous

This journal is © The Royal Society of Chemistry 20xx
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structure offers an extensive surface area*’, promoting high CO, View Article Online
adsorption and effectively accommodating solid discharge DOI: 10.1039/D6EBO0006A

products, such as carbonates. These features not only improve
the efficiency of electrochemical reactions but also significantly
enhance the energy density of the battery, making carbon cloth
a key component in the development of high-performance
cathodes.

Porous carbon is also widely used as a cathode material due
to its high surface area, three-dimensional structure, and gas
adsorption capacity, particularly for CO,. Its unique properties
significantly enhance energy density by providing multiple
active sites for electrochemical reactions and facilitating the
efficient diffusion of CO, and electrolytes. Various types of
porous carbon, including activated carbon, carbon aerogels 43,
and carbon nanotubes 474950, can be functionalised or
combined with catalysts to further improve performance. For
example, Deng et al. developed a novel metal-free cathode
based on nitrogen (N), phosphorus (P), and fluorine (F) co-
doped carbon nanotube networks (NPF-CNTs) >!. These
materials were  synthesised using an ammonium
hexafluorophosphate (NH4PF¢)-assisted method, resulting in a
three-dimensional interconnected structure that enhances
charge transfer and increases the accessibility of active sites.
Heteroatom doping plays a crucial role in improving catalytic
activity, facilitating the efficient and reversible decomposition
of Li,CO3, and enhancing the performance of CO, reduction and
evolution reactions. Additionally, the porous structure of the
nanotubes promotes efficient reagent diffusion and contributes
to the structural stability of the cathode throughout the cycling
process. These findings indicate that NPF-CNTs represent a
promising alternative for the development of high-performance
and long-lasting Li-CO, batteries. The porous structure of
carbon is particularly important in preventing cathode blockage
caused by solid reaction products (e.g., carbonates), thereby
ensuring prolonged cycling stability. Additionally, porous
carbon is lightweight, chemically stable, and exhibits high
electrical conductivity—key characteristics for advanced
battery applications. Research on pore size engineering and
distribution remains an active field, aiming to optimize the
interaction between porous carbon and electrochemical
reactants to maximize battery efficiency and durability. In
addition to carbon-based materials, MXenes 42052, which are
two-dimensional transition metal carbides and nitrides, and
Molybdenum nitride (Mo;N) 33> also stand out as promising
cathodes due to their excellent conductivity, high ion storage
capacity, and tunable surface chemistry, significantly improving
CO, reaction kinetics.

Composites comprising carbonaceous materials and
transition metal-based compounds can serve as effective
catalysts for the CO; reduction reaction (CO,RR). The catalysts
employed in the cathodes of metal-CO, batteries are
fundamental in enhancing the kinetics of electrochemical
reactions, facilitating the efficient conversion of CO, into
desired products, such as carbonates'’, while simultaneously
helping to reduce the recharge overpotential and supporting
the development of rechargeable battery systems through
reversible chemical pathways.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Table 2 - Annual distribution of articles using CNT and Ru materials as cathodes in metal-CO, batteries.

YEAR ARTICLES (N°) CNT* (N°) REF RU* (N°) REF
2015 1 0 = 0 -
2016 2 1 65 1 66
2017 6 3 67-69 2 70,71
2018 13 6 72-77 2 75,78
2019 22 8 60,79-85 7 60,81,83,86-89
2020 19 4 90-93 5 94-98
2021 28 11 7,11,12,59,99-104 8 12,99,104-108
2022 23 3 33,109,110 11 48,109,111-119
2023 28 13 43,120-130 7 29,122,124,126,127,131,132
2024 43 10 40,46,133-139 6 134,135,140-143
2025 17 6 41,51,58,144-146 1 147

*indicates that different forms or variants of the material are included

These catalysts are typically based on metallic materials,
including metal oxides (e.g., MnO; 3>, C0304°® , Fe304°’), noble
metals (e.g., Pt °8, Au °°, Ru ®9), and bimetallic compounds or
alloys, known for their high catalytic activity and selectivity. A
representative example is a cathode composed of Ru/RuO,
supported on high-porosity carbon (HPC) or Ketjenblack
combined with ruthenium (KB/Ru), which integrates the high
electrical conductivity of carbon with the catalytic functionality
of transition metals. Such systems are engineered to accelerate
CO; conversion and promote the decomposition of metal
carbonates (M,COs, where M = Li, Na, or K), thereby improving
cycle efficiency and overall reversibility.

However, a significant challenge in cathode design is that
aggressive catalysts can exacerbate side reactions, such as
electrolyte decomposition and electrode oxidation. Thus,
tailoring the electronic structure of these catalysts offers a
pathway to stabilize more efficiently the discharge products.
Recent studies have demonstrated the potential of producing
LioC,04 as the discharge product, which theoretically offers
faster kinetics and a lower charging voltage (<3.3 V) due to a
two-electron process (2Li* + 2CO; + 2e” <> Li,C,04) compared
to the more complex four-electron oxidation of the C/Li,COs
system 61,

The selection between these pathways is governed by
orbital interactions at the catalyst interface. Specifically, the
overlap between the metal d-orbitals and the CO.nt* orbitals
determines the adsorption geometry; a strong C-C coupling is
required to favour oxalate formation. Furthermore, the
dynamic surface reconstruction of transition metal cathodes
during cycling plays a dual role: while it may create active sites
that lower redox overpotentials, it can also accelerate the
disproportionation of Li,C,04 into the more thermodynamically
stable Li;CO; and C. Therefore, modulating the surface
electronic states remains a significant challenge to achieving
high energy efficiency and stability ©2.

