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Abstract: To mitigate the greenhouse effect and environmental pollution caused by the consumption
of fossil fuels, recent research has focused on developing renewable energy sources and new high-
efficiency, environmentally friendly energy storage technologies. Among these, Li-CO, batteries have
shown great potential due to their high energy density, long discharge plateau, and environmental
friendliness, offering a promising solution for achieving carbon neutrality while advancing energy
storage devices. However, the slow kinetics of the CO, reduction reaction and the accumulation of
LipCOj3 discharge on the cathode surface lead to a significant reduction in space and active sites. This
in turn results in high discharge overpotential, low energy efficiency, and low power density. This
study elucidates the charge—discharge reaction mechanisms of lithium-carbon dioxide batteries and
systematically analyzes their reaction products. It also summarizes the latest research advancements
in cathode materials for these batteries. Furthermore, it proposes future directions and efforts for the
development of Li—-CO, batteries.
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1. Introduction

Among the various energy sources available to humanity, fossil fuels such as oil,
natural gas, and coal still dominate. However, these resources are limited in supply, and
their use results in significant carbon emissions and environmental pollution [1-3]. In the
context of profound changes in the global landscape, addressing these issues has become
particularly urgent. As a responsible major country, China put up a proposal in 2020 to
reach carbon neutrality by 2060 and to peak carbon emissions by 2030 [4-6].

To address these issues, two main measures need to be taken. First, carbon emissions
must be drastically reduced, which means minimizing reliance on carbon-based energy and
promoting renewable energy alternatives across various industries [7,8]. Second, traditional
technologies such as chemical conversion, photocatalytic reduction, electrochemical reduc-
tion, and biotransformation should be employed to process existing carbon dioxide [9,10].
The conversion efficiency of these methods still needs improvement, with the major bot-
tleneck being that the carbon in carbon dioxide is in its highest oxidation state, requiring
additional energy for direct conversion, thereby leading to more carbon emissions [11].
These methods can generate products such as CO, CHy, HCOOH, and CH3OH. Before
these gaseous or liquid products can be used as energy storage materials, they need to
undergo processes such as compression, packaging, storage, and transportation, which
undoubtedly result in further energy loss. Therefore, traditional carbon dioxide conversion
methods are inherently high-carbon processes [12].
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Among the currently researched secondary batteries, lithium—carbon dioxide batteries
have garnered researchers’ interest because of their exceptional theoretical energy density
and eco-friendliness. Li-CO, batteries utilize CO, as a carrier, offering both CO, conversion
and energy storage capabilities. Based on reaction 1-1, the energy density of Li-CO,
batteries is as high as 1876 Wh kg !, which is significantly larger than that of conventional
lithium-ion batteries (100-120 Wh kg~!). These batteries can convert carbon dioxide from
the atmosphere into chemical energy, making them a promising choice for next-generation
energy storage and conversion [13-16]. However, lithium—carbon dioxide batteries still
face several key issues in practical applications, as follows. (1) Slow reaction kinetics. The
chemical properties of carbon dioxide are extremely stable, resulting in slow electrochemical
reaction kinetics in the battery, exacerbating carbon deposition on electrode materials and
further affecting battery cycle life and performance stability [17-19]. (2) Poor electrolyte
stability. Current electrolyte systems tend to decompose during charge and discharge,
generating by-products that deposit on the electrode surface, forming a solid electrolyte
interphase (SEI) film, the instability and non-uniformity of which lead to shortened battery
cycle life and reduced safety [20,21]. (3) Carbon deposition issues. During the operation of
lithium—carbon dioxide batteries, the reduction in carbon dioxide easily generates solid
carbon deposits [22,23]. These carbon deposits cover the electrode surface, reducing
the number of active sites and severely affecting battery reaction efficiency and capacity
retention. Carbon deposition not only leads to electrode surface passivation but also causes
structural changes in electrode materials, resulting in decreased mechanical properties and
increased internal resistance of the battery [24].

To clearly elucidate the latest progress in the field of lithium—carbon dioxide elec-
trochemistry, this paper discusses in detail the electrochemical reaction mechanism of
lithium—carbon dioxide batteries and provides an in-depth analysis of the products. Ad-
ditionally, the latest research progress on cathode catalyst materials is highlighted, and
the challenges and future development trends of lithium—carbon dioxide batteries are
summarized (Figure 1). It is believed that this paper will help deepen the understanding
of lithium—carbon dioxide battery systems, thereby providing a reference for the future
design of practical batteries.
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Figure 1. Schematic illustration of catalysts in Li-CO, batteries.
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2. Overview of Lithium-Carbon Dioxide Batteries
2.1. Mechanism of Lithium—Carbon Dioxide Batteries

Lithium-carbon dioxide batteries primarily consist of a porous cathode with catalytic
properties, a conductive electrolyte, a separator to isolate the anode and cathode, and a
lithium metal sheet as the anode (Figure 2). During the discharge process, metallic lithium
undergoes oxidation to form lithium ions. Driven by the voltage difference, these lithium
ions migrate through the conductive electrolyte towards the cathode. As they move, the
cathode loses electrons, allowing carbon dioxide molecules to combine with the lithium
ions. This reaction produces lithium carbonate and carbon, which are the main discharge
products of the lithium—carbon dioxide battery. During the charging process, Li,CO3
decomposes, releasing lithium ions and CO,. However, solid Li;COj3 is a non-conductive
substance, and its accumulation can block the catalytic pathways in the cathode, cover
active sites, and hinder internal reactions within the battery. This leads to reduced capacity
and affects the battery’s stability. Therefore, studies on materials with stable electrochemical
performance and high conductivity are ideal avenues of pursuit for researchers.
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Figure 2. Lithium—carbon dioxide battery structure.

