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1. Introduction

Rapid economic and social development 
has brought humanity a rich material 
civilization, but also intensified the large-
scale consumption of fossil fuel energy.[1,2] 
The accompanying energy crisis, envi-
ronmental pollution, and global warming 
caused by rapid carbon dioxide (CO2) 
emissions have become serious problems 
that limit the sustainable development of 
humanity.[2,3] Following the “Paris Agree-
ment” in 2015, more and more countries 
and regions have implemented the goal of 
net-zero greenhouse gas emissions into 
their development strategies, proposing 
a “zero-carbon” or “carbon neutral” cli-
mate goal.[4,5] The construction of a clean, 
low-carbon, secure, and efficient new 
energy system has emerged as the key to 
achieving this goal. As new energy power 
generation and grid energy storage have 
been rapidly developed, more demands 
are being placed on electrochemical power 
sources and energy storage systems. Lith-
ium-ion batteries (LIBs), as one of the 

most amazing modern electrochemical energy storage tech-
nologies, are limited by low theoretical specific energy densities 
(usually lower than 700 Wh kg−1) and even lack sufficient dura-
bility and affordability to fulfill practical demands.[6,7] Therefore, 
it is imperative to develop new secondary battery systems with 
higher energy densities to cope with future large-scale power 
storage and transportation power utilization.

Alkali metal–CO2 batteries equipped with advanced CO2 
electrodes offer a promising strategy for the recycling and 
usage of CO2 and electrochemical energy conversion and 
storage.[8,9] For example, Li–CO2 and Na–CO2 batteries offer 
theoretical specific energies as high as 1876 and 1125 Wh kg−1, 
respectively (according to reactions of 4Li (Na) + 3CO2  ↔ 
2Li2CO3 (Na2CO3) + C), which are much higher than those of 
LIBs.[10,11] Regrettably, the research related to Na–CO2 batteries 
is only the tip of the iceberg in comparison with the intensive 
exploration of Li–CO2 batteries. In fact, the low free energy 
(ΔrGΘ = −905.6 kJ mol−1) generated by the interaction involving 
Na and CO2 results in a decreased charging potential than that 
of Li (ΔrGΘ = −1081 kJ mol−1),[11] favoring the inhibition of elec-
trolyte decomposition and contributes to a higher round-trip 
efficiency and extend lifetime, demonstrating great potential for 

Alkali metal–CO2 batteries, which combine CO2 recycling with energy 
conversion and storage, are a promising way to address the energy 
crisis and global warming. Unfortunately, the limited cycle life, poor 
reversibility, and low energy efficiency of these batteries have hindered their 
commercialization. Li–CO2 battery systems have been intensively researched 
in these aspects over the past few years, however, the exploration of Na–CO2 
batteries is still in its infancy. To improve the development of Na–CO2 
batteries, one must have a full picture of the chemistry and electrochemistry 
controlling the operation of Na–CO2 batteries and a full understanding of the 
correlation between cell configurations and functionality therein. Here, recent 
advances in CO2 chemical and electrochemical mechanisms on nonaqueous 
Na–CO2 batteries and hybrid Na–CO2 batteries (including O2-involved 
Na–O2/CO2 batteries) are reviewed in-depth and comprehensively. Following 
this, the primary issues and challenges in various battery components 
are identified, and the design strategies for the interfacial structure of Na 
anodes, electrolyte properties, and cathode materials are explored, along 
with the correlations between cell configurations, functional materials, and 
comprehensive performances are established. Finally, the prospects and 
directions for rationally constructing Na–CO2 battery materials are foreseen.
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Na–CO2 batteries. Typically, two types of Na–CO2 batteries have 
been investigated so far, namely, nonaqueous and aqueous bat-
teries. Nonaqueous systems are usually equipped with aprotic 
or solid-state electrolytes (defined as aprotic and solid-state 
Na–CO2 batteries), where products are mainly carbonates.[11,12] 
It may seem to be counterintuitive, but aqueous systems can 
be implemented with a protective membrane separating the 
sodium metal from the aqueous electrolytes (defined as hybrid 
Na–CO2 batteries).[13,14] The use of aqueous electrolytes in Na–
CO2 batteries can solve problems associated with insoluble and 
insulating carbonate products in nonaqueous systems, and 
there is potential for CO2 conversion to a variety of value-added 
chemicals in hybrid Na–CO2 batteries according to the proton-
coupled electron transfer mechanism.[13,15] Although Na–CO2 
batteries are still in their infancy, there is no doubt about their 
inherent advantages in related to energy storage and CO2 uti-
lization (Figure  1a): i) Storage of green electricity supplied by 
intermittent renewable energy sources, including solar, wind, 
and tidal energy, etc.; ii) conversion of CO2 into reusable and 
renewable chemicals, such as CO, CH4, methanol, formic acid, 
etc.; iii) electricity supply in daily life and industrial production, 
helping to build a low carbon economy and “zero-carbon” net-
work; iv) alternative energy sources for space exploration and 
underwater operations, as well as, energy storage in CO2-rich 
environments, such as the Martian atmosphere.