Shifting from traditional strategies focused solely on the d-
band centre, engineering d-p hybridization, specifically
between Mn 3d and C 2p orbitals, promotes stronger coupling.
This optimises both CO; adsorption and Li,CO3 decomposition
kinetics. Nevertheless, the systematic modulation of these
hybridization states remains a scientific challenge yet to be fully
explored 3. Similarly, distinct catalytic sites within the same
material can exhibit varying catalytic activities for CORR and
COER.

Specifically, Mn (ll) sites exhibit preferential adsorption of
CO3, whereas Mn (lll) sites demonstrate a preference for Li.CO3
adsorption ®. Moreover, recent studies have shown that the
use of electrocatalytic materials, such as manganese-based
transition metal oxides (AMn,;O,, where A = Ni, Zn, Co),
significantly enhances reaction kinetics and the cycling stability
of metal-CO, batteries. These nanostructured materials provide
a high surface area and abundant active sites, facilitating the
efficient decomposition of discharge products, such as metal
carbonates (M»COs, where M = Li, Na, or K), while ensuring
effective diffusion of reactants within the cathode.

The integration of metallic catalysts with porous supports,
such as carbon cloth or activated carbon, enhances CO,
adsorption, reduces reaction overpotentials, and improves the
overall reversibility of the system. The strategic selection and
design of catalysts are therefore critical to achieving enhanced
efficiency, stability, and cycling performance in metal-CO,
battery systems 3258,

Despite these common choices, there is a wide range of
variation in how the cathodes are prepared. This includes
differences in fabrication techniques, such as slurry coating, in
situ growth, and direct assembly on conductive substrates, as
well as in the incorporation of catalysts like ruthenium (Ru)
99,107,134 cobalt (Co) 192148, or nickel (Ni) 12914, which enhance
the kinetics of the redox reactions. Additionally, many studies
explore the functionalization of the active materials to improve
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CO, adsorption, reaction selectivity, and long-term cycling
stability.

In the studies on K—CO, batteries, the active materials used

in the cathode included carbon nanotubes (CNTs 33 and
MWCNTs!?), as well as graphite3*. On Na—CO, batteries, the
majority employ CNTs or MWCNTSs as the active material in the
cathode, using carbon paper and nickel foam as substrates.
Additionally, a significant number of works make use of
ruthenium (Ru) as a catalyst34135140,
Overall, the choice of cathode is a critical factor in the
performance of Li-CO, and Na-CO, batteries, directly
influencing energy density, cycle stability, and CO, conversion
efficiency. Continuous optimization of these materials,
including the incorporation of metallic catalysts and
nanoporous structures, is essential to advancing the
commercial viability of these technologies.

The Table 2 summarizes the annual distribution of published
articles related to metal-CO, batteries that employed carbon
nanotubes (CNTs) or ruthenium-based (Ru) materials as
cathode components between 2015 and 2025. The use of CNTs

ARTICLE

began modestly in 2016, with only one article, but,experienced
a sharp rise in subsequent years, peaking 1 0ZBZ5ERGER0E3
publications. The highest total number of CNT-related studies
occurred in 2023 and 2024, highlighting a continued focus on
nanocarbon-based cathodes. Ru-based materials, known for
their high catalytic efficiency in CO, reduction and evolution
reactions, appeared consistently from 2016 onward. A notable
surge occurred in 2022, with 11 articles referencing the use of
Ru, possibly driven by advancements in hybrid systems
combining Ru with porous carbons or conductive frameworks.
Studies on Ru-based catalysts are also directly associated with
the early development of rechargeable metal-CO, batteries—
particularly Li—CO, systems—and with the emergence of
strategies aimed at enabling long-term cyclability and

improving the stability of this new class of batteries.

The overlap in references suggests that some studies
explored synergistic effects between CNTs and Ru-based
catalysts.
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Fig.7 (a) Comparison between symmetric cells using pure Li and interface-protected Li (Li@Li3N) at the current density of 1 mA/cm2. Reproduced with
permission150. Copyright 2024, Small (b) Voltage profiles of the Na—CO2 batteries using bare Na anode and Na— Co@NP-CP anode under the limited capacity
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This combination is of particular interest because CNTs can
serve as conductive scaffolds that support dispersed Ru
nanoparticles, thereby enhancing catalytic efficiency while
minimizing noble metal usage. Overall, the data illustrates an
evolving research landscape in which CNTs maintain a strong
and growing presence, while Ru-based catalysts continue to be
explored—though with some fluctuation—as high-performance
yet resource-intensive components in metal-CO, battery
systems.

