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Carbon dioxide (CO,), resulting from the combustion of fossil fuels, is widely recognized as one of the
main contributors to global warming. However, the existing carbon capture methods lack stability and
cost-effectiveness. In order to tackle this issue, lithium-carbon dioxide batteries (LCBs) have emerged as
a promising solution due to their high energy density and environmentally friendly nature. Nevertheless,
the development of LCBs is still in its early stages, facing challenges such as low catalyst efficiency, elec-
trolyte system instability, and an unclear mechanism. This review focuses on the reaction mechanism and
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cathodic catalysts of various types of LCBs, which include aprotic LCBs, photo-assisted LCBs, and all-
solid-state LCBs. Lastly, the review paper summarizes the current problems and challenges associated
with LCBs, providing suggestions and solutions to further advance the development and research of the
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1. Introduction

With the ongoing utilization of fossil fuel energy sources, a
considerable amount of CO,-based greenhouse gases has been
emitted into the atmosphere, resulting in an energy crisis and
global warming."” Achieving the goal of “carbon neutrality”
poses a significant challenge, necessitating the development
of energy storage and clean energy systems.>> LCBs have gar-
nered increasing attention from researchers due to their poten-
tial to effectively utilize CO, as a reactive substance, showing
excellent theoretical specific capacity and energy density.®’
LCBs have higher theoretical energy density compared to
various types of batteries such as Na-ion batteries,® Li-ion bat-
teries,” etc., which gives advantages for applications in fields
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with high energy density requirements. Compared with other
metal-air batteries, such as Zn-air batteries'® and Mg-air bat-
teries,'* LCBs are able to utilize CO, as the active substance,
which reduces the weight of the battery and provides more pos-
sibilities for the design of the spatial structure of the device.
LCBs are well-suited for exploration or submarine missions on
CO,-filled Mars environments,? serving as a valuable medium
for energy utilization and storage.

However, several issues contribute to the failure of LCBs,
such as carbon deposition on the cathode surface, electrolyte
decomposition, electrolyte short-circuiting caused by lithium
dendrites, sluggish CO, reduction reaction and CO, oxidation
reaction (CRR and CER) kinetics affecting the battery
efficiency, and repeated formation of Li,CO; leading to struc-
tural instability and a reduced lifespan. These problems
present significant challenges for the application and advance-
ment of LCBs. Therefore, a comprehensive understanding of
the mechanisms involved during the charging and discharging
of LCBs, as well as the role of cathode catalysts in enhancing
battery reaction kinetics, is of paramount importance for
battery research and development. Mu et al. provided a com-
prehensive summary of the reaction mechanism, catalysts, and
electrolyte working mode in LCBs.'> Furthermore, while
improving polarization through electrocatalysts is often
limited, the development of photocatalysts offers an effective
strategy to address this issue.'>'* Additionally, the safety con-
cerns arising from electrolyte leakage and volatilization in
liquid systems pose limitations in the application of LCBs,
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making the development of all-solid-state batteries a viable
solution.”™"”

In recent years, LCBs have made significant advancements,
including continuous innovation in catalyst materials, further
understanding of reaction mechanisms, improvement in the
cycle life and battery efficiency, and potential commercial
deployment. Ongoing research and technological progress are
driving LCBs closer to practical feasibility for energy storage and
conversion applications, while also influencing the develop-
ment of photo-assisted LCBs and all-solid-state LCBs to some
extent. LCBs began to come into the view of researchers from
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Fig. 1 Schematic elaboration of catalysts for the aprotic/photo-
assisted/solid-state Li—CO, battery.
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2011 when Takechi et al. proposed Li-CO,/O, as a prototype for
LCBs.” Recently, the number of studies on LCBs has grown stea-
dily, covering a wide range of topics from electrode material
design to reaction mechanisms. Previous studies have summar-
ized the role of electrocatalysts in regulating the electrochemical
performance of LCBs in liquid systems, as well as the reaction
mechanisms in different systems."®"'® However, limited research
has been conducted on the latest advancements in photo-
assisted LCBs and all-solid-state systems. In this review, we
provide a comprehensive overview of the latest research on the
reaction mechanism and design of cathode catalysts for aprotic/
photo-assisted/solid-state LCBs (Fig. 1). Furthermore, we intro-
duce emerging photo-assisted LCBs and all-solid-state LCBs,
delving deep into the impact of light fields and the role of solid-
state electrolytes on LCBs. This review highlights the challenges
faced by conventional LCBs and nascent photo-assisted/all-
solid-state LCBs, while proposing solutions and suggestions to
facilitate the further development of LCBs.

2. Mechanism of reversible LCBs

The mechanism of the electrochemical reaction process of
LCBs is complex and involves charge transfer processes at mul-
tiphase interfaces including the solid state (catalyst, discharge
products), the gaseous state (CO, gas), and the liquid state
(electrolyte).">'® The elucidation of the basic reaction mecha-
nism of LCBs offers a foundation for the reasonable battery
system design. Several electrochemical reaction pathways are
summarized in this section.

2.1 Li,CO; and C discharge product system

Pure CO, gas used as the active material for the LCB cathode
was reported by Archer’s group for the first time,*® which had
a discharge capacity at 100 °C that was 10 times higher than
the discharge capacity at 40 °C. In situ and non-in situ charac-
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terization results showed that the discharge products were
Li,CO; and C. Eqn (1) for the total reaction was deduced as
follows:

4Li + 3CO, < 2Li,CO; + C. (1)

Subsequently, Chen’s group® used the electrolyte of
LiCF3S0; in TEGDME (1:4 in mole) can realize the reversible
discharge and recharge of LCBs. Drawing conclusions from
X-ray diffraction (XRD) and Fourier transform infrared (FT-IR)
spectra, the discharge product in the final state is Li,CO;
(Fig. 2a and b). In addition, they used porous gold as the battery
cathode to avoid the effect of carbon presence on the character-
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ization of discharge products, and the charge-discharge curve
was similar to the Ketjen Black (KB)-cathode battery and found
porous carbon by surface-enhanced Raman spectroscopy (SERS)
and electron energy loss spectroscopy, which led to the proposal
of a reasonable disproportionate reaction mechanism during
the discharge stage of LCBs as shown in eqn (2)-(5):

2C0, + 2e~ — C,04%" (2)
C,0,% — CO* +CO, (3)
C,0,% +C0O,* —2C03* +C (4)
CO;3%™ + 2Li" + Li,CO;s. (5)
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Fig. 2 (a) The XRD pattern and (b) FTIR spectra of the pristine KB electrode in LCBs.?! Copyright 2014, the Royal Society of Chemistry. In situ
surface-enhanced Raman spectra on gold electrodes with a current of 5 pA and capacities of (c) 10 pA h and (d) 20 pA h during discharge. The in situ

Raman spectra related to capacity during the corresponding discharges of
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(e) 10 mA h and (f) 20 mA h.22 Copyright 2017, Elsevier Inc.
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Subsequently, Zhou et al.>* examined the trends of the
components of Au-cathode LCBs by SERS in a non-protonic
environment. Under CO, saturation conditions, the capacity
was limited to 10 mA h, and a discharge plateau of 2.5 V
was observed at a current of 5 mA (Fig. 2c). When the
capacity was increased to 20 mA h, a new plateau was
observed near 1.8 V (blue trace) as shown in Fig. 2d.
According to the in situ Raman results (Fig. 2e and f), a new
characteristic peak belonging to Li,O is observed at
520 em™". By comparing the changes in different substances
after expanding the discharge capacity, Li,CO; gradually
decreases under the continuous deposition of Li,O, while
the growth of carbon seems to be unaffected. Here, it is
mainly the change in discharge capacity that causes the con-
tinuous decay of the battery, the insufficient supply of CO,
at 1.8 V, and the dynamic equilibrium of CO, in the bi-

Table 1 Possible reactions of Li,CO3s decomposition and the Gibbs free
energies and reversible potentials of the corresponding reactions

No.  Possible reactions Eyey [V] versus Li

1 Li,CO; — CO, + 10, + 2Li" + 2¢” 3.82

il Li,CO;3 +1C — 2CO, + 2Li" + 2¢~ 2.80

111 2Li,CO; — 2CO, + 4Li" + 0," + 3e~ Unknown value
0, " -0, +e”
0, — O, + electrolyte — uncertain product
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electrode layer that is controlled by the availability. Systematic
experiments found that higher polarization potentials and
local CO, concentration changes to be responsible for this
shift.