Na–CO2 batteries with high specific energy density were 
derived from research on CO2-contaminated gas in Na–O2 
batteries with the aim of achieving practical applications in 
the air.[16–19] It is known that the dissolution of CO2 in organic 
electrolytes is higher than that of O2 (about 50 times higher 
than O2), and CO2 in ambient air is extremely susceptible to 
participate in Na–O2 battery reaction to form Na2CO3. Na2CO3 
is a broad bandgap insulator that requires a higher decomposi-
tion potential than NaO2 and Na2O2, tending to cause capacity 
deterioration, poor reversibility, and worse cycling.[20,21] CO2/
O2 mixes or pure CO2 atmospheres must be evaluated for their 
effects on Na–O2 batteries. Thus, studies on Na–CO2 batteries 
were triggered by Archer and his co-workers in 2012.[16] They 
found that Na–O2/CO2 batteries with an optimized CO2 con-
centration displayed an increased discharge capacity of more 
than 2 folds compared to the Na–O2 batteries. More interest-
ingly, the battery also showed a low discharge capacity in a 
pure CO2 atmosphere, demonstrating that CO2 itself can be 
exploited as a reaction gas. A breakthrough was achieved in 
2016 when Hu et  al. introduced the first rechargeable non-
aqueous Na–CO2 battery that operated at room temperature in 
a nonaqueous organic electrolyte.[11] The rechargeable Na–CO2 
battery achieved high discharge capacity and remained stable 
cycling over 200 cycles, which triggered the high research atten-
tion of Na–CO2 batteries. Afterward, the electrochemical per-
formances of Na–CO2 batteries have been gradually improved 
by developing novel cathodes and efficient catalysts, as well 
as modifying the anode surface and regulating the electrolyte 
(Figure 1b).[22–32] Intriguingly, the first rechargeable hybrid Na–
CO2 battery with an aqueous catholyte was reported in 2018, 
which can continuously generate electrical energy during dis-
charge, while hydrogen was produced during charging, rather 
than CO2.[13] Conceptually, in CO2 aqueous electrolysis, water 
is considered to be a good medium to donate protons for CO2 

electrochemistry with tunable products when assisted by spe-
cific electrocatalysts.[33] Accordingly, hybrid Na–CO2 batteries 
that utilize a proton-coupled electron transfer mechanism to 
boost flexible CO2 electrochemistry demonstrate great applica-
tions in clean energy storage, CO2 mitigation, and production 
of value-added chemicals.

Indisputably, both non-aqueous and aqueous Na–CO2 
batteries have their advantages and disadvantages. Several 
daunting issues, including slow CO2 electrochemical kinetics, 
notoriously low reversibility and cycling stability, as well as, low 
round-trip efficiency, overshadow any practical application of 
Na–CO2 batteries.[34–36] Therefore, extensive research must be 
conducted before they can be commercially exploited. A funda-
mental understanding of Na–CO2 electrochemistry, developing 
new and modified battery materials, and innovating on key 
components of battery design are requested. In the past, sev-
eral groups have reviewed the research efforts on metal–CO2 
batteries, mainly Li–CO2 batteries.[8,9,37–39] Specifically, Zhou 
et al.[40] published a valuable review in 2020 that discussed the 
impact of reaction conditions on the mechanism of Li–CO2 and 
Na–CO2 batteries. It is important to highlight that the mecha-
nism of Na–CO2 electrochemistry, particularly for hybrid Na–
CO2 batteries, was unclear at the early stage, and there were 
limited reports on Na anode protection, electrolyte, and cathode 
materials. Much progress has been made in the last 2 years 
in research on the reaction mechanisms and functional mate-
rials of Na–CO2 batteries, but a thorough and understandable 
analysis of the relationship between Na–CO2 battery compo-
nents and their functionality is not available. In particular, the 
specific focus on hybrid Na–CO2 batteries lacks summariza-
tions. Herein, a comprehensive report is presented that covers 
the reaction mechanisms, challenges, potential solutions, and 
recent advancements related to Na–CO2 batteries. We anticipate 
that this review will provide readers with a clear picture of what 
Na–CO2 and associated batteries stand to gain going forward.

2. Diversity and Electrochemical Mechanisms

2.1. Configuration of Na–CO2 Batteries

Typically, Na–CO2 batteries consist of sodium metal as the 
negative electrode (i.e., the anode) and CO2 diffusion cathode 
(CO2 as the cathode reactant) at the current stage, where 
the CO2 cathode commonly is a highly porous electrode that 
enables electrochemical contact between CO2 and sodium 
ions. Its main function is to dissolve/deposit sodium metal at 
the anode and to carry out the electrochemical conversion of 
CO2 at the cathode. The illustrations of aprotic, solid-state, and 
hybrid Na–CO2 batteries and their corresponding performances 
are presented in Figure 2. The radar plot qualitatively describes 
the main pros and cons of the three Na–CO2 batteries based 
on six important metrics for electrochemical energy storage 
devices.[46–49] What distinguishes them is the type of electrolyte 
involved, which affects the exact electrochemical reactions and 
properties that occur during CO2 recycling applications and 
energy storage.

In the aprotic Na–CO2 battery (Figure  2a), two electrodes 
are separated by a Na+ conducting membrane (e.g., glass fiber 

Small 2023, 19, 2206445
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separator) immersed in an organic electrolyte that is made of a 
sodium salt dissolved in a nonaqueous organic solvent. During 
the discharge process, sodium metal is oxidized at the anode, 
forming sodium ions and electrons, which travel to the CO2 
cathode by means of the electrolyte and external circuit, respec-
tively; whereas CO2 is reduced at the catalytic CO2 electrode 
surface and forms the solid discharge product, presumably 

Na2CO3.[11] When the battery is charged, involving the decom-
position of solid Na2CO3 in the cathode and sodium metal 
plating at the anode.[50] The utilization of catalytic porous CO2 
electrodes is consequently crucial for an aprotic Na–CO2 bat-
tery, which not only contributes to the storage of insoluble dis-
charge products but also facilitates the CO2 reduction reaction 
(CRR, Na2CO3 formation) and CO2 evolution reactions (CER, 