2.2. Product Analysis of Lithium—Carbon Dioxide Batteries

It is well known that lithium—carbon dioxide batteries involve various complex re-
actions and multiple interfacial interactions among the reaction products. To understand
these reaction mechanisms, researchers have conducted extensive experiments and analy-
ses. Lithium carbonate requires a high charging voltage for its decomposition. This high
voltage can lead to the decomposition of the electrolyte, triggering a series of side reactions.

In 2013, Archer et al. [25] used pure carbon dioxide as the reactant gas to develop a
lithium-air battery with a lithium metal anode. During the discharge process, this battery
achieved a discharge specific capacity of 2500 mA h g~!. Li;CO; was confirmed as the
discharge product, and a feasible reaction formula was proposed:

4Li 4 3CO, — 2Li,CO;3 + C )
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In the same year, Kim and Kang et al. [26] investigated a lithium-—air battery using
dimethyl ether (DME) and dimethyl sulfoxide (DMSO) as electrolytes, with a 1:1 volume
ratio of oxygen to carbon dioxide. Their research demonstrated that different electrolytes
significantly influence the reaction pathways of discharge products. Lower-order elec-
trolytes tend to form lithium peroxide, while higher-order electrolytes primarily facilitate
the conversion of carbon dioxide to lithium carbonate, which exhibits reversibility over
multiple cycles.

The reversibility of lithium carbonate has been confirmed, but its discharge reac-
tion pathways remain unclear. Chen and colleagues [27] reasonably hypothesized that
certain disproportionate reactions must occur in Li-CO, batteries, involving reaction
Equations (2)—(5).

2C0; + 2~ — C0%~ 2)
C03” — CO3™ +CO, ?3)
C05” +CO3™ —2C03 +C (4)
CO3%~ 4 2LiT — Li,CO3 (5)

Equation (2) describes the single-electron reduction of CO, to C,042~ on the surface of
carbon materials. Equations (3) and (4) illustrate the two-step decomposition of the unstable
C,042 into CO32~ and carbon. In Equation (5), Li;CO3 forms as a crystalline product.

Chen et al. [27] synthesized Mo,C anchored on carbon nanotubes (Mo,C-CNTs) via
a carbothermal reduction method. Compared to pure carbon nanotubes, which exhibit
a high charge voltage of up to 4.25 V, Mo,C—CNTs demonstrated a significantly lower
charge voltage of approximately 3.25 V. For the first time, Li,C,O4 was identified as the sole
formation product, as confirmed through Raman spectroscopy and X-ray photoelectron
spectroscopy. These analyses showed that amorphous Li;C,04—Mo,C, which decomposes
more easily than Li;CO3, forms only when Mo,C-CNTs are used as the cathode. Li;Cy;O4—
Mo, C accelerates reaction kinetics and lowers the voltage plateau, facilitating the reaction.
The chemical steps can be succinctly described by Equations (6) and (7).

2C0; + 2~ — C03~ (6)
Cp04%™ 4 2Li* 4+ Mo,C — LiyCr,04—Mo,C )

3. Lithium—Carbon Dioxide Battery Catalysts

Notably, there has been substantial advancement in the domain of cathode materials
for lithium—carbon dioxide batteries in recent years, particularly in research on cathode
catalysts [28,29]: (1) possessing a high inherent ability to catalyze electrochemical reactions
by reducing the barriers to these reactions; (2) a significant surface area that allows for
the efficient diffusion of reactants and the deposition of solid products [30]; (3) good
conductivity to ensure rapid electron transfer; (4) chemical and electrochemical stability [31];
and (5) cost-effectiveness and eco-friendliness. To achieve high-performance lithium-
carbon dioxide batteries, it is essential to develop catalysts with high catalytic activity
and high conductivity. This section provides a comprehensive analysis of the most recent
advancements in research and design approaches for these catalysts, providing valuable
references for future research [32].

3.1. Carbon-Based Catalysts

Carbon compounds have several benefits, including exceptional electrical conductivity,
a substantial specific surface area, and controllable pore structure, making them widely
used in various electrochemical energy storage devices. In the early development of
lithium—carbon dioxide batteries, commercial activated carbon was first introduced, but
it had drawbacks such as poor catalytic activity and a limited structural system [33]. As
research progressed, researchers began to investigate functional carbon nanomaterials with
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unique quantum-size effects and surface chemical states (e.g., carbon nanotubes, graphene),
which are currently the most widely used carbon materials in the field of Li-CO, batteries.