As shown in Table 1, three thermodynamically possible
reaction pathways for the electrochemical decomposition of
Li,CO; were summarized by Zhou’s group in 2016.>* They
simulated discharged LCBs by pre-filling the electrodes with
Li,CO; and using '*C and '*C as conducting additives. They
generated the gas composition produced during the charging
of the prefilled electrode by in situ gas chromatography-mass
spectrometry (GC-MS) measurements and isotope tracer
methods. Fig. 3a(I) shows the charging curves of the two dis-
tinct batteries with *>C and **C carbon in the Li,CO; electrode
charging curves and Fig. 3a(II-IV) show that the amount of all
three substances increases at the beginning of the battery
charging process, and decreases after charging, while no O, is
released during the entire charging stage. According to the
proposed pathway I, the self-decomposition of Li,CO; gener-
ates CO, and O,, while the GC-MS results showed that no O,
was observed during the entire charging process, indicating
that pathway I is not a reliable route for decomposition of
Li,CO;. According to the mechanism proposed in Path II, C
combines with Li,CO; to precipitate CO, gas. The capacity of
the two batteries is equal, and the battery using *C as a con-
ductive additive produces one-third less >CO, than the battery
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Fig. 3 (a) Charging curves of Li,COs electrodes in two different batteries with conductive additives of *2C and **C. Gas evolution of CO, in the two
batteries during charging ((Il) (Fragment-44), (Ill) Fragment-45, and (IV) Fragment-15). (b) FTIR spectra of electrolyte solvents before and after char-
ging.Z* Copyright 2016, The Royal Society of Chemistry. (c) Evolution of CO,, O,, CO, and H, from carbon black/Li,COs/PTFE (9:1:1, m: m) compo-
site electrodes during a linear potential scan of 0.14 mV s~%.2* Copyright 2018, Wiley-VCH GmbH.
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Fig. 4
evolution rates during the battery charging process at (b) 500 mA g™, and

using '®C as a conductive additive. However, GC-MS shows
that the emissions of ">C and *>C are almost equal, leading to
the conclusion that Path II is not a reliable pathway. In
addition, to simulate the chemical environment of pathway III,
they used the complexation reaction between KO, and dicyclo-
hexyl-18-crown-6, and fragments from the breakdown of the
electrolyte solvent under the attack of superoxide radicals were
also detected. The FT-IR results of the electrolyte solvent after
simultaneous charging revealed stretching peaks located at
1720 ecm™" and 1737 em™" were judged to belong to the ester
C=O0 stretch, consistent with the mechanism proposed for
Pathway III. The absence of O, during the oxidative decompo-
sition of Li,CO; was also accounted for in a subsequent study
(Fig. 3¢).>* Additionally, GC-MS was utilized to explore the dis-
charge composition and gas oxidation in a more precise and
quantitative manner (Fig. 4a-c). The analysis began with a
quantitative assessment of Li,CO; in the process of discharge
using the CO, gas release rate from the cathode discharge after
acid treatment. The deduced discharge reaction was found to
be in excellent agreement with the reaction in eqn (1). During
the subsequent charging process, the corresponding gas
release rates at different current rates were analyzed using
DEMS. At the beginning of the charging period, the release of
CO, and O, could be detected at a high current rate (2000 mA
g, Fig. 4c), with charge-to-mass ratios of 2e7/CO, and 4e~/O,,
respectively, and it is proven that the decomposition of Li,CO;
is consistent with the formula: 2Li,CO; — 2CO, + O, + 4Li" +
4e”. Therefore, the decomposition of Li,CO; into CO,, O,, and

(a) The evolution rate of CO, under carbonate quantification conducted on a cathode discharged at 0.6 mA h. DEMS results of CO, and O,

(c) 2000 mA g~*.22 Copyright 2017, Elsevier Inc.

superoxide radicals is a convincing charging mechanism for
LCBs.

2.2 Li,CO; and CO discharge product system

Among the numerous reduction products of electrocatalytic
CO, reduction, CO is an important industrial intermediate
used in the chemical and metallurgical industries widely.
Currently, great efforts have been made by researchers to
explore efficient catalysts in the electrochemical reduction of
CO, to CO.>**” CO gas generation in LCBs is therefore a
technology that kills two birds with one stone by utilizing
energy and converting it into a value-added product.

Archer’s group concluded that 4Li + 3CO, — 2Li,CO;3 + C
dominates during the discharge process of Li-CO, batteries,”®
but according to the potential from the initial value near the
equilibrium potential to exceeding the theoretical equilibrium
potential, which violates Tafel’s theory. Meanwhile, the gas-
phase composition of the LCBs was analyzed by DEMS. CO
was not the major release, and it was assumed that CO dispro-
portionately generated CO, and C during the discharge reac-
tion. Xie et al. prepared three-dimensional porous zinc as the
LCB cathode by redox-coupled electrodeposition. The dis-
charge products were analyzed in both gaseous and solid
states, and gas chromatography (GC) was used to find that CO
was the main discharge product, and the undefined C was not
detected. It is proposed that the mechanism responsible for
the generation of the primary CO product is 2Li" + 2CO, + 2e”
— CO + Li,CO; (Fig. 5a-c).”® They confirmed the feasibility of
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(a) Schematic diagram of the porous Zn cathode for LCBs and its reaction mechanism. (b) Maximum FE of CO at several currents during 10 h

of discharge. (c) Raman spectra of solid products on the PF-Zn cathode after discharge.?® Copyright 2018, the Royal Society of Chemistry.
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achieving efficient energy use by exploring high-value carbon-
based products from metal-air batteries. The exact reaction
mechanism needs to be further explored.

2.3 HCOOH discharge product system

As a discharge product of non-proton electrolyte LCBs, Li,CO;
is a wide bandgap insulator that is tough to decompose, which
is a major obstacle to improving the electrochemical perform-
ance. Conversion of discharge products into other soluble
liquid products is an attractive strategy to overcome this
problem. Among them, formic acid discharge products are the
most accessible among many liquid products, and metals such
as In,?® Sn,*® and Bi*"** have been found to have high selecti-
vity in the CRR. However, the formic acid product needs to be
converted by binding to H' during the CRR, and the formic
acid system is not applicable to aprotic LCBs.

Xue et al. used the strategy of attaching Li foils directly to
inorganic LAGP solid-state electrolytes to realize aqueous LCBs
while protecting the Li anode.*® The porous Pd film prepared
by electrodeposition on carbon paper facilitates the pene-
tration and transport of electrolytes and CO, (Fig. 6a and c).
Combined with the LAGP electrolyte, reversible cycling of CO,
and soluble HCOOH during charging and discharging and an
ultra-low overpotential were realized in aqueous-phase LCBs
(Fig. 6b). The aqueous battery has a low overpotential of 0.38 V
and a energy efficiency of up to 91%, and the recyclability of
the battery has been demonstrated, offering a promising pro-
spect for CO, conversion work and the application of LCBs.
The discharge products of aqueous LCBs, HCOOH, are more
susceptible to electrochemical decomposition relative to those
of aprotic LCBs. They found that the charge potential for
HCOOH oxidation is below 3 V and only CO, was oxidized out
and there was no escape of O,. This suggests that water
decomposition is limited during the charging process of this
battery, and a stable reversible cycle with high energy
efficiency is achieved at lower overpotentials.