Anode of alkali metal-CO; batteries

In alkali-CO; batteries, the anode is typically made of a metal
foil, such as lithium, sodium, or potassium. The choice of anode
material is critical, as it directly influences the battery's
electrochemical performance, including its operating voltage
and practical capacity’®®. Each anode material has unique
physical and chemical properties that set an upper theoretical
limit on these characteristics. For instance, lithium is the most
widely used anode material due to its low standard hydrogen
potential (-3.04 V) and exceptionally high theoretical capacity
of 3860 mAh/g, making it ideal for high-performance
batteries®®. However, the selection of the anode material not
only dictates the cell's performance but also affects the charge
and discharge processes. The chemical interactions between
the anode and other electrochemically active components, such
as CO,, vary significantly depending on the anode material. Even
in systems with similar electrochemistry, such as lithium and
sodium, distinct differences in electrochemical behaviour have
been observed?°. This variability underscores the importance
of carefully selecting the anode material to optimise battery

iew Article Online

performance for specific appIicationsD&qgi&é/yagBm@(
challenges in advancing alkali—-CO, battery technology is the

degradation of metal anodes, which significantly impacts both
performance and long-term stability.11.69.150

Alkali metals are highly reactive, making them susceptible to
corrosion, pulverization, and dendrite formation during cycling.
These issues lead to the formation of insulating oxide layers and
the accumulation of inactive metal, which hinder ion transport
and disrupt electrochemical processes. Additionally, the metal
anode reacts with the electrolyte or dissolved gases, forming a
solid electrolyte interphase (SEl) layer.

While the SEI layer is essential for stabilising the anode, its
formation increases battery polarization and limits cycle lifell.
Dendrite growth, in particular, poses a serious risk, as it can
pierce the separator and cause short circuits, further degrading
the cell's performance 131, These degradation mechanisms are
exacerbated in the presence of CO,, which reacts with the metal
anode to form by-products that accelerate deterioration. To
address these challenges, strategies such as protective coatings,
alternative anode materials, and electrolyte engineering have
been developed!184105152-154  These approaches aim to
enhance anode stability, minimize side reactions, and mitigate
degradation, ultimately improving cycling performance and
extending battery lifespan. Such advancements are critical for
the development of more durable alkali—-CO, battery systems.
To mitigate anode degradation, various protective strategies
have been employed to shield the anode from direct contact
with the electrolyte and CO,. Protective layers, composed of
carbon-based materials, metal alloys, or polymers, have proven
effective in preventing corrosion and the formation of harmful
by-products.
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0.2mAh cm2. Reproduced with permission 166. Copyright 2024, Chemical Engineering Journal. (B) Time- voltage curves of Li-CO2 cells at 0.05 mA cm™.
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For example, Qi and co-workers demonstrated that
depositing a LisN layer on a lithium metal anode using atomic
layer deposition (referred to as Li@LisN) significantly enhanced
the service life of Li-CO, batteries 1°5. The LisN layer not only
protected the lithium anode from CO,-induced corrosion but
also improved lithium-ion transport due to the material's high
ionic conductivity. In symmetric cell tests, the Li@LisN anode
exhibited stable plating/stripping behaviour for over 900 hours
at 1 mA/cm, outperforming pure lithium, which lasted only
about 500 hours (Figure 7a). Moreover, the discharge-charge
profiles for the Li@LisN anode remained consistent, indicating
that the protective layer did not compromise electrochemical
performance.

Similarly, Liu and co-workers developed a composite anode
consisting of nitrogen and phosphorus co-doped carbon paper
modified with cobalt tetroxide (Cos04) nanoparticles4°,

This Na-Co@NP-CP anode demonstrated exceptional cycling
stability in Na—CO, batteries, maintaining over 100 cycles at a
high current density of 1000 mA/g (Figure 7b). Post-cycling
analysis using scanning electron microscopy (SEM) revealed
that the anode retained a smooth surface and intact crystal
structure, highlighting its ability to suppress dendrite growth
and maintain electrochemical stability.

In another innovative approach, Wang and co-workers
incorporated ferrocene (Fc), an organic transition metal
compound, into the electrolyte of Li—CO, batteries 6. This
modification stabilised discharge intermediates and promoted
a two-electron reaction pathway during the CO, reduction
reaction (CO; RR), leading to more stable battery operation. The
addition of 20 mM Fc resulted in a first-cycle discharge capacity
of 15,900 mAh/g, nearly five times higher than the 3,192 mAh/g
achieved without Fc (Figure 7c). This improvement suggests
that ferrocene reduces polarization during discharge,
enhancing overall battery performance and stability.

For K-CO, batteries, the instability of potassium metal
anodes also remains a critical challenge in K—CO, batteries,
primarily due to dendrite growth and parasitic reactions. In this
context, Li and co-workers have demonstrated a breakthrough
by in situ constructing a KF-rich artificial SEI layer using a
concentrated 2.7 M KFSI/TEGDME electrolyte33. This SEI layer,
composed of KF and organic species (e.g., carboxylic esters),
homogenises K* flux and suppresses dendrite formation,
enabling 450 cycles at 300 mA/g with a curtailed capacity of 500
mAh/g, low overpotential gap of 0.81 V at 50 mA/g and 100%
Coulombic efficiency in symmetric cells, contrasting with
untreated K anodes (<60% efficiency). This work shows the
potential of concentrated electrolytes for interfacial
stabilization, though challenges like cost and viscosity must be
addressed for scalability.