In 2015, a team led by Zhou initially utilized graphene as a cathode material in lithium-
carbon dioxide batteries [34]. Although the battery exhibited large overpotential and poor
reversibility during full charge—discharge experiments, this high-capacity rechargeable
lithium—carbon dioxide battery still attracted widespread attention (Figure 3a—c). In the
same year, Zhang et al. further explored carbon nanotubes as cathode catalysts for lithium-—
carbon dioxide batteries [35]. They designed cathode catalyst materials with a highly active
three-dimensional porous structure, which facilitated the transport of electrons and carbon
dioxide gas as well as the deposition of discharge products, thereby improving the battery’s
cycling stability. However, the electrocatalytic activity of pure carbon materials for the
carbon dioxide reduction and emission reaction process is very low, which greatly limits
their practicality in lithium—carbon dioxide batteries.
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Figure 3. (a) SEM and (b) TEM images of graphene. (c) The initial discharge curves of the batteries
with graphene cathodes at a current density of 50 mA g~! and 100mA g~! in CO, atmosphere, as
well as at 50 mA g~ ! in Ar atmosphere. Copyright 2015, Wiley-VCH [34]. (d) Overhead view of
the CNT-G interfaces (3D NCNT-G). The inset image is a magnified view. (e) Discharge—charge
profiles and (f) cycling performance of the 3D NCNT-G-based Li—-CO; battery tested at 100 mA
g~ 1. Copyright 2020, American Chemical Society [23]. (g) Schematic illustration of a Li~-CO, battery
assembly. (h) The overpotential of charge and discharge (ncharge-ndischarge) as a function of the
adsorption energy of *CO (AG*CO) intermediate). Copyright 2021, Wiley-VCH [32].
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To address this issue, Dai et al. developed a self-supporting, binder-free N-doped bi-
layer 3D carbon nanotube-graphene (CNT-G) cathode material. The 3D NCNT-G cathode
material facilitated the spread of CO; gas and electrolyte by utilizing vertically aligned
open carbon nanotube channels. Additionally, it achieved effective electron transport by
utilizing a continuously connected 3D carbon framework. Its large surface area provided
numerous active sites, facilitating CO, reduction and evolution reactions. The resulting
lithium—carbon dioxide battery exhibited high specific capacity of 17,534.1 mAh g~!, high
coulombic efficiency of 98.3%, and low overpotential of 1.13 V (Figure 3d—f). However,
during long-term cycling, the material still faced inevitable electrode structure degradation
issues, requiring further verification of its long-term stability and reproducibility [23].

Doping heteroatoms (e.g., nitrogen atoms) can effectively modulate the electronic
structure of carbon-based catalysts, significantly enhancing their catalytic activity voltage.
Guided by theoretical simulations, Ding et al. designed and synthesized a self-supporting
N-doped graphene carbon aerogel. The obtained graphene carbon aerogel with a three-
dimensional hierarchical pore structure exhibited significantly enhanced initial energy
efficiency (approximately 78.46%) and over 1500 h of cycling stability (at a current density
of 20 LA cm~2) in lithium~—carbon dioxide batteries [36]. Additionally, topological defects
(e.g., pentagonal and heptagonal structures replacing hexagonal structures) can introduce
additional active sites in the carbon framework, thereby enhancing the catalytic activity of
graphene materials. Based on this, researchers developed topological defect-rich graphene
(TDG) as a metal-free cathode material for lithium—carbon dioxide batteries (Figure 3g,h).
This exceptional performance was attributed to the introduction of sufficient active sites by
topological defects in the carbon framework, promoting CO; reduction and Li;CO3 forma-
tion/decomposition. Density functional theory (DFT) calculations revealed the advantage
of negatively charged C atoms in topological defects for CO, molecule adsorption and
Li;CO3; decomposition, and the heterocyclic five-membered ring (C5) exhibited a lower
theoretical voltage difference (1.01 V) during charge-discharge processes [32].

Despite the above progress, the catalytic activity of pure carbon materials is limited,
and the aforementioned batteries still exhibit poor cycling stability and low coulombic
efficiency in experiments. To effectively improve battery performance, researchers are
continuously studying and designing more efficient cathode catalysts.

3.2. Noble Metal-Based Catalyst

Noble metals and their oxides are widely recognized for their unique electronic struc-
tures, which confer excellent chemical and electrochemical stability, making them highly
esteemed cathode catalysts in the field of electrocatalysis [37—41]. These catalysts exhibit
outstanding catalytic performance in lithium-carbon dioxide batteries, primarily because
they can form optimal interactions with key intermediates during the reaction process,
effectively lowering the energy barriers in the CO, reduction reaction (CO,RR) and CO,
evolution reaction (CO,ER). Additionally, noble metal-based catalysts possess high elec-
trical conductivity and excellent corrosion resistance, further enhancing their efficiency
and stability in electrochemical reactions. Therefore, the application of noble metals and
their oxides in lithium—carbon dioxide batteries holds great promise, providing important
technical support for improving battery performance [30,42-45].

In order to tackle the existing challenges related to low coulombic efficiency and high
charging overpotential in lithium—carbon dioxide batteries, Zhou'’s team considered the
excellent catalytic activity of ruthenium and applied ruthenium nanoparticles as cathode
catalysts in lithium—carbon dioxide batteries. Experimental results showed that ruthenium
nanoparticles significantly reduced the charging overpotential and enhanced the cycling
performance of lithium—carbon dioxide batteries (Figure 4a—c).
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Figure 4. Schematic diagram of the (a) reaction mechanism of the charging process of the Li-CO,
battery without the Ru catalyst, (b) possible charging mechanism of the Li-CO, battery with the
Ru catalyst and (c) discharging process of the Li-CO, battery. Copyright 2017, Royal Society of
Chemistry [33]. (d) Volcano-shaped relationship between the adsorption energy of Li;COj3 and the
reaction energy of the rate-determining step of CO,ER. (e) Linear relationship between the intrinsic
descriptor and the reaction energy of the rate-determining step of CO,ER. (f) Schematic diagram char-
acterizing the catalytic performance of NM@G by the established thermodynamic reaction descriptor
and intrinsic electronic descriptor. Copyright 2023, Wiley-VCH [46]. (g) Schematic illustrating the syn-
thesis procedure for RuAC + SA@NCB. (h) Total overpotentials of RuAC + SA@NCB, RuSA@NCB,
and NCB cells at different current densities. The overpotential refers to the voltage difference between
the middle points of discharge and charge curves. (i) Comparison of overpotentials at 1 A g~! for
RuAC + SA@NCB with state-of-the-art catalysts in the literature. Copyright 2022, Wiley-VCH [45].
(j) TEM images of IrRu-N CNTs. (k) Ru 3d XPS spectra and Ir 4f XPS spectra of IrRu-N CNTs,
respectively. Copyright 2023, Wiley-VCH [47].