2.4 Li,C,0, discharge product system

Li,CO;, the main discharge product of LCB, limits the per-
formance of the battery due to its wide band gap insulator pro-
perties and insolubility in non-protonic electrolytes, while
Li,C,0,4, which is thermodynamically unstable and decom-
poses more easily compared to Li,COj3, has been studied as the
LCB discharge product. Chen et al.** found that the reduction
intermediate product Li,C,0, could be stabilized by Mo,C
during discharge and the formation of insulating Li,CO; could
be prevented, and concluded that a possible discharge reaction
mechanism is shown in eqn (6) and (7).

2C0; + 2e~ — C,04> (6)
C,04%~ + 2Li" 4+ Mo0,C — Li,C,0, + Mo,C. (7)

Mo,C can stabilize the amorphous intermediate C,0,*~
during discharge and decompose at low charging potentials
(Fig. 6d), which can enhance the LCB round-trip efficiency. In
addition, the combination of experimental and computational
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results has proved that the low-valent Mo atoms can form a
Mo-O bond in Mo,C to stabilize the discharge intermediate
Li,C,04 of porous morphology and prevent it from further
reacting to carbonate. In contrast, in the charging phase, the
Mo-O bond is broken, and the discharge product is decom-
posed, which reduces the overpotential of the battery.>® The
C,04>" is thermodynamically unstable, and the outer electrons
(electron donors) of Mo,C are transferred to the O atoms (elec-
tron acceptors) in Li,C,0, with structural optimization after
adsorption, which ensures the rapid stabilization of the dis-
charge intermediate by the electrons. The Mo,C nanoparticles
in Mo,C@CC can play the role of an active center with high
conductivity, effectively capture Li* and CO,, promote the reac-
tion, and realize a reversible LCB. The decomposition of the
thermodynamically unstable discharge product Li,C,0, is
shown in eqn (8). Sun et al. elucidated the Li,C,0, decompo-
sition mechanism in LCBs in the presence of a redox mediator
(RM).*® During discharge, the Cu(I) RM-based electrolyte
forms Cu(u)-oxalate adducts with the captured CO,, and Cu(u)-
oxalate adducts completely decompose after charging.
Realization of Li,C,0, discharge products in LCBs is an ideal
way to reduce charging potential and enhance reversible
battery cycling.

Li,C,0, — 2Li" +2C0O, + 2¢". (8)

2.5 Photo-assisted LCBs

The study of conventional electrocatalysts has gradually dee-
pened, and it has been found that it is difficult to obtain a
great reduction in the overpotential of these catalysts.
Insufficient driving of CRR/CER by the catalyst is a key reason
for the electrochemical performance of conventional LCBs. It
was found that the introduction of light as a driver helps to
realize efficient, stable LCBs."*?”*® Photocatalysts are capable
of generating highly reducing-active photogenerated electrons
and highly oxidizing-active photogenerated holes under light,
which help to reduce the LCB overpotential, improve the
electrochemical performance, and achieve light-assisted
energy storage.’>*' As shown in Fig. 7a, Guan et al. hypoth-
esized that photoelectrons and holes segregate into the con-
duction and valence bands of the semiconductor and are
transferred by the potential difference between the anode and
cathode, respectively, helping to achieve the regulation of the
discharge and charging potentials.*> The choice of the photo-
catalyst is critical to optimize the efficiency and stability of
these cells. Catalysts with appropriate bandgap energies
ensure efficient light absorption and electron-hole pair gene-
ration, enhancing CO, conversion. High reactivity and chemi-
cal stability are the main influencing factors for repeated
cycling of LCBs. In addition, simplicity of synthesis and com-
patibility with battery structures such as electrolytes are also
important considerations in the selection of catalysts. A single
photocatalyst of a certain type cannot satisfy the good electri-
cal conductivity, superior catalytic activity, and chemical stabi-
lity of the electrode material, and it needs to be modified by
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reaction of the Mo,C/CNT cathode in LCBs.>* Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

various means. Various types of photocatalysts have been
developed for application to LCBs, including photovoltaic
semiconductors,””> noble metal loadings,”> and MOF
materials.*® Attempts were made to combine photoelectric
semiconductors with various types of collectors to form com-
posites, obtaining photocatalysts with stronger conductivity
and better catalytic activity. The cathode catalyst for LCBs
could accelerate charge transfer during battery cycling and

This journal is © the Partner Organisations 2024

improve battery retardation kinetics. The effective expansion of
the range of light absorption by noble metal materials can
help the photoelectric semiconductor to play an efficient cata-
Iytic role under visible light or even infrared light, accelerate
the directional migration of photogenerated electrons and
holes, and obtain better photoelectrocatalytic activity. At
present, the participation of photogenerated carriers in the
charge/discharge reaction mechanism of photo-assisted LCBs
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is still confined to the electrocatalytic environment, and
further research elaboration is essential.

2.6 All-solid-state LCBs

Currently, research on LCBs is mainly concentrated on liquid
systems. However, liquid electrolytes may volatilize and decom-
pose during battery cycling, threatening the safety performance
of batteries due to their flammability and volatility. Therefore,
solving the problem of electrolyte volatilization is a necessary
approach to improve the safety performance of LCBs. The high
ionic conductivity and excellent mechanical properties of all-
solid-state LCBs have already served as an ideal solution to the
above challenges.***® Meanwhile, batteries using solid-state
electrolytes will not require a long activation process, which can
reduce step times in mass production and increase productivity.
Solid electrolytes are a class of solids that conduct specific ions.
The ionic conductivity of different types of solid electrolytes
varies somewhat and changes with temperature. Polymer solid
electrolytes are formed by dissolving lithium salts in polymers.
Polymer electrolytes of systems such as poly(vinylidene fluoride),
poly(phenylene nitrile), poly(ethylene chloride), and poly(ethyl-
ene oxide) have been developed and studied. Polymer solid-state
electrolytes are flexible enough to accommodate volume

5840 | /norg. Chem. Front,, 2024, 11, 5833-5857

changes during battery operation, providing new strategies for
wearable electronic devices.*”*® Zhao et al. constructed a bi-
continuous hierarchical porous structure while utilizing macro-
microporous zeolitic imidazolate framework-8 (OM-ZIF-8) as a
dopant for polymer electrolytes and as a battery cathode
(Fig. 7b).*> The interconnected macropores in OM-ZIF-8 facili-
tated mass transfer in all connecting directions in the polymer
electrolyte and anode, maintaining a high ionic conductivity.
Mushtaq et al. prepared a three-dimensional mesh-structured
polymer electrolyte with an ionic conductivity of up to 3.6 x 10~*
S em™ at room temperature by cross-linking modified silica-ter-
minated polyether-based PEs, and the assembled LCBs can be
cycled more than 100 times at 100 mA g~'.*° Solid inorganic
electrolytes can exhibit higher Li* transport efficiency and
chemical and thermal stability relative to polymer electrolytes. A
wide variety of inorganic solid electrolytes, including oxide-
based materials, sulfide-based materials, and halide-based
materials, were used. Among them, the sodium superionic con-
ductor (NASICON), which has excellent chemical stability, has
received much attention. The structure of NASICON-type electro-
Iytes can be represented by LiM,(PO,); (M = Ti, Ge, Zr), which
has a polyhedral structure that establishes fast ion transport
channels and enhances conductivity. Moreover, both doping
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with covalent elements and heterovalent doping can be achieved
to enhance Li ion mobility. Polymer electrolytes have a flexible
morphology but insufficient room temperature conductivity and
poor stability, while solid-state inorganic electrolytes have high
electrochemical stability and ion transport velocity but lack
good elasticity and flexibility. Combining the two to achieve
better ion transport and improve the ability to adapt to the
volume change of solid-state composite electrolytes provides a
new idea in solid-state battery research and development.
Garnet-based solid-state electrolytes with higher ionic conduc-
tivity and stability to lithium are a premium choice for future
solid-state lithium-air batteries. Wang et al introduced
Li;LazZr; 4Ta, 01, into polyethylene oxides to form a composite
solid-state electrolyte, the cycle life of assembled batteries
increased.” Unfortunately, the garnet-type electrolyte reacts
easily with water and CO, in air to form a layer of inert material
on the surface of the electrolyte, and the practical application of
batteries is hindered.