These advancements highlight the importance of tailored
strategies for optimizing alkali-CO, batteries. By addressing
anode degradation and improving reaction kinetics, these
approaches offer promising solutions for developing more
durable and efficient energy storage systems.

View Article Online
DOI: 10.1039/D6EBOO006A

Electrolyte of alkali metal-CO; batteries

The electrolyte is a critical component in alkali metal-CO,
batteries, facilitating the conduction of alkali ions between the
anode and cathode during charge and discharge cycles.
Typically, these electrolytes are composed of non-aqueous
solvents paired with alkali-metal salts that remain stable in CO,-
rich environments. Solvents such as dimethyl sulfoxide (DMSO)
and tetraethylene glycol dimethyl ether (TEGDME) are favoured
for their high thermal stability, while carbonates like ethylene
carbonate (EC) and diethyl carbonate (DEC) are valued for their
excellent ionic conductivity 8. However, the reactivity of CO,
with these solvents can lead to their degradation, resulting in
the formation of unwanted by-products that compromise
battery performance, particularly in systems that operate under
high recharge overpotentials. To overcome these challenges,
researchers are exploring alternative electrolyte systems,
including solid and hybrid electrolytes, which offer enhanced
safety and stability. Additionally, the incorporation of stabilizing
additives has shown promise in improving ionic conductivity
and extending battery lifespan. Developing more efficient and
stable electrolytes is essential for advancing the performance
and commercial viability of alkali metal-CO, batteries, paving
the way for their broader adoption in energy storage
applications 3384,

Electrolyte additives play a crucial role in enhancing the
performance and stability of metal-CO, batteries, electrolyte
additives can create a favourable environment for redox
reactions involving CO,, improving reaction kinetics and
efficiency. Additionally, certain additives help form a stable
the

degradation and minimizing unwanted side reactions that could

passivation layer on electrode surface, reducing
compromise battery longevity. Additives also modify the
chemical environment of the electrolyte, improving its ionic
conductivity and facilitating better ion transport within the
system. This enhanced ion mobility leads to more efficient
redox reactions at the cathode, as ions move more freely
between electrodes. Furthermore, some additives contribute to
electrolyte

undesired side reactions, while others actively participate in

stabilization by preventing decomposition or

redox processes, further boosting battery performance 3361.84,

For example, Li and co-workers have investigated the use of
specifically  3-benzyloxy
4-bromo-3-chloroethyl acetate

brominated organic additives,
(B3BPE),

(E4BCT), and 3-phenoxypropyl bromide (BPB), to enhance the

bromopropane

performance and lifespan of Li-CO, batteries®*. Among these,
B3BPE, with its longer chain length and stronger polarity,
demonstrated the most significant improvement in battery
(Figure 8a) The additive facilitated the
decomposition of Li,COs;, a key discharge product, and
maintained a stable charging voltage of ~3.90 V over 120 cycles.

performance.

The study also revealed that additives with oxygen-containing
functional groups, such as ethers and esters, can modulate the
interaction strength with Li,COs, further enhancing battery
stability. These findings provide valuable insights into the design
and selection of electrolyte additives, paving the way for more
durable and efficient Li—CO, batteries. In a related study, Dan
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and co-workers have applied halogenated organic additives,
such as N-phenylpyrrolidine (PPD) and 1-(3-bromophenyl)
pyrrole (Br-PPD) to improve the performance of Li—CO,
batteries®. PPD reduced the charging potential to 3.65 V, the
lowest reported for a pure Super P cathode, while Br-PPD
enhanced the stability of the lithium anode, enabling long-term
cycling of 800 hours (Figure 8b). The introduction of bromine
functional groups in Br-PPD not only improved the CO,
evolution reaction (CO,ER) but also protected the lithium anode
from side reactions, forming a stable SEI.

While traditional aprotic electrolytes offer high ionic
conductivity, their high cost and flammability pose significant
challenges, particularly for cost-effective metal-based CO,
batteries. To address these limitations, solid-state electrolytes
have emerged as a promising alternative. Solid electrolytes are
essential for enhancing the safety, stability, and long-term
performance of metal—-CO, batteries. Unlike liquid electrolytes,
they eliminate issues such as electrolyte volatilization and
leakage while offering benefits like high film-forming stability,
flexibility, low cost, and superior mechanical properties.
However, polymer electrolytes often face challenges such as
low ionic conductivity and parasitic reactions with highly
reactive alkali metals like sodium, which limit their
effectiveness33:46,122,157-160,

To overcome these limitations, Lu and co-workers explored
the impact of magnesium ion doping on the ionic conductivity
of NasZr;Si,POs; (NZSP)'?7. Their study revealed that Mg?*
doping significantly enhances ionic conductivity, achieving 1.16
mS cm™ at room temperature while reducing activation energy.
A composite electrolyte, consisting of the polymer PVDF-HFP
and Nasz.»Zr.sMgo.15i2P012 (NZM1SP) powder, was tested in Na—
CO; batteries using Ru-carbon nanotubes (CNTs) as the cathode
catalyst. The battery assembled with PVDF-HFP-NZM1SP
demonstrated a high discharge capacity of 7720 mAh g™ at 200
mA g~'. At the same current density with a cut-off capacity of
500 mAh g™, it maintained a discharge voltage above 2 V after
120 cycles, demonstrating its potential for long-term stability.