To further explore the intrinsic properties of noble metals on the decomposition of
LipCOs, Xie et al. prepared a series of graphene-supported noble metal (NM@G, NM = Ag,
Au, Pd, Ru, Ir) materials. Among them, the Pd@G cathode exhibited significantly reduced
overpotential (0.41 V relative to Li*/Li) and extremely low charging plateau (3.2 V) in
lithium—carbon dioxide batteries (Figure 4d—f), which could be attributed to the excellent
electron transport and ion and diffusion capabilities [46].

Furthermore, it was found that the charging process of lithium—carbon dioxide batter-
ies often involves the self-decomposition reaction of LiyCOj3. The application of ruthenium
avoided this reaction and promoted a reversible reaction between Li;CO3; and carbon,
thereby improving the reversibility of the battery [33]. Additionally, Han et al. designed
and developed a novel catalyst comprising Ru atomic clusters (RuAC) and single-atom
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Ru-Ny4 (RuSA) composite sites. This composite catalyst structure optimized the interac-
tions with key reaction intermediates, significantly lowering the energy barriers of the
reactions and improving the reaction kinetics of the battery (Figure 4g—i). Specifically,
the RuAC + SA@NCB catalyst exhibited extremely low overpotentials at ultrahigh current
densities of 1 and 2 A g~ ! (1.65 and 1.86 V, respectively), and its cycle life was twice that of
the benchmark [45].

Research has found that constructing dual catalytic sites can significantly enhance
the catalytic activity of batteries. Sun et al. prepared a synergistic catalyst composed of
nitrogen-doped carbon nanotube composites modified with uniformly ultrafine iridium-
ruthenium alloy nanoparticles (IrRu-N CNTs). This IrRu-N-CNT catalyst combined the
synergistic effects of iridium-ruthenium dual catalytic sites, significantly enhancing the
catalytic activity of the battery (Figure 4j k). Experimental results showed that the lithium-
carbon dioxide battery with this catalyst exhibited a discharge specific capacity of up to 6228
mAh g~! and extended cycle life to 7660 h at a fixed specific capacity of 100 mA g~ [47].

Although noble metals and their oxides exhibit excellent catalytic activity in lithium-
carbon dioxide batteries, they have several notable drawbacks. Noble metals such as
platinum, palladium, iridium, and ruthenium are expensive, significantly increasing the
overall cost of the batteries, making large-scale applications difficult to achieve. Addition-
ally, noble metals and their oxides may undergo morphological changes or corrosion in
electrochemical environments, leading to catalyst deactivation, which affects the battery’s
lifespan and performance.

3.3. Transition Metal Compound-Based Catalysts

Although noble metals and their oxides have demonstrated excellent catalytic per-
formance in batteries, their high cost and scarcity limit their widespread application in
lithium—carbon dioxide batteries. In contrast, transition metals, due to their multivalence
and lower cost, have become ideal substitutes for noble metals. In recent years, extensive
study has been conducted on the utilization of transition metal-based materials in Li-CO,
batteries and achieved significant results. By continuously optimizing and improving
transition metal-based catalysts, scientists hope to further enhance battery efficiency and
stability, thereby promoting their widespread adoption in practical applications.

Metal oxides and metal sulfides, as semiconductor catalysts, have received widespread
attention in recent years due to their simple preparation methods and abundant raw
materials. Through rational structural design, such as introducing element doping, creating
vacancies, and constructing heterojunctions, these materials can significantly enhance
the efficiency of the carbon dioxide reduction reaction (CO,RR) and the carbon dioxide
evolution reaction (CO,ER). These engineering methods optimize the active sites of the
catalysts, improve the transport performance of electrons and ions, and actively promote
the electrochemical conversion process of CO, [17,29].

Cheng et al. systematically studied the synergistic effect of nucleophilic N-doping
and electrophilic S vacancies in the ReS, plane, revealing their bifunctional catalytic perfor-
mance in lithium—carbon dioxide (Li-CO,) batteries. The study found that this dual-center
design could effectively adjust the interaction with lithium atoms and carbon/oxygen atoms
in intermediates, thereby reducing the energy barriers of the rate-determining steps and
significantly enhancing catalytic efficiency (Figure 5a—c). The optimized catalyst achieved
an ultrasmall voltage difference of 0.66 V and an ultrahigh energy efficiency of 81.1% at a
current density of 20 pA cm 2 [31].
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Figure 5. (a) Schematic of the synthesis process of NSV-ReS;(x)/CP. (b) Surface electrostatic potential
diagrams of 3N3SV-ReS,. (c) [llustration of the working mechanism of the nucleophilic N dopant and
electrophilic S vacancy dual centers in the 3N3SV-ReS, plane. Copyright 2022, American Chemical
Society [31]. (d) Schematic illustration of Mo, C as cathode catalyst in a Li-CO, battery. (e) Calculated
energetic profiles for LiC,Oy splitting into Li;CO3 on three Mo, C surfaces. Solid symbols indicate
path 1; open symbols are path 2. (f) Electrochemical free energy changes in Li-CO; batteries with
«-Mo,C as cathode catalysts under different potentials. Insets show overhead views of the optimized
adsorption systems. Copyright 2020, American Chemical Society [28]. (g) Synthesis of TVGA and
schematic diagram of Li-CO; battery. (h) Charge density difference of TiVC (001) with surface-
absorbed CO, molecules at different front and left views. (i) Adsorption energy of Ti3C, (001) and
TiVC (001) with surface-absorbed CO, molecules. Copyright 2023, Wiley-VCH [48].