Small 2023, 19, 2206445

Figure 1.  a) Schematic diagram of a Na–CO2 battery system driven by renewable energy. A “zero-carbon” network is achieved by storing renewable 
energy and reducing CO2 in Na–CO2 batteries to generate electricity and valuable products that can be reused and recycled. b) A brief timeline of the 
scientific progress on Na–CO2 batteries, including representative sodium metal protection, cathode design, and electrolyte optimization. Inset images: 
first Na–CO2/O2 battery with 300% performance improvement. Reproduced with permission.[16] Copyright 2013, Elsevier. Na–CO2/O2 battery with an 
organic–inorganic hybrid liquid electrolyte. Reproduced with permission.[41] Copyright 2014, Royal Society of Chemistry. First reversible Na–CO2 battery. 
Reproduced with permission.[11] Copyright 2016, Wiley-VCH. Quasi-solid state Na–CO2 battery with reduced graphene oxide Na anodes. Reproduced 
with permission.[30] Copyright 2017, American Association for the Advancement of Science. NASICON ‖ NaOH solution for hybrid Na–CO2 battery. 
Reproduced with permission.[13] Copyright 2018, Elsevier. Flexible Na–CO2 battery. Reproduced with permission.[12] Copyright 2018, Wiley-VCH. Self-
supporting Co2MnOx nanowires. Reproduced with permission.[26] Copyright 2018, American Chemical Society. NASICON ‖ NaCl solution for reversible 
hybrid Na–CO2 battery. Reproduced with permission.[14] Copyright 2020, Elsevier. SN-based all-solid-state Na–CO2 battery. Reproduced with permis-
sion.[24] Copyright 2019, Royal Society of Chemistry. Ru@KB. Reproduced with permission.[22] Copyright 2019, Royal Society of Chemistry. N-doped 
nanocarbon derived from MOFs. Reproduced with permission.[25] Copyright 2020, American Chemical Society. Single-atom Pt catalyst. Reproduced with 
permission.[29] Copyright 2020, Elsevier. Co/Co9S8 in S, N-co-doped carbon. Reproduced with permission.[42] Copyright 2020, Elsevier. “Water-in-salt.” 
Reproduced with permission.[31] Copyright 2021, Elsevier. NASICON ‖ Ru/CNT with succinonitrile. Reproduced with permission.[32] Copyright 2021, 
Elsevier. Binary Fe-Cu sites. Reproduced with permission.[43] Copyright 2021, Royal Society of Chemistry. CuCo2O4/PPy. Reproduced with permission.[44] 
Copyright 2021, Elsevier. Na3.2Zr1.9Mg0.1Si2PO12 electrolyte. Reproduced with permission.[27] Copyright 2022, Wiley-VCH. MoS2/SnS2. Reproduced with 
permission.[28] Copyright 2022, American Chemical Society. Sodium-fluorinated graphene anode. Reproduced with permission.[45] Copyright 2021, 
Wiley-VCH.
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Na2CO3 decomposition) during the discharging and charging 
of batteries.[42]

Solid-state Na–CO2 batteries (Figure  1b) without involving 
any liquid electrolytes have also been developed to eliminate 
the problems of leakage, drying, and refilling of the liquid elec-
trolyte. To date, two main solid-state sodium ion conducting 
materials are already employed in Na–CO2 batteries, one being 
a polymer electrolyte and the other being a NASICON-type (Na 
superionic conductor) inorganic solid ceramic electrolyte.[12,32] 
Polymer solid-state electrolytes with soft and flexible textures 
allowing them to be in close contact with the electrodes are 
widely used to build up solid-state Na–CO2 batteries, which 
will also benefit the application of future wearable electronic 
devices.[12,51] Inorganic solid electrolytes have intrinsic char-
acteristics such as non-flammability, wide electrochemical 
window, good thermal stability, and non-toxicity, but their appli-
cation is restricted owing to the poor compatibility and stability 
of the sodium metal anode/inorganic solid electrolyte/CO2 
cathode interface.[52] The fundamental mechanism of the solid-
state system may be similar to that of the aprotic system, unfor-
tunately, the excessive accumulation of Na2CO3 on the solid-
state electrolyte and CO2 cathode interface in the solid-state 
system severely contributes to premature battery failure.[12,25] 
Genuinely, solid-state Na–CO2 batteries are not only challenged 
by the limited availability of solid-state conducting materials 
with sufficient sodium ion conductivity, but also by how much 
Na2CO3 can be deposited in the CO2 cathode.

The performances of two nonaqueous batteries are mainly 
limited by blockage of solid insoluble discharge products and 
passivation of the active surfaces of the CO2 cathode. Hybrid 

Na–CO2 batteries with aqueous catholyte have been proposed as 
an effective strategy for dealing with the problem of solid insol-
uble Na2CO3 in nonaqueous batteries.[14] Normally, the hybrid 
Na–CO2 battery (Figure 2c) uses both organic and aqueous elec-
trolytes, the anode compartment is designed similarly to that of 
an aprotic Na–CO2 battery, whereas the CO2 cathode electrode 
is immersed in the aqueous catholyte.[13,14] A protective layer for 
Na metal and organic anolyte is necessary to enable the desired 
electrochemistry, which not only separates the organic anolyte 
and aqueous catholyte physically but also eliminates possible 
contamination of Na metal and the organic anolyte by H2O 
and CO2, as well as avoids internal short-circuit interaction 
between the Na dendrite and the CO2 cathode.[47,48] NASICON 
solid ceramic electrolyte as a protective layer allowing only Na+ 
ions to be transported has been deeply studied in the hybrid 
system.[14,31] Notably, the chemistry of hybrid Na–CO2 batteries 
is slightly different from that of nonaqueous systems, which 
depend on the aqueous catholyte and CO2 cathode. For instance, 
the hybrid batteries detected NaHCO3 as the main discharge 
product when using saturated NaCl solution as the catholyte 
and carbon materials as the cathode.[14,42,43] In contrast, the 
hybrid Na–CO2 battery used NaOH solution as the catholyte 
and a composite of Pt/C and IrO2 as the catalytic cathode to 
produce hydrogen during discharge.[13] Although H2O as a sol-
vent does lead to an increase in sodium ion conductivity and 
enhanced electrochemical reaction kinetics, the specific energy 
of hybrid batteries is lower than that of nonaqueous Na–CO2 
batteries when taking into account the overall reactants because 
of the different electrochemical reactions involving metals and 
CO2.[15,33]