The development of all-solid-state LCBs is still at an early
stage. The internal design and assembly of the components
are critical to achieve stable and efficient operation of all-
solid-state LCBs. The combined construction of the cathode,
anode, solid electrolyte, separator, and collector requires
special attention. With particular attention to the choice of
solid electrolyte which plays a crucial role in preventing the
formation of dendrites, improving safety, and stabilizing the
battery electrochemical reactions. In terms of the integrity
and overall performance of the battery, a strong battery
casing with a solid sealing condition is an important foun-
dation. Solid-state electrolyte research also needs to consider
the ion transport and interfacial contact issues over a wide
electrochemical window and operating temperature, and the
protection of the anode-solid-state electrolyte interface. The
performance enhancement of cathode catalysts, lithium
anode corrosion and dendritic problems also need to be
faced by all-solid-state LCBs.

3. Classification of catalysts

Compositional tuning of catalysts is important to facilitate the
development of high-performance LCBs. Changing the compo-
sition and material ratio of catalysts enhances the catalytic
activity and selectivity by optimizing the surface properties
and electronic structure. Meanwhile, the addition of some
components can also alleviate the battery aging problem and
reduce the overpotential. In addition, adjusting the battery
construction and utilizing the synergistic effect between com-
ponents can achieve the purpose of improving the overall
electrochemical performance. It is crucial to design efficient
electrocatalysts and photocatalysts to accelerate the slow kine-
tics of the CRR/CER process, extend the cycle life, and realize a
stable and reversible cycle of the battery. Currently, a massive
amount of work has been carried out on the research of cata-
lysts. In this section, the performance and mechanism of LCBs
of different catalysts will be summarized.

This journal is © the Partner Organisations 2024
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3.1 Carbon-based catalysts

Carbon-based materials with inherent characteristics includ-
ing high electrical conductivity, a large specific surface area,
and high surface active sites, and carbon materials including
KB, graphene, carbon nanotubes, and carbon quantum dots
were used as active materials in a broad range of applications
in the field of energy storage and conversion devices.>*™>* Early
researchers attempted to use commercial carbon materials as
cathode catalysts for LCBs. However, due to the lower catalytic
performance and a single limited structure, often undesirable
electrochemical properties are obtained. Zhang et al. used gra-
phene as a cathode in LCBs first,>® and the battery perform-
ance showed a very significant improvement in comparison
with KB, and this battery exhibited superior battery capacity
and excellent cycling stability. Zhang et al. introduced carbon
nanotubes (CNTs) into the reversible LCBs in the same year.>*
They found that the 3D network structure of CNTs promotes
electron transfer and gas transport in addition to positively
affecting the deposition of the discharge products. The electro-
chemical stability of the LCBs is significantly enhanced.

The performance of pure carbon materials in the CRR/CER
reaction process is not satisfactory,” which limits the appli-
cation and promotion of carbon materials in LCBs to some
extent. However, modifying pure carbon materials by some
means, such as functionalized doping and ports or defects,
can create more active sites,>” effectively improving the cata-
Iytic efficiency. Heteroatom (such as N, B, and other atoms)
doping is an effective approach to address the catalytic inert-
ness of pure carbon materials.>®*®" Li et al. prepared stand-
alone, binder-free cathodes for LCBs, which aligned N-doped
carbon nanotube (VA-NCNT) arrays on titanium wires
(Fig. 8a).>® The VA-NCNT arrays consist of thousands of vertical
CNTs with a high N doping rate, abundant defects and void
space as cathode catalysts. Due to the properties of these
arrays, diffusion and penetration of CO, and electrolytes, the
number of active sites, and the accumulation and decompo-
sition of discharge products are facilitated (Fig. 8c). The
assembled battery exhibited an excellent cycle life of 2520 h at
500 mA g ' (Fig. 8b). Sun et al®” introduced inert boron
nitride (h-BN) into graphene catalysts to constitute the BN-GN
vdWsH material by using a ball-milling-annealing process. It
was shown by experiments and theoretical calculations that
h-BN could modify the electronic properties of graphene and
exhibit excellent CRR and CER performances in LCBs.
Meanwhile, the cycle life is more than three times longer.

Yu et al. designed free-standing N-doped graphene carbon
aerogels with specific oxygen groups as cathodic catalysts
under the guidance of theoretical simulations.”® DFT calcu-
lations confirm that the electronic structure of graphene
changes upon N doping, and the free energy of the reaction
process is reduced. The CO,-related intermediates can be
further stabilized through the synergistic interaction of the
inherent oxygen-containing functional groups of graphene
aerogels with nitrogen dopants. Meanwhile, the three-dimen-
sional hierarchical pore structure of the graphene carbon
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aerogel ensures good electrical conductivity while providing a
high surface area, exposing accessible active sites. The
improved catalytic activity and reaction kinetics of the CRR
and CER were attributed to this N and O diatom-doped cata-
lysts (Fig. 8d). The results show that the assembled LCB main-
tains cycling stability for over 1500 h while showing a higher
initial energy efficiency of approximately 78.46%. Additionally,
carbon quantum dots (CQDs) demonstrate new trends in
emerging hot research due to their large number of edge
defects and quantum confinement.®>"** However, the electro-
catalytic activity of CQDs is limited by poor electrical conduc-
tivity. Dai’s group designed a composite catalyst consisting of
porous graphene-supported carbon quantum dots (CQD/hG)
with a n-n stacking structure.®® The edge defects around the
electrodes of the CQD/hG composites offer a vast number of
active sites for charge and discharge.

Currently, photo-assisted LCBs are considered to be an
effective way to accelerate slow electrochemical kinetics. It was
found that defect-rich exhibit
improved catalytic activity relative to well-crystallized materials.

semiconductor materials

Li et al. designed carbon nitride coated with nitrogen defects
on interwoven CNT conductive scaffolds (CNT@C3N,) as a het-
erostructured photovoltaic cathode.'® The unique defect struc-
ture of C;N, enables it to efficiently collect UV-visible light,

5842 | Inorg. Chem. Front, 2024, 1, 5833-5857

generating abundant carriers ensuring photogenerated elec-
trons and holes to drive the CRR/CER reaction. The assembled
batteries achieve an ultra-high energy efficiency of 98.8% and
an ultra-low polarization value of only 0.04 V. In 2017, Hu et al.
reported a solid-state LCB based on a composite polymer
electrolyte@CNT cathode, with 100 stable cycles and a flexible
pouch battery capable of cycling for more than 200 h at
different degrees of flexing.®®

Overall, carbon-based materials are a class of catalytic
materials with excellent electrical conductivity, abundant
sources, and low cost. They have been applied widely in the
design of cathode materials for many types of batteries, and
some breakthroughs of structural design and heteroatom
doping have been achieved. However, the existence of carbon
materials itself limits the characterization of the batteries’
charging/discharging process and reaction mechanism. The
catalytic effect of carbon-based materials alone is not enough
to promote the decomposition of the discharge products.
Therefore, research on more effective catalysis to solve the
problem is needed.