MXene refers to a group of flat materials made up of transition metal carbides, nitrides,

or carbonitrides. With its high conductivity and substantial specific surface area, this mate-
rial offers an abundance of active sites. Consequently, it enhances the efficiency of charge
transfer in batteries, facilitates the reduction reaction of CO,, promotes the decomposition
reaction of Li;CO3, and ultimately improves battery efficiency. By functionalizing the
surface of MXene, its catalytic activity and selectivity can be further enhanced, improving
the cycling stability and discharge capacity of the battery. Therefore, MXene materials have
significant application potential as cathode materials in lithium—carbon dioxide batteries.

Yuan et al. systematically studied the reaction mechanism of molybdenum carbide

(Mo,C) for lithium—carbon dioxide (Li-CO,) batteries. When Mo,C-CNTs were used as the
cathode catalyst, Li;C,O4 was observed as the final discharge product. During the charging
process, LipC,0O4 could be decomposed below 3.5 V, the energy efficiency increased to
80%, and the reversible cycle life reached 40 cycles, with the overpotential decreasing
from 1.8 V (CNTs) to 0.65 V (Mo;C—CNTs) at an initial specific capacity of 100 Ah cm ™2
(Figure 5d—f) [28].
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Zhou et al. designed a bimetallic MXene solid solution. The results showed that the
Li—-CO; battery based on the bimetallic MXene solid solution TiVC cathode exhibited an
excellent discharge specific capacity of 27,880 mAh g~ ! at a current density of 100 mA g~!
and operated at a stable discharge plateau of 2.77 V and a low overpotential of 1.5 V
(Figure 5g—i) [48].

3.4. Organic Catalysts

In the exploration of transition metal catalysts, researchers have discovered that design-
ing catalysts with specific spatial structures can effectively improve battery performance.
Metal-organic frameworks (MOFs) have uniform pore architectures, high porosity, signifi-
cant specific surface areas, and adjustable pore diameters, and excellent structural stability,
making them ideal choices for CO, capture and electrocatalysis [49-51]. Researchers have
found that by designing MOF catalysts with specific spatial structures, battery performance
can be significantly enhanced. These characteristics endow MOFs with significant advan-
tages and broad prospects in the field of lithium-carbon dioxide battery cathode catalysts.

Wang et al. first explored the potential of MOFs as porous catalysts in CO; electrodes,
utilizing their efficient CO, capture capability and monodispersed active metal sites to
promote the decomposition of Li;CO3. The results showed that they could exhibit a low
charging voltage, with a charging voltage of 4.46 V at a current density of 50 mA g~!, and
remained relatively stable up to the 10th cycle (Figure 6a,b). The study revealed the great
potential of MOFs in improving the reversibility and energy efficiency of lithium—carbon
dioxide batteries. However, despite their excellent performance, the long-term stability
and cost-effectiveness of MOFs in practical applications still need further research and
validation [52].

In order to achieve additional cost reductions, researchers have increased their empha-
sis on catalysts that are based on transition metals. He et al. used Cu-TCPP as a cathode
catalyst in lithium-carbon dioxide batteries, achieving a high discharge specific capacity
of 20,393 mAh g~! at a current density of 100 mA g~!, a long cycle life of 123 cycles at a
current density of 500 mA g~!, and a low overpotential of 1.8 V at a current density of
2000 mA g~! (Figure 6¢). The DFT simulations demonstrated that the porphyrin ligand
possessed a remarkable ability to capture CO,, and the presence of Cu atoms enhanced
the thermodynamics and kinetics of the CO, reduction and evolution reactions through a
synergistic catalytic effect [53].

Lan et al. successfully prepared a metal-organic framework (MOF) nanosheet based
on phthalocyanine (CoPc-Mn-0O) and applied it to light-assisted lithium—carbon dioxide
batteries. The prepared CoPc-Mn-O exhibited nanosheet morphology (approximately
1 nm thick), dual active metal sites (Co-Ny and Mn-Oy), high conductivity, and excellent
photosensitivity. The battery with CoPc-Mn-O as the photocathode catalyst displayed an
ultralow overpotential (0.05 V) and high energy efficiency (up to 98.5%) under full-spectrum
conditions, and showed excellent cycling stability with rapid charge and discharge for 60 h
at a current density of 0.02 mA cm 2 (Figure 6d,e) [54].

Covalent organic frameworks (COFs) are an emerging class of porous crystalline
materials with highly ordered pore structures and extremely high specific surface areas,
enabling them to provide numerous active sites, effectively capture and fix CO,, and
improve the CO, utilization efficiency in lithium-carbon dioxide batteries [55-57]. Xie et al.
first used COF materials as high-efficiency cathodes for lithium-carbon dioxide batteries.
The 1D channels in the COF served as diffusion channels for CO, and Li*, improving
the kinetics of the electrochemical reactions. The COF-based lithium—carbon dioxide
battery exhibited an ultrahigh specific capacity of 27,348 mAh g~ ! at a current density of
200 mA g~! and a low overpotential of 1.24 V at a limited specific capacity of 1000 mAh g 1.
The battery showed slow discharge voltage decay over a current density range of 0.1 to
4 A g7, significantly improving the rate performance. The COF-based battery could stably
operate for 200 cycles at a high current density of 1 A g~! (Figure 6f,g) [58].
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Figure 6. (a) Crystal structures of MnCO3, Mn(HCOO), and Mnj;(dobdc) along certain directions.
(b) Discharge voltage curves of Mny(dobdc), Mn(HCOO),, MnCO3 and CNTs at 50 mA g‘1 with
a cut-off voltage of 2.0 V. Copyright 2018, Royal Society of Chemistry [52]. (c) Structural model of
Cu-TCPP and the schematic diagram of Li-CO, battery. Copyright 2022, Wiley-VCH [53]. (d) Design
and synthetic scheme for CoPc-Mn-O, (e) Voltage profiles of typical Li-CO, battery cycled with
0.01 mAh cm ™2 cut-off capacity with and without illumination for CoPc-Mn-O@rGO-L and CoPc-
Mn-O@rGO. Copyright 2022, Wiley-VCH [54]. (f) Schematic illustration of COF working as the CO,
collector and the gas-ion diffusion channels for Li-CO, battery cathode. (g) Battery overpotentials at
various current densities (inset: four blue LEDs in parallel were lit brightly by the Li-CO; battery
with COF-Ru@CNT cathode). Copyright 2019, Wiley-VCH [58].