Small 2023, 19, 2206445

Figure 2.  Schematic illustration and the corresponding performances of a) aprotic Na–CO2 battery, b) all-solid-state Na–CO2 battery, and c) hybrid 
Na–CO2 battery.
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2.2. Discharge–Charge Mechanisms of Nonaqueous 
Na–CO2 Batteries

2.2.1. Reactions Involving Oxygen

In 2012, the Archer’s group first presented primary non-
aqueous Na–O2/CO2 batteries for capturing CO2 and gener-
ating electricity.[16] The Na–O2/CO2 batteries were operational 
at room temperature and used Super P carbon as the cathode, 
sodium metal as the anode, and an electrolyte made up of 
either NaClO4 in tetraethylene glycol dimethyl ether (TEGDME) 
or NaCF3SO3 in 1-ethyl-3-methylimidazolium trifluoromethane-
sulfonate (IL). X-ray diffraction (XRD) and Fourier transform 
infrared spectroscopy analysis indicated that both Na2CO3 and 
Na2C2O4 coexisted in TEGDME-based battery, whereas Na2C2O4 
was the main product in the IL-based battery. Na2O2 was not 
discovered in the Na–CO2/O2 batteries. They, therefore, pro-
posed possible discharge mechanisms, as shown in Figure 3a. 
Mechanism 1 involves first the one-electron reduction of O2, 
forming the superoxide radicals (O2

•−). As a powerful nucleo-
phile, the generated O2

•− can create oxalate radical anion (CO4
•−) 

by bonding with the carbonyl carbon atoms of CO2 molecules, 
and Na2CO3 is eventually generated via nucleophilic addition 
and reduction reactions with peroxodicarbonate anion (C2O6

2-) 
and CO4

•− as intermediate. Mechanism 2 starts with a two-elec-
tron reduction of O2 to form O2

•−, followed by a reaction with 
CO2 to form CO4

2−, which combines with sodium ions and CO2 
to form Na2C2O4 and release O2. Compared with O2-involved 
electrochemical reduction in mechanisms 1 and 2, the reaction 
process of Mechanism 3 appears to be relatively simple. Upon 
capturing electrons from the cathode, dissolved CO2 molecules 
can be further reduced to C2O4

2− by one-electron reduction or 
to CO and produce Na2CO3 by two-electron reduction. Briefly, 
according to their hypothesis, the electrochemical processes 
followed first in mechanisms 1 and 2 are the “oxygen reduc-
tion reactions” in Na–O2 electrochemistry, and subsequently 
the basic electrochemical/chemical reaction pathways involving 
the reduction of CO2. The reactions in mechanism 3 do not 
involve O2, which are purely electrochemical reductions of CO2 
in Na–CO2 electrochemistry. Mechanisms 1 and 2 could exist 
simultaneously in Na–O2/CO2 batteries using the TEGDME-
based electrolyte, while mechanism 2 was dominant in the 
IL-based electrolyte. Regrettably, the above reaction mecha-
nisms were all hypothesized because of the inability to iden-
tify intermediates directly, so more convincing experiments are 
requested to verify their reliability.

Afterward, a rechargeable Na–O2/CO2 battery was proposed, 
which used a porous carbon cathode and an organic–inorganic 
hybrid electrolyte comprised of 1  m NaTFSI in propylene car-
bonate (PC) containing SiO2 and ionic liquid (SiO2-IL-TFSI/
PC-NaTFSI).[41] Fascinatingly, NaHCO3 was identified as the 
dominant discharge product in this work. An electrostatic inter-
mittent titration technique (GITT) was also used to validate the 
equilibrium potential and conceivable reaction mechanisms 
were postulated, as shown in Figure 3b. The overall discharge 
potential of the reaction involving H2 gas approaches the equi-
librium value more closely than the reaction in which Na2CO3 
is the main discharge product. It was speculated that the origin 
of H2 gas was caused by the decomposition of the electrolyte 

resulting in the formation of solid electrolyte interface (SEI). In 
addition, ex situ differential electrochemical mass spectrometry 
(DEMS) measurements with isotopic carbon were performed to 
track the evolution of gaseous products during charging. The 
evolution of CO2 with both 13C and 12C had been observed, 
suggesting the decomposition of NaHCO3 and the degrada-
tion of super P carbon cathode. However, no O2 evolution was 
detected (Figure 3c), which was attributed to the parasitic reac-
tion between evolved O2 and carbon cathode. Also, no evolu-
tion of H2 was detected either (Figure  3d), implying that the 
charging mechanism remains unknown. Not only that, but the 
discharge and charging mechanisms of Na–O2/CO2 batteries 
remain puzzling, as the discharge product Na2CO3 may be con-
verted to NaHCO3 in the presence of moisture and excess CO2. 
Furthermore, the decomposition of the electrolyte and carbon-
based cathode was undesirable during battery operation, con-
tributing to a poor cycling performance of only 20 cycles. Then, 
the evolution of O2 and CO2 was detected when the carbon-
based cathode was replaced with a strong nickel foam, with no 
significant side reactions, and cycle performance was improved 
to over 100 cycles.[53] All the above results indicate that the 
ratio of O2 to CO2, cathode materials, and properties of electro-
lytes have a significant impact on the performances, products, 
and reaction paths of Na–O2/CO2 electrochemistry; thus more 
adequate experimental evidence is needed to verify these pro-
posed mechanisms.