3.2 Noble metal-based catalysts

Precious metals and their composites have been studied exten-
sively and applied in various fields, due to their unique elec-
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tronic configuration and excellent electrochemical activity,
stability, and selectivity.>®*” Noble metal materials have been
continuously covered as cathodic catalysts for LCBs in recent
years.®®® In 2017, Zhou’s group first introduced precious
metals into LCBs,”® and they deposited Ru nanoparticles on
Super P by the solvothermal method. Ru@Super P exhibited
excellent electrocatalytic activity, the charging potential of the
assembled battery was significantly reduced, and it was able to
be stably cycled 80 times. Considering the excellent catalytic
properties of Ru in LCBs, Lin et al. developed a catalyst for
LCBs that utilizes N-doped carbon nanoboxes as the substrate,
combining Ru-atom clusters (RuACs) and single-atom Ru-N,
(Ruga) composite sites.”" The Ruacsa@NCB exhibited excellent
catalytic activity for CRR and CER, which enabled LCBs with
unprecedentedly low overpotentials and excellent cycling stabi-
lity. The overpotentials of LCBs using Ruac«sa@NCB as a
cathode catalyst were 1.65 and 1.86 V at high current densities
of 1 and 2A g, respectively. The Ruac.sa@NCB catalyst
enabled the LCB to reach a cycle life of 230 h (Fig. 9a and b).
The enhanced catalytic capacity stems from the fact that the
adjacent RUAC components substantially alter the electronic
structure of the Ru-N, active site. The RuAC substance modu-
lation of the electronic structure of Ru-N, sites optimizes the
interaction with key intermediates, leading to reduced energy
barriers in the CRR and CER rate-determining steps, and facili-
tating battery kinetics (Fig. 9c-e).

Wang et al. designed a synergistic catalyst of bis-precious
metals combined with nitrogen-doped carbon nanotubes
(IrRu/N-CNTs), which exhibited unique alloy dual-catalytic site

(b)ss

View Article Online

Review
properties in batteries.”” The three-dimensional conductive
network of IrRu/N-CNTs was consistent with that of N-CNTs
from scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images. This conductive network
facilitated accelerated electron transfer and complete wetting
of the electrolyte (Fig. 10a-e). Due to the synergistic effect of
the Ir-Ru dual catalytic sites, the discharge capacity and cycle
life of the battery were significantly improved, reaching 7660 h
at a capacity of 500 mA h g~ (Fig. 10j). The deposition and
decomposition of thin film-like discharge products are pro-
moted in the presence of the alloy catalyst. The electronic
structure is effectively altered and the electron transfer
pathway is shortened, resulting in excellent electrochemical
performance (Fig. 10f-i). Wu et al. proposed the dispersion of
IrO, nanoparticles on the N/CNT surface (IrO,-N/CNT) and the
active site density was improved.”> The battery was able to
achieve a capacity of 4634 mA h g%, an ultra-low charging
plateau (3.95 V), and a long cycle life for over 2500 h.

Wang et al. attached RuO, particles to carbon textile-based
TiO, nanoarrays as stand-alone positive electrodes for LCBs
with satisfactory electrochemical performance.”* Based on the
three-dimensional stabilized array of TiO, and the catalytic
property of RuO,, the system LCBs could be cycled 238 times
at 250 mA g '. By combining a noble metal with a semi-
conductor as a photocathode for photo-assisted LCBs, the
photovoltaic effect of the semiconductor combined with the
equi-excited exciton effect of the noble metal exhibits a stron-
ger light trapping range, while reducing carrier complexes.
Zhang et al. reported a TiO, nanotube array cathode modified
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with Ag nanoparticles.” The dual-field-assisted cathode com-
bining the photoelectric effect and plasma action produced by
this semiconductor photocatalytic material helps to break
through the barrier of the slow kinetics of the CRR/CER.
Collective oscillations of free electrons excited by the plasma
of Ag nanoparticles resonate with the incident light to
promote the scattering and absorption of incident light energy
by spherical nanoparticles. Scattering of Ag nanoparticles
enhances the absorption of the applied light energy by TiO,,
and more electrons and holes are generated (Fig. 11b and c).
In addition, the absorption of incident light energy by Ag
nanoparticles enhanced the local electric field around them.
The enhanced local electric field promotes the photogenerated
carrier separation and transfer, effectively utilizing the strong
oxidizing properties of photogenerated holes and the excellent
reducing properties from photogenerated electrons to acceler-
ate the CRR/CER (Fig. 11d). Li; 4Aly4Ti; 6(PO4)3(LATP) and
Li; 5Aly 5Ge; 5(PO,)s (LAGP) have excellent air stability and are
the most widely studied solid-state electrolytes in Li-air bat-
teries. Na et al. utilized a NASICON structured solid-state elec-
trolyte and a Ru catalyst combined with multi-walled CNTs to
improve battery safety and electrochemical performance.'®> A
NASICON structured solid-state electrolyte of the class of LATP
was used in the study for higher electrical conductivity, and

5844 | Inorg. Chem. Front., 2024, 1, 5833-5857

superior CO, stability. The incorporation of Ru nanoparticles
drastically reduced the voltage of the CO, oxidation process
from 4.57 V to 4 V (Fig. 12c¢). The uniform deposition and
rapid decomposition of the products fully confirm the revers-
ible process of the battery. The LATP electrolyte powder has
high uniformity and its high ionic conductivity improves the
kinetic process of the battery, resulting in a higher capacity
and longer cycle life (Fig. 12a and b). Xu’s group combined the
LAGP electrolyte and Au@TiO, catalyst to design an LCB with
a wide temperature range.'® Au nano-ions with a high surface
plasmon resonance effect help to utilize the full spectrum
range of solar energy more efficiently and accelerate the CRR/
CER. Additionally, the combination of LAGP’s excellent electri-
cal conductivity with the photocatalyst achieves superior ion
transport and thermal conductivity in the battery cycle. The
battery can operate over an extremely wide temperature range
(=73 to 150 °C), and even at temperatures of —73 °C (Fig. 12d
and e), the batteries can exhibit a polarization of only 0.6 V
aided by heat energy. Savunthari et al. reported that the Ru/
CNT/LAGP system significantly improved the flexible synthesis
and decomposition of the discharge products and exhibited
stable cycling behavior for over 45 cycles.””