Another innovative approach involves the use of super-
concentrated aqueous electrolytes, known as "water-in-salt"
(WISE) electrolytes. These electrolytes offer several advantages
over traditional systems, including cost-effectiveness and non-
flammability. WiSEs use water as the solvent, with the solute
salt having a significantly larger mass and volume than the
solvent. This unique structure endows WiSEs with excellent
physical and chemical properties, such as enhanced stability
and improved ionic conductivity 6162, To further optimise
WISEs, strategies such as maintaining high salt concentrations
and introducing a second salt with low viscosity and high ionic
conductivity are commonly employed 63. While WiSEs have
shown promise in lithium- and sodium-ion batteries, their direct
use in alkali metal-CO, batteries is hindered by the highly
reactive nature of alkali metals, which can react violently with
unsolvated water molecules, compromising safety and stability.
Therefore, integrating WIiSEs into alkali metal-CO, battery
systems through a hybrid electrolyte design is crucial to
achieving both high performance and long-term stability’.
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In this context, Yang and co-workers investigated, the use pf
a hybrid electrolyte in a Na—CO, batf&py 10203TRAEFBYEISA
combined a high-concentration water-based electrolyte with a
non-aqueous electrolyte, separated by a NASICON solid
electrolyte. The water-based electrolyte, composed of NaFSI
salt (known for its high solubility in water) and NaClO,4 salt
(valued for its low viscosity and high solubility), was used on the
cathode side to ensure high electrolyte concentration and
enhanced ionic conductivity. On the anode side, a non-aqueous
electrolyte was employed to protect the highly reactive Na
anode from water. The NASICON solid electrolyte, which
selectively allows the transport of Na* ions, served as a
separator, preventing anode corrosion while maintaining
stability in the anolyte. The hybrid Na—CO, battery delivered
exceptional performance, achieving a discharge specific
capacity of 148.1 mAh/cm?, a power density of 6.56 mW cm™2,
and remarkable cycling stability, completing over 1200 cycles at
30 °C. Additionally, the battery demonstrated impressive low-
temperature performance, operating stably for more than 105
days at —20 °C, thanks to the high reversibility of the discharge
product HCOOH and the robust properties of the electrolyte
(Figure 9a). lonic liquids (ILs) have emerged as promising
electrolytes for metal-CO, batteries due to their unique
physicochemical properties. Unlike traditional
electrolytes, ILs exhibit negligible volatility, a wide
electrochemical window, and high thermal stability, making
them particularly suitable for high-temperature applications. In
a recent study, Zhang and co-workers employed an
imidazolium-based ionic liquid, 1-butyl-3-methyl-imidazolium
bis(trifluoromethanesulfonyl)imide  (BMImTFSI), as the
electrolyte solvent in Li—CO; batteries 15,

The IL-based electrolyte mitigated issues related to
electrolyte volatilization and leakage, thereby enhancing
battery safety and stability at elevated temperatures. The Li—
CO, battery using BMIMTFSI exhibited remarkable cycling
performance, sustaining 240 cycles at 80°C with a current
density of 1.0 A/g and a cutoff capacity of 1000 mAh-g™.
Additionally, the system demonstrated a high discharge
capacity of 16,399 mAh/g and a reversible charge capacity of
16,038 mAh/g at 80°C, significantly outperforming conventional
organic electrolytes (Figure 9b). These results highlight the
potential of IL-based electrolytes in advancing the performance
and durability of Li—CO, batteries.

Based on the database used in this article, the most
commonly used electrolytes in Li—-CO, and Na—CO, batteries
play a critical role in the stability, efficiency, and rechargeability
of these systems. In Li—CO, batteries, the most common
electrolytes include lithium salts dissolved in organic solvents,
such as 1 M LiTFSI in TEGDME and 1 M LiCF;SO3 in TEGDME.
TEGDME (tetraethylene glycol dimethyl ether) is widely used
due to its high chemical stability, low volatility, and high
dielectric constant, which facilitate the dissolution of large
concentrations of lithium salts. These properties are essential
for ensuring efficient ionic conduction and the formation of a
stable electrode/electrolyte interface, critical factors for
improving battery cyclability and energy efficiency.

organic

This journal is © The Royal Society of Chemistry 20xx
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For Na—CO; batteries, the most commonly used electrolytes

include 1 M NaClO, in TEGDME, which shares many of the
benefits of TEGDME as a solvent, including excellent chemical
stability and the ability to form stable passivation layers on the
surface of sodium metal. Additionally, formulations such as 1.0
M NaCFsSO; in DIGLYME have also been reported, where
DIGLYME (bis(2-methoxyethyl) ether) is chosen for its high
oxidative stability, low viscosity, and good compatibility with
sodium metal, promoting better ionic diffusion and transport
efficiency. In more advanced systems, combinations such as 2
M NaClO4 in MeCN as a catholyte and 1 M NaOTf in TEGDME as
an anolyte are also used to explore new CO, storage
mechanisms and improve cycle stability, addressing challenges
such as dendritic growth and long-term stability.
Overall, the choice of electrolyte in Li-CO, and Na—CO; batteries
is a critical factor in determining the electrochemical
performance, safety, and commercial viability of these devices,
directly influencing energy efficiency, durability, and reliability
in practical applications.