Recently, Liu et al. reported an in situ study on the role of O2 
and CO2 in Na–O2/CO2 batteries, revealing the structure and 
morphology of products during the charging and discharging 
process in real-time by employing an aberration-corrected envi-
ronmental transmission electron microscope (AC ETEM).[54] 
They observed some core-shell spherical products growing 
on the carbon nanotubes (CNTs) during discharge, and these 
spherical products shrink until they disappear during charging 
(Figure  3e). In addition, CNTs became thinner at the end in 
contact with the sodium substrate during charging, which indi-
cated that the CNTs could be consumed during the charging 
process. Characterization by electron diffraction pattern and 
electron energy loss spectroscopy (EELS) further demonstrated 
that the spherical products initially consisted of Na and Na2O2 
and traces of Na2CO3, which were mostly chemically converted 
to Na2CO3 upon charging, and that Na2CO3 might eventually 
breakdown to generate Na and CO2 with continued charging. 
The generation and degradation of Na2CO3 were reversible 
during repeated discharging and charging processes. The reac-
tion mechanism was hence deduced to account for Na–O2/CO2 
with CNTs as the cathode. During discharging, the Na+ and the 
electrons meet O2 to form Na2O2 through the discharge reac-
tion of Equation (1); subsequently, Na2O2 undergoes a chemical 
reaction in a CO2 atmosphere to become Na2CO3 (Equation (2)); 
During charging, CNTs are consumed to generate Na and CO2 
with Na2CO3, written as Equation (3).

2Na 2 O Na O2 2 2+ + →+ −e � (1)

Na O CO Na CO O2 2 2 2 3 2+ → + � (2)

2Na CO C 4Na 3CO 4e2 3 2+ → + ++ − � (3)

Small 2023, 19, 2206445
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In the absence of CNTs, the discharge mechanism of the 
Na–O2/CO2 battery with Ag nanowires as cathodes showed the 
same reaction as that of the battery with CNTs as cathodes, the 
electrochemical decomposition of the Na2CO3 during charging 
could be described as Equation  (4); however, the Na–O2/CO2 

battery with Ag exhibited a very sluggish charging reaction and 
poor reversibility, implying that direct breakdown of Na2CO3 is 
challenging.

2Na CO 4Na 2CO O 4e2 3 2 2→ + + ++ − � (4)

Small 2023, 19, 2206445

Figure 3.  a) The possible reaction mechanisms for Na-O2/CO2 electrochemistry. Reproduced with permission.[16] Copyright 2013, Elsevier. b) GITT dis-
charge profile of Na-O2/CO2 cell with PC electrolyte with the dotted lines indicating the theoretical potentials; DEMS measurements of the Na-O2/CO2 
battery with different cathodes: c) carbon black (super-P) cathode. d) Porous 13C cathode. b–d) Reproduced with permission.[41] Copyright 2014, Royal 
Society of Chemistry. e) Schematic representation of the discharge/charge reaction in the Na–CO2/O2 nanobattery. During discharge, the spherical 
structure of Na2O2 has been formed before the formation of Na2CO3 coating. The sphere shrinks during charging, generating Na and CO2. Reproduced 
with permission.[54] Copyright 2020, American Chemical Society.
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Without CO2, the discharge process of the Na–O2 battery 
took place via Equation  (1), and the battery also showed poor 
cyclability because of the slow decomposition of Na2O2 during 
charging. Overall, carbon and CO2 facilitate the electrochem-
ical reaction process and improve the cycling capacity of the 
Na–O2/CO2 batteries. In addition, they also noticed that fol-
lowing discharge, a coating layer formed on the CNT that 
grew in thickness with the number of cycles and could not be 
removed, indicating the buildup of indecomposable discharge 
products or parasitic reaction products. The collection of unde-
composable products on the cathode has been identified as a 
principal reason why metal–air batteries fail to operate in real 
air.[55,56] Their findings contribute to a better knowledge of elec-
trochemistry underlying Na–O2/CO2 and Na–CO2 batteries, 
which may assist in the future design of these battery systems.

What is clear is that in the above O2-involved Na–CO2 bat-
teries, CO2 is not involved in the electrochemical process, O2 is 
the only electroactive substance and is mainly reduced. Regard-
less of the electrolyte, all of these Na–O2/CO2 batteries can pro-
vide an increased discharge capacity.[16] However, changing the 
electrolytes can alter the chemical route and the ultimate result. 
Similar phenomena have also been found in the Li–O2/CO2 
electrochemical system,[10,57,58] and a more detailed discussion 
can be found in the excellent previous reviews on this topic by 
Zhou et  al.[8,40] It was suggested the detailed reaction mecha-
nisms of metal–O2/CO2 batteries were dependent on the reac-
tivity between CO2/metal ions and O2

•−, which were closely 
related to the nature of the electrolytes and, in particular, the 
donor number of solvents.[58,59] Notably, compared to pure 
metal–O2 batteries, metal–O2/CO2 batteries generally exhibit 
lower energy efficiency because the formed carbonate prod-
ucts are wide bandgap insulators that require a lot of energy 
to decompose. In fact, O2 can be considered a pollutant in 
the strictly metal–CO2 electrochemistry, but to achieve metal–
air batteries that can be responded to in a real environmental 
atmosphere, the role of O2/CO2 should not be ignored. Tre-
mendous efforts have been made over the last few years to 
understand the fundamental reactions of these complex sys-
tems, but considerable controversy remains, particularly in 
Na–O2/CO2 system. Constructing special catalysts can inhibit 
carbonate product formation or promote their decomposition, 
thus reducing the decomposition overpotential and improving 
energy efficiency. Another way to improve energy efficiency is 
to find new chemical pathways, such as constructing revers-
ible electrochemical reactions between carbonate products and 
carbon species, that is, CO2 batteries, which will be discussed 
in the next section.