Currently, reported discharge voltages of all-solid-state
LCBs are still higher than 4.0 V, and the higher polarization is

This journal is © the Partner Organisations 2024
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(a) SEM image of the LATP powder. (b) Nyquist plots at several temperatures with equivalent circuits. (c) The polarization comparison curves

of MWCNT and MWCNT/Ru batteries at 50 mA g~%.!> Copyright 2023, Elsevier. (d) The first discharge and charge curves of the all-solid-state LCBs
at room temperature with light and 150 °C without light at 0.01 mA cm™2. (e) First discharge and charge curves of the all-solid-state LCBs at room
temperature and —73 °C with light at 0.01 mA cm™2.16 Copyright 2022, American Chemical Society.

not conducive to the stability of the batteries. Photogenerated
electrons and holes produced by photocatalysts under light
conditions facilitate the CER/CRR processes.”® Therefore, the
introduction of a light field in an all-solid-state LCB is con-

This journal is © the Partner Organisations 2024

sidered as an effective method to exhibit electrochemical pro-
perties while ensuring safety.”””® Wang et al. introduced a
light field in a solid-state LCB, which efficiently utilizes photo-
generated carriers and exhibits an ultra-long cycle life and low
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charge overpotentials."” Plasma Ru nanoparticle catalysts acti-
vate CO, molecules adsorbed during the discharge process to
accelerate the breaking of C-O bonds and facilitate the dis-
charge process. This is attributed to the non-homogeneous
structure formed between the Ru catalyst and the discharge
product Li,CO3, while the carriers generated by photothermal
catalysis accelerate the process of CO, oxidative precipitation.
An artificial molten salt interface (MSI) improves contact and
stability between interfaces, and MSI solid-state LCBs with an
ultra-low charge voltage of 2.95 V and excellent cycling stability
for 450 cycles under photothermal assistance were obtained.

The excellent catalytic activity and stability of noble metals
enable them to be used as catalysts for LCBs to effectively
reduce polarization, exhibit outstanding electrochemical per-
formance, and stable long-term cycling characteristics.
However, the use of noble metals as catalysts for LCBs would
greatly increase the cost of the batteries, making their industri-
alization difficult, and one of the central issues in noble metal
catalyst design is to improve their efficiency.

3.3 Transition metal compound-based catalysts

Noble metals are effective in improving the energy efficiency of
LCBs. However, the high cost hinders scientific research in
this area. Transition metal materials are more suitable for
practical application due to their availability and price.
Additionally, transition metals have empty orbitals in their
outer layer with unfilled electrons,”® allowing them to easily
undergo redox reactions by gaining or losing electrons. This
characteristic has attracted the attention of scientific
researchers.®”®! Catalysts with metal single-atom-N, groups
can assist in improving LCB kinetics and increasing the
battery cycling capacity.®*®* Liu et al. used DFT to calculate
the potential of N-doped graphene piggybacked with monome-
tallic atomic materials (Me = Cr, Mn, Fe, Co, Ni, and Cu) for
CRR/CER.** Among these materials, an N-doped graphene
(NG) supported metal single-atom catalyst (SACtr@NG/PCF) is
considered to be the most effective reversible catalyst. As a vali-
dation of DFT calculations, the researchers affixed SAMe@NG
to nickel foam without a binder. They also proposed “proton
screening” to prevent the metal from a high mass loading
during the annealing process and confirmed the structure of
metal-N, by a series of characterization techniques. The
SACr@NG/PCF cathode exhibits high CO, trapping and Li,CO3
decomposition capacity, and excellent rate performance. It has
a low charge/discharge gap of 1.39 V and can be cycled up to
350 times at 100 pA cm™2.

Metal single atoms are loaded on the surface of the carriers
in the form of covalent coordination, and the interaction
between the ligand and the carrier makes it an efficient
catalyst.®®® Recently, Xu et al. anchored Cu single atoms on
nitrogen-doped graphene as reversible catalysts for stable
LCBs.*” Benefiting from the covalent effect induced by the Cu-
N, coordination results, the configuration of the charge
density difference on the NG surface is altered, enhances the
interaction between SA-Cu-NG and CO,, and promotes the
transfer of electrons from CO, to the active site of SA—-Cu-NG.
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During the CER process, SA-Cu-NG has thermodynamic
advantages over NG in the decomposition of Li,COj; to achieve
reversible LCBs with low polarization.

Transition metal oxides have semiconducting properties
and represent a class of high-performance catalysts with great
potential.®*°° Deng et al. introduced a graphene aerogel as a
scaffold to immobilize Co-doped CeO, nanosheets as a self-
supporting binder-free LCB cathode.’® Strongly coupled nano-
interactions between CeO, and Coz;0, reorganized the elec-
tronic structure, enhanced CO, adsorption, and accelerated
the decomposition process of the discharge products. The
porous self-supported cathode facilitates the rapid diffusion of
the electrolyte. The assembled battery has an excellent dis-
charge capacity (7860 mA h ¢™*) and a cycle life of more than
100 cycles.

With unique physicochemical properties, low price, and
high stability, transition metal sulfides have been explored in
photocatalysts, electrocatalysts, and Li-O,/CO, batteries.”*??
Lu et al. designed a V-MoS,/Co4Sg heterostructure that is verti-
cally anchored on carbon paper.®* In this structure, the fully
exposed MosS, grows on the highly active sites of CosSg, which
is supported by the carbon paper. The material exhibits a
porous sheet-like structure, which serves as a platform for the
transport and diffusion of CO, and electrolytes. Additionally,
the discharge products are uniformly distributed under the
action of abundant active sites. Notably, the complementary
effect of the fully exposed MoS, rim and CoSg active sites
reduces the energy barrier of the rate-determining step of the
CRR, thereby exhibiting excellent intrinsic activity. The experi-
mental results show a low potential of 0.68 V, with a high
energy efficiency of up to 81.2%. Guan et al. designed a porous
layered In,S;@CNT/SS as a bifunctional catalyst for flexible
photo-assisted LCBs.”> They proposed a new CO, activation
strategy by first reducing In** to In* under light and sub-
sequently combining it with CO, reduction products to form
the intermediate In**-C,0,>". The discharge process of LCBs
was facilitated and the transformation from photo energy to
electrical energy was realized. Moreover, they proposed a SiC/
RGO composite catalyst to regulate the photogenerated elec-
trons and holes by the joint action of RGO and SiC.”> The
battery CRR kinetics and the decomposition of the discharge
product were accelerated, effectively realizing the photo-
assisted low overpotential of LCBs.

Transition metal nitrides exhibit excellent electrical conduc-
tivity and low impediment to ion/electron transport due to
their crystal structure, which is similar to that of the corres-
ponding metal monomers. Transition metal nitrides have a
variable and adjustable morphology, which provides a superior
structure for ion/electron transport and storage.’® In addition,
transition metal nitrides have ultra-high stability and can
maintain their structures and chemical compositions during
long-term cycling processes.”” Therefore, transition metal
nitrides show great promise for applications in electrocatalysis
and metal-air batteries.”* %" Qi et al. proposed a binder-free
cathode catalyst with MoN loaded on carbon cloth, which
achieved faster reaction kinetics and higher energy efficiency
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in LCBs (Fig. 13a)."°> The researchers found through XPS and
DFT calculations that the isolated Mo®" ions in MoN were
capable of stabilizing the 2-electron discharge intermediate
Li,C,04, and a Mo-O coupling bridge was formed. This bridge
facilitated the reversible production and decomposition of
Li,C,0, (Fig. 13b-i). MoN exhibits ultra-high electronic con-
ductivity and strong catalytic activity, but it has a weak inter-
action with CO,, which decreases the efficiency of the battery.
In contrast, the adsorption and conversion of CO, can be effec-
tively enhanced with ZrO,. Based on this, Cheng’s group
designed the MoN-ZrO, heterojunction material embedded on
carbon nanofibers (CNFs) as a catalyst for LCBs.'® The MoN-
ZrO, heterostructure in the conductive CNF offers superior
performance in accelerating electron transport, enhancing CO,
conversion, and stabilizing the discharge product Li,C,0,.
Benefiting from these advantages, LCBs with Mo,N-
ZrO,@NCNFs exhibit excellent cycling stability even at high
current densities (Fig. 13j).