Separator of alkali metal-CO; batteries

In  metal-CO, batteries, separators essential
components that prevent physical contact between electrodes
while enabling ion transport and, in some cases, facilitating CO,
diffusion to the cathode.

The choice of separator is influenced by the electrolyte type
(liquid, gel, or solid), the need for dendrite suppression, and the
specific challenges posed by CO, utilization. The most
commonly used separators in metal-CO, batteries are primarily

porous polymer-based membranes, such as polyethylene (PE)

are

ARTICLE

and polypropylene (PP). These materials are cgst-effective,
mechanically robust, and chemically staBlel0 ThEYDarBOGFeEA
manufactured in multilayer structures to enhance thermal
stability and resistance to high temperatures 7. Their high
porosity ensures efficient ion transport, but they struggle to
suppress dendrite growth. Additionally, their poor wettability
with certain electrolytes can hinder performance. Glass fiber
(GF) separators, another liquid electrolyte option, offer superior
porosity and electrolyte retention but suffer from brittleness
and low mechanical strength, limiting their durability in long-
term cycling.

Modification of conventional separators presents a
promising solution to critical challenges in alkali metal—CO,
batteries such as the shuttle effect of redox mediators (RMs),
which causes parasitic reactions and accelerates anode
degradation, severely limits battery cycle life. For instance, Lian
and co-workers engineered a modified glass fiber (GF) separator
by coating it with a zinc-based metal-organic framework (Zn-
MOF, ZIF-L) nanoplate layer. This innovation effectively blocked
the migration of the cathode catalyst, ruthenium
acetylacetonate - Ru(acac)s, to the lithium anode!l®. The Zn-
MOF-modified separator (M-GF) not only physically restricted
catalyst shuttling through its uniform micropores (~3.4 A) but
also facilitated homogeneous Li* flux, suppressing dendritic
growth and electrode pulverization. Experimental results
demonstrated remarkable improvements: the cycle life of Li-
CO; batteries, increasing from 36 cycles (GF separator) to 142
cycles (M-GF separator), while Coulombic efficiency reached
100% (Figure 10).
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Fig. 9 (a) Discharge/charge curves of hybrid Na—CO2 battery at different temperatures: a) 0 °C, b) =20 °C, c) -40 °C. Reproduced with permission 164.Copyright 2024,
Advanced Energy Materials (b) Full discharge-recharge profiles of Li-CO2 batteries at temperature of 30 °C and at 80 °C; full discharge capacity of a Li-CO2 pouch cell
fabricated with FGDY cathode catalyst and BMImTFSI based electrolyte. Reproduced with permission 6>, Copyright 2025, Angewandte.
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Beyond conventional polymeric separators, Li and co-workers
have developed of a multi-functional Janus separator for high-
stability Li—-CO, batteries, addressing critical challenges such as
cathodic passivation, lithium dendrite formation, and CO,
utilization?’. The separator, constructed by depositing Prussian
blue (PB) on a nylon-6 membrane (PA) and coating it with a PB-
reduced graphene oxide (rGO) composite, offers dual
functionality: PB inhibits lithium dendrite growth on the anode
side, while the PB-rGO composite acts as a cathode extension,
accommodating  discharge  products and enhancing
conductivity. The Li—CO, battery with the Janus separator
achieved an ultra-high discharge capacity of 12,100 mAh/g and
an exceptionally long cycle life of 3,144 hours, with a round-trip
energy efficiency of around 83%. The separator also
demonstrated superior mechanical strength, thermal stability,
and the ability to block air pollutants, preventing anode
corrosion compared to conventional separators.

Challenges and future opportunities
Li-CO; batteries

One of the major challenges in the development of Li—CO,
batteries lies in the rate-limited kinetics of both the CO,
reduction reaction (CO;RR) and CO, evolution reaction (CO,ER),
primarily due to the formation of Li,COs - an insulating
discharge product that is difficult to decompose reversibly. This
leads to high overpotentials, rapid capacity fading, catalyst
passivation, and electrolyte degradation 14°. Moreover, the high
cost and limited utilization efficiency of noble metal catalysts
like Ru restrict their practical application?”.

The persistence of Li,CO; on the cathode surface after
repeated cycling also blocks active catalytic sites, impairs ion
transport, and gradually limits the battery’s capacity'?’. Various
strategies have been proposed to mitigate this issue, such as the
introduction of metallic catalysts (e.g., Ru %0, MnO, 123, MoS, 144)
and the use of conductive interfaces based on graphene 7* and
MXenes.'®® Nonetheless, achieving fast, complete, and
reversible decomposition of Li,COs; remains one of the key
technical barriers to commercializing Li-CO, batteries.