2.2.2. Reactions in Pure Carbon Dioxide

It is the first rechargeable Na–CO2 battery at room tempera-
ture that was proposed in 2016 by Hu et  al.,[11] who used Na 
foil as the anode, a multi-walled carbon nanotube (MWCNT) as 
the catalytic cathode materials, and 1 m NaClO4 in TEGDME as 
the aprotic electrolyte. The MWCNT has a three-dimensional 
porous structure, strong electrical conductivity, and superior 
electrolyte wettability, while the selected TEGDME is stable to 
sodium, has low volatility, and high sodium ion conductivity, 

enabling the batteries to exhibit excellent electrochemical per-
formance. The excellent performance of the battery is closely 
linked to its ability to be reversible during operation, following 
Equation (5).

4Na 3CO 2Na CO C2 2 3+ ↔ + � (5)

From the theoretical perspective, the Gibbs free energy value 
of Equation (5) under standard conditions can be calculated to 
be −905.6 kJ mol−1, which is negative, indicating that the elec-
trochemical reaction can occur spontaneously, and the reaction 
could be used for electrochemical energy storage.[60] According 
to the isothermal relation of Gibbs free energy and electromo-
tive force: ΔrGΘ = −nFE, the discharge voltage can be calculated 
to be 2.35  V, thus suggesting that the Na-CO2 battery system 
is the thermodynamic possibility. Therefore, various repre-
sentations had been carried out to clarify the reversible reac-
tion mechanism (Figure 4a–f). The reversibility of Na2CO3 was 
confirmed by several electrochemical methods, such as in situ 
Raman, XRD, and XPS. The reversibility of amorphous carbon 
also was observed by EELS and TEM by using silver nanowire 
cathodes. Furthermore, by using a portable CO2 analyzer to 
track the gas released during the charging process, it was 
observed that the CO2 release rate was consistent with the theo-
retical value based on Equation  (5), verifying the reversibility 
of the CO2. In addition, the battery pre-filled with Na2CO3 and 
amorphous C cathodes, compared to that with pure Na2CO3 
cathodes, showed a lower charging voltage, demonstrating that 
amorphous C has a beneficial effect on decreasing the reac-
tion barrier, in favor of promoting the degradation of Na2CO3 
during charging, further demonstrating the reversible reactivity 
of Na2CO3/carbon. Additionally, the physical evolution of poly-
crystalline Na2CO3 and carbon was observed with the aid of 
TEM, SAED, and EDS tests.

Further to confirm the charging mechanism of the Na–CO2 
batteries, reversible consumption of Na2CO3 at the cathode 
and quantitative deposition of sodium metal at the anode have 
been investigated. A Na–CO2 battery with sodium-free archi-
tecture was reported by Sun et  al. by using Super P/Al as the 
anode and prefilled Na2CO3 and CNTs as the cathode.[50] The 
authors optimized the Na2CO3 and CNTs ratio to guarantee 
efficient electron transport and strong reactivity, allowing the 
breakdown of Na2CO3 and CNTs to occur below 3.8 V. Subse-
quently, they studied the evolution of Na2CO3/CNT during the 
charging process by in situ Raman, which showed not only a 
gradual decrease in the main peak corresponding to Na2CO3 
but also a gradual decrease in the intensity of the G- and 
D-bands relating to CNTs (Figure 4g). They monitored the gas 
generation using gas chromatography (GC), which showed that 
CO2 was produced throughout the charging process. Confir-
mation of the composition of the electrolyte after charging by 
1H and 13C nuclear magnetic resonance spectroscopy revealed 
that the electrolyte did not decompose and that CO2 was not 
generated by side reactions. They visualized sodium produc-
tion on the anode during charging by SEM and in situ optical 
microscope (Figure 4h). Thanks to the Super P/Al anode with a 
low nucleation barrier for Na plating, dendrite-free Na could be 
deposited quantitatively. In situ ETEM was also used to monitor 
Na–CO2 battery for uncovering its electrochemical products and 
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exploring its reversibility (Figure 4i).[29] A Na–CO2 nanobattery 
was fabricated in a CO2 atmosphere employing a Pt@NCNT 
cathode. During discharging, Na2CO3 spheres developed on the 
surface of the Pt@NCNT cathode. Whereas during charging, 
the Na2CO3 spheres decomposed into Na metal and CO2. The 
results of this study afford an in-depth insight into the working 

mechanism of Na–CO2 batteries, encouraging us to design 
environmentally beneficial catalysts and Na–CO2 batteries.

Based on the above studies, the detailed discharge reac-
tion mechanism can be described as follows: In the anode 
chamber, metal Na is oxidized to Na+ during discharge, which 
migrates to the cathode chamber, while CO2 is reduced at the 

Small 2023, 19, 2206445

Figure 4.  Reaction confirmation of 4Na + 3CO2 ↔ 2Na2CO3 + C. a) Design of in situ Raman battery. b) In situ Raman spectra and corresponding 
discharge/charge profiles. c) XPS. d) TEM images of pristine and discharged Ag wire. e) EELS of Ag wire cathode at different states. f) Online CO2-
evolution test. a–f) Reproduced with permission.[11] Copyright 2016, Wiley-VCH. g) The galvanostatic charge curve at 0.1 mA cm−2 and corresponding 
in situ Raman spectra. h) Schematic diagram of in situ optical microscope setup, in situ optical images of Na formation, and atomic force microscope 
(AFM) images of Na deposition. g,h) Reproduced with permission.[50] Copyright 2018, American Association for the Advancement of Science. i) Sche-
matic of constructed Na–CO2 nanobattery in ETEM and the discharge/charge electrochemical processes. Reproduced with permission.[29] Copyright 
2020, Elsevier.
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cathode, which combines with the metal Na+ from the anode 
to form Na2CO3 and reduced carbon. Conversely, during the 
subsequent charging process, a reversible reaction takes place 
whereby Na2CO3 combines with carbon, releasing Na+, elec-
trons, and CO2, followed by the migration of Na+ back and elec-
trodeposition on the anode.