Although COF materials have many advantages, their intrinsic conductivity is rel-
atively low, requiring them to be combined with conductive materials (such as carbon
nanotubes or graphene) to improve overall conductivity. Additionally, the synthesis and
functionalization processes of COF materials are relatively complex, which may increase
manufacturing costs and process difficulty. In practical applications, the large-scale pro-
duction and consistency control of COF materials remain challenges that require further
research and optimization.

3.5. Soluble Catalysts

Traditional Li—-CO, batteries, based on common reaction pathways such as reducing
CO; to CO, oxalates, or carbon, often exhibit low output voltage (<2.5 V) and low energy
efficiency due to the formation of LiyCOj as a discharge product. As a consequence, there
is a decrease in energy efficiency and the occurrence of significant parasitic reactions in
lithium—carbon dioxide batteries. Liquid catalysts can avoid the issue of active sites being
covered by insulating products like Li;CO3 during use, thereby extending the battery’s cycle
life. By introducing liquid catalysts, lithium—carbon dioxide batteries can achieve higher
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output voltage and larger discharge capacity, demonstrating superior electrochemical
performance and practical application prospects.

Bhattacharyya et al. demonstrated a simple liquid electrolyte-soluble Cu compound,
copper chloride (CuCly), as an alternative electrocatalyst for non-aqueous lithium—carbon
dioxide (Li-CO,) batteries. The key to choosing CuCl, was that the theoretical potential of
the Li-CO, battery (about 2.8 V; Li*/Li) fell within the potential range of the Cu'* | Cu®
redox couple (2.3-3.3 V; Li* /Li). By adding CuCl, to the liquid electrolyte, efficient CO,
electrocatalysis and excellent Li—-CO, battery performance were achieved near the porous
CO, cathode loaded with multiwalled carbon nanotubes (MWCNTSs). With the addition of
CuCl, the battery’s overpotential was reduced to 0.65 V, less than half of that without the
addition (about 1.7 V) [59].

Wang et al. used Ru(bpy)3Cl, as a solution-phase catalyst for Li-CO, batteries, demon-
strating it as one of the most effective catalysts to date (Figure 7a,b). Spectroscopic and
electrochemical analyses showed that the Rull center could interact with dissolved CO,
molecules, promoting the formation of oxalate intermediates. The interaction with the
Rull center stabilized the generated oxalate intermediates, delaying their conversion to
carbonates. During charging, the overpotential required to decompose the oxalate species
was significantly reduced (about 3.86 V), thereby improving energy efficiency and reducing
side reactions. At a current density of 300 mA g~ !, the Li~CO, battery with Ru(bpy)s;Cl,

as the catalyst achieved over 60 charge-discharge cycles at a fixed specific capacity of
1000 mAh g~! [60].
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Figure 7. (a) [llustration of the function of the Rull catalyst in Li-CO, electrochemistry. (b) CO,RR
potential range CV at steady states of 1.0 M LiTFSI/ TEGDME with or without Rull in N, or CO,
atmosphere. Copyright 2021, Wiley-VCH [60]. (c) Calculated energetic profiles of BPD-assisted Li—
CO; electrochemistry. Copyright 2023, American Chemical Society [61]. (d) Galvanostatic discharge—
charge curves for Super P carbon cathodes in various electrolytes and atmospheres: 0.5 mM Cu(I)
RM in 0.1 M LiClO4—MeCN under Ar (dark gray), 0.5 mM Cu(I) RM in 0.1 M LiClO4—MeCN under
CO; (red), and 1 M LiTFSI-G4 under CO; (blue). Current density is 100 mA gfl. (e) Schematic of the
synergetic effect of Cu(I) RM and Ru catalysts for the Li-CO, battery system. (f) Cyclic performance
of the Li-CO, battery with a Cu(I) RM-based electrolyte and a Ru@Super P cathode under a fixed

specific capacity of 1000mAhg~! at a current density of 200mA g~!. Copyright 2023, Springer
Nature [62].
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Peng et al. proposed a new concept of Li-CO, batteries based on the redox cycle
of 4,4/ -bipyridine (BPD), achieving reversible CO; capture/release and efficient energy
storage. Direct evidence from spectroscopic and theoretical calculations showed that BPD
first coordinated with CO, to form a [BPD- - - 2CO,] complex, which was further reduced
to Li;[BPD-2CO,] via a two-electron pathway during discharge. During charging, the
reaction reversed, regenerating BPD and CO;. The battery exhibited high discharge specific
capacity (>1000 mAh g~!), low discharge—charge voltage difference (about 0.3 V), and
almost no side reactions (Figure 7c). The BPD-assisted Li-CO, battery minimized the
overpotential required to drive the discharge/charge reactions, eliminated adverse side
reactions associated with traditional Li-CO, batteries, and provided high discharge specific
capacity [61].