To overcome this limitation, there has been growing interest
in the use of operando techniques, such as in situ Raman
spectroscopy, electrochemical impedance spectroscopy under
CO; flow, and solid-state nuclear magnetic resonance, which
allow the observation of reactions in real time and under
operating conditions. In addition, density functional theory
(DFT) calculations have been employed to predict the stability
of intermediate species and to map the free energy profiles of
the reactions. Integrating these experimental and
computational tools is essential to uncover the fundamental
mechanisms and to guide the development of Li—-CO, batteries
with improved efficiency, stability, and reversibility 169-172,
Future work can focus on scaling these findings to macroscopic
systems and exploring hybrid gas environments,
multifunctional catalysts, and novel electrolyte formulations to
maximize battery life, capacity, and safety 110,

Electrolyte stability is a critical factor for the performance
and durability of Li—CO, batteries. However, many of the
organic solvents commonly used in these systems, such as
tetraethylene glycol dimethyl ether (TEGDME), exhibit high
volatility and limited oxidative stability, particularly under the
high charging voltages required to decompose Li.COs;. Under

Please do not adjust margins
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such conditions, partial decomposition of the electrolyte often
occurs, leading to the formation of unstable by-products that
can react with the lithium metal, form undesired passivation
layers, and reduce coulombic efficiency. To mitigate such
degradation, recent studies have focused on protecting the
lithium anode through artificial solid electrolyte interphases
(SEl), polymer coatings, or solid-state protective layers, which
can suppress parasitic reactions and improve long-term cycling
stability.

Additionally, dissolved CO, may chemically interact with the
solvents or lithium salts, triggering parasitic reactions that
accelerate cell aging. These degradation processes compromise
not only electrochemical performance but also system safety,
especially in sealed configurations.

To address these issues, various approaches have been
investigated, including the development of electrolytes with
high electrochemical stability, such as ionic liquids 12, stabilizing
additives ©, and solid-state electrolytes 22. Furthermore,
engineering the electrode—electrolyte interface through
protective coatings and electrolyte composition optimization
has shown promise in minimizing chemical degradation.
Looking ahead, the integration of Li—CO, batteries into practical
systems will require a holistic approach that combines material
innovation with cell engineering. Tailoring battery
configurations for niche applications—such as extraterrestrial
energy storage, wearable electronics, or grid-scale CO,
capture—will demand advances not only in electrochemistry
but also in thermal management, gas regulation, and safety
protocols.

Na-CO; batteries

Sodium—CO, batteries face several critical challenges, including
high overpotentials, low reaction reversibility due to the
formation of stable discharge products such as Na,COs;, and
cathode passivation caused by the accumulation of amorphous
carbon. These factors hinder the decomposition of reaction
products and limit the rechargeability and energy efficiency of
the system. To overcome these issues, researchers have
focused on developing catalysts with oxygen vacancies,
structural defects, and heteroatom doping, which can facilitate
the breakdown of Na,COs; and improve overall battery
performance 1737175,

Another major limitation is the instability of the sodium
metal anode. It is highly reactive with traditional electrolytes
and prone to dendrite growth, leading to short circuits and
reduced cycle life. Several strategies have been proposed to
mitigate these effects, including the use of artificial SEl layers,
sodiophilic substrates, and NASICON-type solid electrolytes to
physically isolate the anode and cathode environments
127,175,176_

Although these strategies have enhanced performance,
persistent challenges such as limited ionic conductivity and
suboptimal energy density still hinder long-term stability. To
address this recent advancements in structural
(e-g.,
CNTs/MoS,@NC) have been explored to provide mechanical

issues,

modulation and dual-carbon confinement

This journal is © The Royal Society of Chemistry 20xx

buffering against volume expansion and to creatg, synergistic
'electron highways' that facilitate fast sodftioh KiREtRESO0PRESE
strategies, combined with interface stabilization through
electrolyte optimization and film-forming additives, are
essential for suppressing structural degradation and ensuring
long-term cyclability 1777179,

From the cathode perspective, high-surface-area and
conductive materials such as MWCNTs, graphene, co-doped
porous carbons, and transition metal-based catalysts (e.g.,
CosSs, M0S,/SnS,, Fe—Cu) have demonstrated strong potential
to reduce overpotentials and extend cycle life. Techniques like
dual heteroatom doping (e.g., N/S) and p-band tuning have also
been successfully applied to optimize CO, adsorption and
facilitate product desorption 174180181,

In parallel, emerging cell architectures—such as anode-free
configurations (where Na is generated in situ during charging)
and flexible solid-state designs with freestanding electrodes—
are expanding the applicability of Na—CO, batteries from
stationary storage to portable and aerospace applications 72182,

K-CO; batteries

Despite being in an early stage of development, K—CO,
batteries offer distinct theoretical advantages that justify their
potential as a cost-effective alternative to lithium and sodium
systems. Thermodynamically, the K—CO, system operates via
the discharge reaction 4K +3C0, +4e~—2K,C03 + C, which
presents a standard Gibbs free energy change (AfG°) of -
1069.12 kJ/mol. This results in a theoretical discharge potential
of 2.48 V, which is notably higher than the corresponding value
of 2.35 V for Na—CO, batteries and approaches the levels of Li—
based systems. Furthermore, K* ions exhibit superior transport
kinetics in organic solvents; for instance, in propylene
carbonate (PC), K* has the smallest Stokes radius (3.6 A)
compared to Li* (4.8 A) and Na* (4.6 A), leading to the highest
ionic mobility and conductivity among them 183,

However, multiple technical challenges still persist. Chief
among them is the instability of the potassium metal anode,
which leads to dendritic growth, severe parasitic reactions with
electrolytes, and poor cycling performance. To address this,
recent efforts have explored the use of artificial SEl layers and
potassium-based alloys such as KSn, which help mitigate
dendrite formation and enhance anode stability-33,