2.3. Discharge–Charge Mechanisms of Hybrid Na–CO2 
Batteries

Kim et al.[13] demonstrated a hybrid Na–CO2 cell with metallic 
sodium as fuel at the anode, carbon dioxide as feedstock gas 
at the cathode, and a NaOH solution as the aqueous cathode 
solution. The sodium metal anode was maintained in an 
organic electrolyte, separating it from the aqueous electro-
lyte with a NASICON membrane. The authors suggested that 
CO2 spontaneously dissolved to acidify the aqueous solution 
(Equations  (6) and (7)), and then a hydrogen evolution reac-
tion (HER) occurred during discharging, producing hydrogen 
and electrical energy (Equations  (8)–(10)). As the potential of 
the cathode reaction was closely influenced by the pH of the 
aqueous solution, thus the kinetics of HER was accelerated by 
the spontaneous dissolution of CO2 (Figure 5a,b). The H2 gas 
generated during discharge was naturally removed at the elec-
trode surface, so that the oxygen evolution reaction (OER) of 
H2O oxidation occurred (Figure  5c) during charging without 
CO2 production (Equation  (11)). The chemical reaction for the 
dissolution of CO2 is described as follows:

CO aq H O l H CO aq , 1.70 102 2 2 3 h
3( ) ( )( )+ = × −K � (6)

H CO aq HCO aq H aq , p 6.32 3 3 a1( ) ( ) ( )+ =− + K � (7)

Upon discharge, the electrochemical reactions are as follows:

Anodic: 2Na 2Na 2e 2.71Vo→ + = −+ − E � (8)

Cathodic:2H 2e H g 0.00 V2
o( )+ → =+ − E � (9)

Net equation: 2Na 2H 2Na H g 2.71V2
o( )+ → + =+ + E � (10)

Upon charge, the cathodic electrochemical reaction is as 
follows:

2H O O g 4H 4e 1.229 V2 2
o( )→ + + =+ − E � (11)

This system presented stable discharge and charge plateaus 
and a stable cycle of 700 h, clearly demonstrating recharge-
ability (Figure 5d–f). Apparently, the essence of the cell reaction 
is HER and OER, and CO2 is not involved in the electrochem-
ical process. Analogous reaction processes have been found in 
Al (Zn)–CO2

[61] or membrane-free Mg–CO2 batteries,[62] that 
is, H2(g) production on discharge and O2/Cl2(g) production on 
charge (Figure  5g). In fact, the practical efficiency of the CO2 
conversion in this process is very low, only 47.7% was obtained 
by the authors.[13] Nevertheless, the occurrence of HER in this 
work facilitated the hydration of CO2, demonstrating that the 

additional dissolution of CO2 during the discharge process 
was relevant for the capture and utilization of CO2, but more 
research is needed to increase the efficiency of CO2 conversion 
in these hybrid Na–CO2 batteries.

In contrast, a reversible hybrid Na–CO2 battery had been 
designed in our previous study,[14] in which Na3Zr2Si2PO12 solid 
electrolyte (NASICON), N-doped single-walled carbon nano-
horns (N-SWCNH), saturated NaCl solution were used as the 
separator, catalyst, and cathode aqueous solution, respectively. 
In combination with the unique catalytic activity of N-SWCNH 
and the ability of aqueous electrolytes to dissolve insulating 
discharge products, it makes possible the low polarization and 
long life of hybrid Na–CO2 batteries (Figure 5h,i). The results 
of in situ Raman spectroscopy, XRD, SEM, and energy disper-
sive X-ray analyzer demonstrated that CO2 was electrochemi-
cally reduced during the discharge to produce C and Na2CO3. 
The generated Na2CO3 is further combined with H2O and CO2 
to produce NaHCO3 (Figure 5j,k). Furthermore, a comparison 
experiment of Na2CO3 electrodes with/ without carbon sources 
was also carried out to verify the reaction pathway of Na2CO3 
decomposition, proving the importance of carbon involvement 
in reducing the reaction potential of Na2CO3 decomposition. 
The reversible deposition of Na in hybrid Na–CO2 batteries was 
also demonstrated with nickel foam as the anode and Na2CO3/
N-SWCNH as the cathode. Regrettably, the gas evolution was 
not confirmed in this work, and further efforts are still needed.