To address these issues, Zhou et al. presented a soluble binuclear copper(I) complex
as a liquid catalyst for the production of Li;C,0O4 in Li-CO; batteries. Spectroscopic
and electrochemical analyses revealed that the copper(I) complex could easily capture
CO; to form bridged Cu(ll)-oxalate adducts, which were reduced during discharge. The
Li—-CO; battery using the copper(I) complex exhibited an electromotive force of up to
3.38 V, an output voltage of 3.04 V, and a discharge specific capacity of 5846 mAh g~
Additionally, with the assistance of a Ru catalyst, the battery showed strong cycling stability
over 400 cycles. The study indicated that liquid catalysts (or redox mediators, RMs) could
reduce the number of phases involved in the CO, reduction process, effectively lowering
the discharge overpotential (Figure 7d—f). The copper(l) complex, as a liquid catalyst,
fully contacted CO,, improving reaction kinetics and avoiding the drawbacks of solid
catalysts [62].

While liquid catalysts in lithium—carbon dioxide batteries have shown many advan-
tages, they also have some drawbacks and limitations. The stability of liquid catalysts
may be poor, and they may degrade or fail during long-term cycling, affecting the overall
performance of the battery. Additionally, the solubility and uniform distribution of liquid
catalysts in the electrolyte may affect their catalytic effectiveness, leading to inconsistent
battery performance.

3.6. Others

Perovskites, known for their high electronic conductivity and excellent catalytic activ-
ity, are considered affordable and highly potential electrode catalysts. Chi et al. prepared
Cu-LSCM (Lag 96Sr.04Cug 3Mng7O3_5) heterostructures [63]. The Cu—LSCM heterostruc-
ture catalyst in Li-CO; batteries exhibited an ultrahigh discharge specific capacity of
11,350 mAh g~!, a low voltage gap of 1.35 V, and a prolonged cycle lifespan of 107 cycles
without significant degradation (Figure 8a—c).

Amin et al. developed a novel medium-entropy cathode catalyst (NbTa)q 5BiS; that
offers abundant oxygen vacancies and strong intercalation, significantly enhancing the
catalytic activity, durability, and conductivity of the battery [64]. Combined with an
ionic liquid-based electrolyte blend, the Li-CO, battery operated at high current densities
(5000 mA g~1) and high capacities (5000 mAh g~ 1), achieving a cycle life of 125 cycles, far
exceeding the performance reported in the literature (Figure 8d—f).

Additionally, structurally engineered polymers as cathode catalysts for Li-CO, batter-
ies have shown great potential. Li et al. prepared conjugated cobalt polyphthalocyanine
(CoPPc¢) [65]. Electrochemical measurements indicate that CoPPc enhances the reversible
production and breakdown of Li,CO3, allowing for high-performance Li-CO; batteries
with a significant areal capacity and remarkable cycle performance. Moreover, as a result
of its interconnected structure, the polymer possesses inherent elasticity and exhibits en-
hanced chemical, physical, and mechanical stability. The elasticity and reprocessability of
the polymeric catalyst make the fabrication of flexible batteries possible (Figure 8g,h).
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Figure 8. (a) XRD spectra of LSCM reduced at different temperatures in 5% Hy/Ar. (b) SEM
images of Cu-LSCM catalysts. (c) Illustration of the CO,RR and CO,ER mechanisms of Cu-LSCM
heterostructure. Copyright 2021, Elsevier [63]. (d) HR-STEM image along the [001] direction. The
inset figure includes a Fourier transform of the STEM image. (e) Linear sweep voltammetry results of
(NbTa)q 5BiS3 NFs, Au, and Pt nanoparticle (NP)-coated cathode electrodes under CO,RR. (f) Low-
and high-resolution TEM images of discharged cathode showing Li,COj3;, and C deposited on
(NbTa)( 5BiS3 cathode. Copyright 2023, Wiley-VCH [64]. (g) Schematic synthetic process of 2D
CoPPc; (h) proposed 3D cross-linked network of CoPPc in practice. Copyright 2019, Wiley-VCH [65].
(i) Structures of the battery with NiPc MDE cathode. Copyright 2023, Wiley-VCH [66].

Li et al. developed molecularly dispersed electrocatalysts (MDEs), specifically nickel
phthalocyanine (NiPc) anchored on carbon nanotubes (CNTs), as cathode catalysts for
Li-CO; batteries [66]. By anchoring NiPc on multiwalled CNTs, the intrinsic activity of
NiPc in CO; reduction reactions is fully displayed, while CNTs possess a large surface
area and a porous structure, which aids in the breakdown of Li;COs. The Li-CO, battery,
utilizing a NiPc-CN MDE cathode, demonstrated a notable discharge voltage of 2.72 V and
a minimal overpotential gap of 1.4 V between discharging and charging. Furthermore, it
exhibited stable operation for more than 120 cycles (Figure 8i).

4. Conclusions and Outlook

Li—CO, batteries are very promising and provide a fresh and innovative method for
capturing and using CO,. Nevertheless, advancement in Li-CO; batteries is currently in
a nascent phase and encounters obstacles such as elevated overpotential, subpar cycle
efficiency, limited rate capability, and diminished discharge capacity. The main cause
of these problems can be linked to the slow reaction kinetics of CO, gas. Hence, the
imperative objective is to advance the development of cathode catalysts that are both highly
efficient and stable in order to facilitate CO; electrochemical processes. This work presents
a comprehensive examination of the electrochemical reaction mechanisms involved in Li-
CO;, batteries, as well as the most recent advancements in cathode catalysts and their design
techniques. Despite certain advancements in prior research, there remains a significant
distance to go in order to fulfill all the necessary criteria for the practical implementation of
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Li—CO, batteries. In light of the most recent study findings, we will clarify some significant
benefits and drawbacks of Li-CO; batteries, along with potential prospects for the future.