Another significant challenge is the complex reaction
mechanism at the cathode. While the electrochemical
pathways for Li and K—CO, batteries are generally consistent
when carbonate is the final product, their decomposition
energy barriers differ significantly, leading to distinct
thermodynamic charge potentials. Notably, compared to the
various reaction pathways observed in Li—-CO, systems, options
for K—CO, batteries are more limited. Although intermediates
like potassium superoxide (KO;) could theoretically lower
overpotentials, K;COs3 remains the dominant and most
problematic product 184, To address these kinetic constraints,
innovative cathode materials, including bamboo-like nitrogen-
doped carbon nanotubes (B-NCNTs) and carboxyl-
functionalized MWCNTSs have been developed. These materials
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have shown the ability to weaken C=0 bonds in K,COs through
strong electrostatic interactions, enhancing its decomposition
kinetics and thereby improving cycling stability?-33.

Mechanistic insights from in situ environmental TEM have
revealed the nucleation and decomposition pathways of K,CO3
at the nanoscale, providing valuable information about redox
processes in these systems. These findings underscore the
importance of rational electrode design, interface engineering,
and advanced diagnostics for the advancement of K-CO,
technologies 34.

Looking ahead, future research must focus on developing
robust  bifunctional catalysts, optimizing electrolyte
formulations to stabilize both electrodes, and designing safe,
scalable cell configurations. By tackling these scientific and
engineering challenges, K—CO, batteries could emerge as a cost-
effective and sustainable energy storage solution with broad
applications in  both terrestrial and extraterrestrial
environments.

Conclusions

This review provides a comprehensive analysis of the
current state of alkali metal-CO, batteries, encompassing
lithium, sodium, and potassium-based systems, through both
technical discussion and scientometric evaluation. The study
highlights the substantial progress made in the development of
advanced materials for cathodes, anodes, electrolytes, and
separators, as well as emerging cell configurations and
protective strategies. Among the key technical challenges
identified are the rate-limited kinetics of CO, reduction and
evolution reactions, instability of alkali metal anodes, and
electrolyte degradation under CO,-rich environments. These
limitations result in poor reversibility, high overpotentials, and
short cycle life, all of which hinder the commercial viability of
these systems.

Scientometric analysis confirms that Li—CO, batteries
remain the most studied, with a sharp increase in publications
over the past decade, while Na—CO, and K—CO, batteries are
gaining momentum due to their cost-effectiveness and
abundant raw materials. The integration of catalytic
nanostructures, heteroatom-doped carbon frameworks, solid-
state and hybrid electrolytes, and redox mediators has shown
significant potential in enhancing energy efficiency, cycle
stability, and safety.

Future efforts must focus on bridging fundamental
understanding with practical design, emphasizing the
development of  multifunctional catalysts, in  situ
characterization techniques, and scalable, safe architectures.
Moreover, tailoring battery systems for specific applications,
ranging from wearable electronics to grid-scale CO, capture and
extraterrestrial energy storage, will be critical to unlocking the
full potential of metal-CO, technologies. In addition, testing
metal-CO, systems at higher TRL levels—such as in pouch-type
batteries—is part of a learn-by-doing approach to understand
scalability factors and the gap between theoretical and
practically achievable charge potentials. A decay in
performance and potential is expected as the system transitions
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from the coin cell level to the full battery or system, levelohut
only through this process will it be possibleCfs/ag5a3808RE
economic viability of the technology and identify suitable
application contexts.

Despite significant advancements, several critical research
gaps continue to hinder the practical development of metal—
CO; batteries. One of the most pressing challenges is the rate
limited kinetics of CO,RR/CO.ER, which results in high
overpotentials and poor energy efficiency. Additionally, the
degradation of electrolytes, particularly under CO,-rich and
high-voltage conditions, leads to reduced cycle life and
instability. The limited diffusion of CO, in non-aqueous
electrolytes and the formation of insulating discharge products
further restricts mass transport and electrochemical
performance. Mechanistic uncertainties surrounding the origin
and reversibility of discharge products demonstrates the need
for advanced in situ characterization techniques.

This review highlights the need for targeted research in
underexplored systems such as K—CO, batteries. Despite their
potential advantages, such as faster ion transport and low
material cost, potassium-based systems remain largely
overlooked. Practical recommendations include prioritizing the
development of bifunctional catalysts to improve K,COs
decomposition, designing artificial SEI layers for enhanced
anode stability, and exploring compatible high-concentration or
hybrid electrolytes.

Overall, this work provides strategic insights and defines
clear directions for advancing efficient, durable, and sustainable
alkali metal-CO, batteries as next-generation solutions for
energy storage and environmental mitigation. These
technologies are closely aligned with United Nations
Sustainable Development Goals (SDGs), particularly SDG 7
(Affordable and Clean Energy), SDG 12 (Responsible
Consumption and Production), and SDG 13 (Climate Action). By
simultaneously enabling high-efficiency energy storage and
electrochemical CO, utilization, metal-CO, batteries represent
a transformative approach to addressing climate change and
resource sustainability, while adding value to CO, as a useful
chemical feedstock. Continued innovation in this field not only
drives battery science forward but also plays a critical role in
supporting global efforts toward decarbonization, circular
technologies, and climate resilience.
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