As a metalloid element, tellurium (Te) exhibits excellent elec-
trical conductivity and strong CO, adsorption capabilities, and
it shows potential in Li-CO, batteries.””'**'°> Wang et al. con-

This journal is © the Partner Organisations 2024

structed clusters of metal-like Te atoms anchored on N-doped
carbon nanosheets (Texc@NCNSs) as cathode catalysts.'> XPS
analysis showed that C stabilized the Te atomic centers in the
form of covalent bonds, and Te existed in the form of Te-O
bonds (Fig. 14d). Te atom clusters were found to be the active
centers, hindering the distribution of Li,CO;. This hindrance
occurred due to the formation of Te-O bonds between Te and
CO;>". As a result, electron redistribution of the discharge
product took place, leading to the formation of an amorphous
thin film of Li,CO; during the discharge process (Fig. 14b and
c). This uniformly distributed thin-film Li,CO; is easily decom-
posed by fully utilizing the abundant Te atom clusters, which
greatly accelerates the decomposition of Li,CO; (Fig. 14a).

Transition metal-based catalysts exhibit good catalytic
activity in the field of electrocatalysis due to the presence of
mostly lone-pair electrons of transition metal elements to form
intermediates during chemical reactions and to reduce the
reaction activation energy. However, agglomeration and
detachment of metal particles tend to cause deactivation of
transition metal-based catalysts, and their instability affects
the battery life.
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3.4 Metal/covalent organic frameworks (MOFs/COFs)

Both MOFs and COFs are crystalline porous materials that
possess a large specific surface area, adjustable structure, and
easy functionalization.'”®'”” MOFs are crystalline porous
materials first proposed by Yaghi et al. in 1995 by complexing
metal ions with organic monomers.'®® In 2005, Yaghi et al. intro-
duced the concept of COFs, which are a class of molecularly con-
nected units made up of discrete organic molecules. These
frameworks are formed through reversible covalent bonding,
guided by reticular chemical interactions."® With high thermal
and chemical stability, structural tunability and versatility, these
porous materials have promising potential in areas of gas storage
and adsorption and catalysis.'®”*'**"! Wang’s group investigated
six different MOFs as multifunctional porous catalysts, which is
the first time MOFs were introduced into the LCB system. They
found that Mn(u)-centered MOFs significantly reduced the
battery overpotential and improved the energy efficiency.''> The
advantages of MOFs in CO, utilization and reversible battery
cycling allow them to be a new option for energy storage.
Recently, Zhang et al. reported a cathode catalyst of a
covalent organic skeleton based on porphyrin (TTCOF-Mn)
with a single metal site (Fig. 15a)."*> The assembled battery
showed a potential of only 1.07 V at 100 mA g~ ' and was stable
for 180 reversible cycles at 300 mA g~ (Fig. 15b and c). It has
been determined by experimental and theoretical studies that
the Mn-TAPP unit site in TTCOF-Mn exhibits a strong adsorp-
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tion effect on CO,. This allows for the efficient realization of
the 4e” non-protonic CO, conversion process. The discharge
reaction occurring on the cathode of TTCOF-Mn can be rep-
resented using the equation: 4Li + 3CO, — 2Li,CO; + C
(Fig. 15d-g). The catalytic active sites and reaction pathways of
non-protonic LCBs were explored here for the first time. The
diverse compositional and structural characteristics of porous
crystalline-based materials make them highly applicable for
electrochemical energy storage and catalytic applications.
Wang et al. designed a MOF-based photosensitive catalyst
with phthalocyanine ligands of Co-N, and Mn ions.*® Based
on the design of the catalyst nanosheet morphology, more cat-
alytically active sites were exposed. It makes the discharge pro-
ducts of the Co-Pc-Mn-O cathode in LCBs under light illumi-
nation show a nanosheet shape, while a rod shape for those
without light illumination. Owing to the nanosheet mor-
phology, the contact area between the active sites and the elec-
trodes is increased, which improves the catalytic performance
and accelerates the rapid decomposition of the discharge pro-
ducts. Zhao et al. proposed a bicontinuous hierarchical porous
structure that combines the cathode material and solid
polymer electrolyte,”> which connects the mass transfer
process pathway in the solid-solid-gas direction, improving
the transport of lithium salts and CO,. It is noteworthy that a
plausible explanation is offered for the inactivation caused by
the degradation of the battery capacity. The slowly decompos-
ing Li,CO; is difficult to reduce on a highly viscous polymer

This journal is © the Partner Organisations 2024
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(a) The descriptions of the advantages of TTCOF-M as a cathode catalyst for LCBs. (b) The discharge and charge curves of the TTCOF-Mn

cathode at 100 mA g™, (c) The cycling curves of TTCOF-Mn and TTCOF-2H cathodes at 300 mA g~*. (d) Energy curves for the adsorption of CO, on
TAPP-M (M = Mn, Co, Ni, and Cu) molecules, with the corresponding molecules shown schematically in the inset. (e) The energy profiles of the first
electron accepted by the TAPP-M (M = Mn and Co) molecule in two different pathways. (f) Schematic diagram of the four-electron pathway occur-
ring at the TAPP-Mn site. (g) The diagram of the two-electron pathway occurring at the TAPP-Co site.'* Copyright 2021, American Chemical

Society.

electrolyte called “dead Li,CO3”, which results in the de-
activation of the battery by blocking ion transport. After the
introduction of OM-ZIF-8, the polymer electrolyte remained
smooth and intact, and the “dead Li,CO;” was removed by
viscous flow. However solid polymer electrolytes have low
room-temperature conductivity and the application of solid-
state LCBs is limited to the temperature range.

Porous organic framework materials are characterized by
their porous nature and large comparative area, and their
structural and functional diversity, which makes them highly
catalytically active. In contrast, the electrical conductivity of
pure COF materials as catalysts for LCBs needs to be further
improved, and the practical industrial applications of porous
organic framework materials are very limited.

3.5 Molecular catalysts

The CRR/CER based on molecular catalysts attracts attention
due to its high catalytic activity, well-defined active centers,
and rational structural design.''**'® Macrocyclic complexes
with transition metal centers in molecular catalysts, either in
solution (homogeneous catalysis) or anchored on carbon
materials/electrodes (multiphase catalysis), have become

This journal is © the Partner Organisations 2024

effective catalysts for exploring CO, electroreduction reactions.
In particular, metal porphyrins, phthalocyanines, and their
derivatives have been widely studied."*”'*®

Zheng et al. reported a molecularly dispersed electrocatalyst
(MDE) in which they catalyzed the reduction of CO, by disper-
sing nickel phthalocyanine (NiPc) over CNTs.""® Moreover, the
conductive network of CNT promotes CO, release, while the
cyano-substituted material exhibits superior discharge per-
formance and cycling stability compared to the mixture of
NiPc and CNTs. A Li-CO, battery with the NiPc-CN MDE
cathode material exhibits a polarization of only 1.4 V and
stable operation for 120 cycles. Wu et al."*® reported a novel
4,4'-bipyridine (BPD)-assisted LCB capable of reversible CO,
capture/release (Fig. 16a). Studies found that BPD initially
coordinates with two CO, molecules to form a [BPD---2CO,]
complex. The complex is then reduced through a two-electron
pathway to give the discharge product Li,[BPD-2CO,]. Upon
charging, Li,[BPD-2CO,] undergoes reversible oxidation,
releasing BPD and CO, (Fig. 16b-e). The BPD cathode Li-CO,
battery used as a proof-of-concept exhibited a high discharge
capacity (>1000 mA h g™'), a low polarization (0.3 V), and rare
parasitic reactions. Wang et al. introduced a soluble redox

Inorg. Chem. Front,, 2024, 11, 5833-5857 | 5849
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mediator (2,2,6,6-tetramethylpiperidoxyl as the TEM RM) and
reduced a graphene oxide electrode combined with CO, to
form a “trinity” of LCBs."*' The CRR process was mediated by
TEM at potentials above 2.8 V, and CO, was selectively con-
verted to Li,C,0,4. The TEM exhibited fast kinetics during char-
ging, accelerating the rapid diffusion of Li" and facilitating the
decomposition of the discharge products.