Li-COj, batteries have shown promising advancements as an emerging energy storage
technology. However, significant challenges remain before they can be scaled up and
commercialized. While noble metal catalysts demonstrate exceptional electrochemical per-
formance, their high cost and scarcity limit widespread application. Therefore, developing
cost-effective and stable non-noble metal catalysts is crucial for commercialization. The
stability and cycle life of cathode materials are critical factors for the long-term application
of these batteries. In practical applications, the battery must maintain excellent perfor-
mance under various complex environmental conditions, which demands higher chemical
stability and mechanical durability of the cathode materials. Currently, many materials still
experience performance degradation during extended cycling, a challenge that must be
addressed through material design and optimization. Research on and development of
cathode materials for Li-CO, batteries must focus on enhancing performance while also
considering cost control, stability improvement, and environmental sustainability. Future
research should prioritize these challenges to advance the scalability and commercialization
of the technology.

(1) Unstable intermediates and discharge products have been identified in lithium—carbon
dioxide batteries, and successfully detected and characterized using in situ charac-
terization methods. The complexity of the electrochemical reaction mechanisms
in Li-CO, batteries arises from the involvement of intricate electrochemical and
chemical processes and multiple interfacial reactions. Currently, the correlation be-
tween the inherent composition of catalysts and the efficiency of batteries remains
inadequately comprehended. Research highlights the necessity for enhanced in situ
spectroscopic techniques and distinctive probe technologies to provide real-time and
precise qualitative and quantitative analysis. A deeper investigation from kinetic
and thermodynamic perspectives is necessary to fully elucidate the electrochemical
reaction mechanisms in Li-CO, batteries. Future research should develop advanced
methods such as in situ analysis, isotope calibration, and theoretical calculations to
facilitate real-time detection of unstable intermediates and confirm specific reaction
pathways involving CO; electrochemistry.

(2) Future research on solid catalysts should explore more novel materials and elucidate
their working mechanisms in CO; reduction reaction (CO,RR) and CO; oxidation
reaction (CO,ER) kinetics. The impact of soluble catalysts on Li-CO; battery per-
formance has not received sufficient attention. The design and selection of catalytic
materials are crucial for improving the slow kinetics of CO,RR and COER in Li-CO,
batteries. Nevertheless, the precise operational methods of catalysts in electrochemical
reactions remain incompletely comprehended, necessitating additional investigation.
Enhancing the inherent activity of catalysts through methods such as heteroatom
doping, defect control, and strain engineering can improve their activity and conduc-
tivity. Additionally, designing electrodes with hierarchical pore structures and high
specific surface areas helps increase the utilization efficiency of active sites. Despite
some progress in catalysts, the relationship between catalyst structure and battery
performance remains unclear and requires further investigation through theoretical
calculations and advanced in situ characterization tools. Future research should com-
bine molecular structure simulation, free energy calculations, and electron transfer
rates to design efficient catalysts for Li-CO, batteries.

(38) Research on photoelectric effects and plasmonic interactions is expected to become a
focal point in the application of catalytic systems. The photoelectric effect has been
widely applied in photocatalytic water splitting and nitrogen fixation, accelerating
electrochemical reactions through the formation of photo-generated electrons and
holes. In Li-CO; batteries, photo-generated carriers participate in CO, electroreduc-
tion and redox reactions, improving battery performance. Numerous novel catalyst
materials, such as MOFs, show great potential in photo-assisted Li—-CO, batteries.



Inorganics 2024, 12, 222

16 of 19

Future research should focus on improving the light transmission of photocatalysts,
the effective separation of holes and electrons, and the high photocatalytic activ-
ity for CO, reduction and evolution reactions to advance photo-assisted Li-CO,
battery technology.

(4) From the perspective of future development of flexible Li-CO, battery catalysts,
research should focus on developing flexible cathode materials that can maintain
high efficiency and stability under bending and deformation conditions. To achieve
this, new material morphologies need to be explored, and their working mechanisms
in CO, reduction reaction (CO,RR) and CO, oxidation reaction (CO,ER) should be
elucidated. The impact of electrolytes and solvents on battery performance also needs
in-depth study, especially when applying certain RMs or additives. Future research
directions should focus on improving the performance of flexible cathode materials,
reducing preparation costs, and developing environmentally friendly catalysts to
promote the further development and commercialization of flexible Li-CO, battery
technology. By addressing these key issues, flexible Li-CO, batteries are expected to
become an ideal energy storage solution for future wearable devices.

As global climate change and environmental pollution become increasingly severe, Li—
CO;, batteries hold significant market potential. Their application prospects are particularly
promising in fields such as electric vehicles, aerospace, electronics, and rail transportation.
However, before considering them as a feasible replacement for lithium-ion batteries, sev-
eral key technical challenges must first be addressed, including high overpotential, low
reversibility, and poor rate capability. Given the current state of technology, Li—-CO, batter-
ies may be more suited as a complementary technology rather than a direct replacement for
lithium-ion or lithium-sulfur batteries. However, considering their potential advantages,
and with increasing research investment, Li-CO, batteries are poised to play a significant
role in the future of electrochemical energy storage and could see widespread application.

Li-CO, battery systems with enhanced stability are paving the way for a range of
innovative applications. In deep space exploration and extreme environment research,
these batteries provide crucial energy security. Medical implant devices and remote sen-
sor networks will also benefit from their enduring power supply, significantly reducing
maintenance requirements. Additionally, drones and smart grid energy storage systems
will leverage their high energy density and long cycle life to optimize performance. Ap-
plications such as emergency backup power, deep-sea mining operations, and long-life
satellites will further benefit from reduced maintenance frequency and costs. These fields
demand exceptional stability and environmental adaptability, making high-stability Li-CO,
battery systems well suited to meet these needs and poised to play a pivotal role in future
technological advancements.
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