Conventional molecular catalysts are not very good at
molecule-to-molecule conductivity and thus the -current

density is limited. Molecular catalysts are characterized by
their tunable active sites, conductive substrates and custo-
mizable structure, which effectively improve the overall
activity of catalysts.

Table 2 lists the representative research results achieved in
recent years. The above research results show that the continu-
ous development of catalysts for aprotic, photo-assisted, and
all-solid-state LCBs has fueled their applications in energy con-
version and storage.

Table 2 Summary of the recent progress in rechargeable LCBs with various catalysts. (* Represents mA g™%)

Cathode Capacity/mA h g™* (*) Polarization/V (*) Cycling stability/N (*) Energy efficiency/% Ref.
Graphene 6600 (100) — 10 (100) — 53
Carbon nanotubes 5786 (100) — 22 (100) — 54
VA-NCNTs 18 652 (100) 1.33 (50) 603 (500) 61 55
CQD/hG 12300 (500) 1.02 (100) 235 (1000) 74.3 65
RUAC + SA@NCB 10 651.9 (100) 1.05 (100) 60 (300) — 71
IrRu/N-CNTs 6228 (100) — 600 (100) — 72
IrO,-N/CNTs 4634 (100) 1.34 (100) 316 (100) — 73
RuO,-TiO, NAs/CT 16 727 (250) 1.05 (250) 238 (250) — 74
SA-Cu-NG 29033 (100) 1.47 (1000) 538 (200) — 87
Co-doped CeO,/graphene aerogels 7860 (100) 1.53 (100) 100 (100) — 91
Mn,(dobdc) 18 022 (50) 50 (200) — 112
TTCOF-Mn 13 018 (100) 1.07 (100) 180 (300) — 113
NiPc-CN 18 000 (200) 1.39 (250) 120 (50) — 119
CNT@C;N, 15.77mAhem™ (0.1 mAem™)  0.04 (0.02mAcm™ 100 (0.1 mA cm ™) 86.1 14
TNAS@AZNPs 31.11mAhem™ (0.1 mAcecm™) 0.3 (0.1 mA cm™?) 100 (0.1 mA cm™?) 86.9 13
SACT@NG/PCF — 139 (100 pAem™) 350 (100 pA cm™?) 78 84
V-Mo0S,/C0oSs 3954 pA h em™ (220 HA cm™?) 0.68 (20 pA cm™?) 63 (20 pA cm™?) 81.2 94
CC@MOoN NFs 6542.9 pA h cm (20 HA cm 2) 0.94 (100 pA cm™?) 86 (100 pA cm™?) — 102
MoON-ZrO, 5262.2 pAh em™ (20 pA em™)  1.89 (200 pA cm™?) 400 (500 pA cm™?) — 103
TeAC@NCNSs 28.35 mA h em™ (0.05 mA cm ™) 0.97 (0.025 mA cm™?) 120 (0.1 mA cm™?) 76 105
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4. Summary and outlook

The electrochemical conversion of CO, into high-value-added
products is a promising solution to the global energy crisis
and carbon emissions. Research on LCBs provides new
insights into CO, capture and utilization. While LCBs are
promising energy storage devices, there are still many difficul-
ties and challenges to overcome in order to commercialize
LCBs. The discharge product of LCBs is the solid insulator
Li,CO3, which accumulates on the surface of the electrodes
during the discharge process, leading to an increase in the
internal resistance of the battery, a decrease in the efficiency of
the energy conversion, and the creation of a large overpoten-
tial, which seriously affect the rechargeability and the cycling
life of the battery and its commercial application. However,
the reaction mechanism is not clear, the battery kinetics are
slow, and the relationship between the catalyst and electro-
chemical performance is not clear; thus it remains a great
challenge to realize the practical application of LCBs.'?
Currently, researchers are actively developing new high-
efficiency cathode materials and catalysts to improve the CO,
conversion efficiency, optimizing electrolytes, adjusting the
battery system to improve the ionic conductivity and safety,
and exploring the reaction mechanism of LCBs by combining
knowledge from a variety of disciplines, including materials
science and computational science, to further accelerate the
commercialization of LCBs (Fig. 17).

Firstly, the efficiency of the catalyst plays a crucial role in
determining the electrochemical performance of LCBs. Issues
such as a large overpotential and limited reversibility constrain
the development of batteries. Different catalysts with varying
chemical structures can impact the diffusion of CO,/Li" and
the deposition of discharge products. Therefore, the connec-
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tion between catalyst properties, electrochemical activity, and
discharge product morphology requires further exploration.
Currently, various methods such as heteroatom doping, strain
engineering, and defect control are common for catalyst modi-
fication. Among them, monoatomic catalysts are one of the
most promising materials due to their strong interactions
between metal monoatoms and carriers, and their unique elec-
tronic structure that maximizes the use of active sites.'??
Moreover, high-entropy materials are also considered as prom-
ising catalyst materials for LCBs due to their complex multi-
alloy structure, excellent chemical stability, surface electronic
structure modulation ability, and resistance to metal depo-
sition and electrolyte corrosion. Some nanostructured
materials and organic porous materials including MOFs,
COFs, and HOFs also have great potential in the application of
LCBs. In the research and development of photocatalysts, the
use of light-assisted hot electrons generated by the resonance
of equipartitioned excitons on the catalyst surface and the
effects of locally formed electromagnetic fields on the electro-
chemical performance of the battery raise potential options for
improving the energy efficiency. Additionally, the reaction
process of the photocatalyst in the battery and the side reac-
tions it induces are issues that need to be considered. A
deeper understanding of catalyst properties is imperative for
the design and development of efficient LCBs.

Secondly, a more comprehensive study of the reaction
mechanism is necessary for the development of high-energy-
density LCBs. Due to the unclear mechanism, it is difficult to
fully explain the role of catalysts in the battery cycling process
and to rationally design catalysts for constructing LCBs with
high selectivity and activity. While some non-in situ character-
ization methods can assess the state at various stages of the
reaction, obtaining a more profound and precise understand-
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Fig. 17 Schematic illustration of the challenges faced by Li-CO, batteries and the corresponding solutions.
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ing of the battery’s charging and discharging processes
remains challenging. Therefore, it is important to provide a
more rigorous explanation of specific reaction mechanisms
through various advanced quantitative and qualitative analysis
techniques.

Thirdly, as LCBs are open systems, the stability of the multi-
phase interface is fundamental for the long cycle life of the
battery. The development of solid-state electrolytes is an ideal
method to alleviate the problems of electrolyte volatilization
and leakage and to facilitate the development of wearable flex-
ible batteries. Currently, lithium-ion conductivity, a wider
electrochemical window, and electrochemical stabilization are
important parameters explored for LCBs. The design and
selection of solid-state electrolyte materials need to consider
the interactions at the electrolyte/electrode interface. The pas-
sivation problem of the cathode is very prominent in both
liquid and solid-state LCBs, and the design of an efficient cata-
lyst is essential. It is worth noting that current techniques for
characterizing all-solid-state LCBs are not comprehensive
enough, and electrochemical in situ characterization methods
for observing the dynamics of the battery during operation are
a worthwhile approach to consider.

In summary, LCBs represent an innovative technology for
energy storage and conversion, but many challenges remain to
be overcome for practical applications. Clarifying the working
mechanism, understanding the nature of the catalyst, and
designing and developing a highly stable electrolyte are crucial
for achieving efficient LCBs.
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