Currently, hybrid Na–CO2 batteries are still a relatively 
new field of research. Indeed, different aqueous electrolytes 
matched with different catalysts will give rise to different CO2 
reduction mechanisms, as it allows for flexible conversion of 
CO2 to various value-added chemicals by means of a proton-
coupled electron transfer mechanism.[15,33] For example, Yang 
et  al. proposed and realized a reversible hybrid Li–CO2 bat-
tery with a lithium plate as the anode, a NaCl solution as the 
cathode solution, a solid electrolyte (LAGP) as the separator, and 
a bifunctional Pd-based electrocatalyst as the cathode.[63] The 
reaction mechanism was considered to be CO2 + 2Li + 2H+ ⇋ 
HCOOH + 2Li+. The battery exhibited a high operating voltage 
and energy density with an outstanding selectivity of 97% for 
CO2-HCOOH conversion. A Zn–CO2 flow battery was designed 
that consists of a CNT cathode, a zinc anode, and a 1-ethyl-
3-methylimidazolium tetrafluoroborate electrolyte, which 
continuously consumed CO2 to produce CH4 under ambient 
conditions with a Faraday efficiency of 94%.[64] However, the 
rechargeable aqueous Zn–CO2 batteries with coralloid Au,[65] 
Ir@Au,[66] Ni atoms doped graphitic[67] produced CO, while the 
aqueous Zn–CO2 batteries with Bi-doped carbon nanosheets,[68] 
Pd-based electrocatalyst[69] produced HCOOH. In addition, it is 
worth mentioning that the cathode CRR pathway of aqueous 
CO2 batteries is highly correlated with the target product, 
which determines its discharge voltage and theoretical energy 
density.[70] For example, in a Zn–CO2 battery with HCOOH as 
the discharge product, the discharge voltage is 0.95 V and the 
corresponding energy density is 467 Wh kg−1;[69] while CO as 
the discharge product, whose discharge voltage is 0.71  V, and 
the corresponding energy density is 348 Wh kg−1 (based on the 
weight of the anode and cathode reactants.[66] Overall, hybrid 
metal–CO2 batteries can offer the possibility of developing 
flexible CO2 electrochemistry that can simultaneously output 
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electrical energy and produce high value-added chemicals upon 
discharge, while generating O2 upon charge. In addition to the 
recently reported HCOOH, CO, and CH4, the direct formation 
of high value-added chemicals such as CH3OH, C2H5OH, and 
C2H4 in aqueous metal–CO2 batteries is still expected, even 
though it is a challenging and difficult goal. In addition, the gas 
and liquid products enable the batteries to eliminate the accu-
mulation of solid products.

3. Key Remaining Challenges

The basics of the Na–CO2 battery system have progressed tre-
mendously in the last few years (Table 1), but there is still much 
to learn to facilitate practical applications. Below, we briefly dis-
cuss the key challenges (Figure 6).

First and foremost, the understanding of the battery chem-
istry and reaction mechanism is still controversial. Some 
reports have identified the reaction mechanism of nonaqueous 
Na–CO2 batteries by observing the discharge products (Na2CO3 
and C),[11,23] however, there is no plausible mechanism expla-
nation for how these systems function in a reversible manner. 

It seems most studies only make mechanical or unquestioning 
references to the reaction mechanism, although the reaction 
may be central to these studies. It has been shown that the for-
mation of O2

•− intermediates is involved at the cathode in the 
presence of O2 and that CO2 can react with O2

•−,[16,58] making it 
challenging to reveal the mechanisms in these batteries using 
conventional analytical techniques due to the extreme sensi-
tivity of the intermediates. Therefore, it is necessary to further 
understand the mechanisms of CO2/O2 reduction, Na2CO3 
nucleation, and growth. Furthermore, owing to the decompo-
sition reactions of Na2CO3 and C products involving the more 
complex four-electron transfer, thus the origin of the low over-
potential during discharge and charge needs to be clarified to 
gain insight into CRR and CER. Similarly, the reaction mecha-
nism in the field of hybrid Na–CO2 batteries research is still a 
mystery. There is a need to clarify the type of reaction product, 
to fully determine the presence or absence of carbon-containing 
chemicals and H2 release, and to factor in the charge overpo-
tential associated with the proton-coupled charge transfer of the 
CO2 reduction mechanism.

The current anode material is mainly sodium metal, which is 
promising to achieve high energy densities at the battery level 
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Figure 5.  a) CV profiles and b) Tafel analysis. CV and Tafel of the half-cell configuration indicated that CO2 dissolution in NaOH provides an electro-
chemically favorable environment for HER. c) Anodic rotating disk electrode profile. The oxidation curve corresponding to OER was observed near 
1.0 V. Performances of hybrid Na–CO2 cell: d) discharge–charge profiles measured in a three-electrode configuration. e) Charge–discharge profiles at 
different current densities and f) cycle performance. a–f) Reproduced with permission.[13] Copyright 2018, Elsevier. g) The GC profiles of outlet CO2 
feed gas before and during discharging under CO2-saturated 1 m KOH (top) and seawater (bottom). Reproduced with permission.[61] Copyright 2019, 
Wiley-VCH. h) Discharge–charge voltage and i) cycling performance curves with different catholyte. j,k) Schematic of the discharge and charge pro-
cesses in the hybrid Na-CO2 battery using N-SWCNH as a catalyst and the NaCl solution as an aqueous catholyte. Reproduced with permission.[14] 
Copyright 2020, Elsevier.
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Table 1.  Some typical achievements for Na–CO2 batteries in terms of functional materials and electrochemical properties.

Working conditions 
(battery type,  
atmosphere, anode)

Electrolyte Cathode materials Voltage gap, applied 
current

Full discharge capacity, 
current density

Cyclability Ref.

Aprotic, CO2/O2 (2:3) 0.75 m NaCF3SO3/IL Super P ≈0.5 V 3500 mAh g−1, 70 mA g−1 – [16]

Aprotic, pure CO2 0.75 m NaCF3SO3/IL Super P – 183 mAh g−1, 70 mA g−1 – [16]

Aprotic, CO2/O2 (3:2) 1 m NaClO4/TEGDME Super P – 2882 mAh g−1,  
70 mA g−1

– [16]

Aprotic, pure CO2 1 m NaClO4/TEGDME Super P – 173 mAh g−1, 70 mA g−1 – [16]

Aprotic, CO2/O2 (1:1) SiO2-IL-TFSI/PC-NaTFSI Porous carbon ≈2.2 V, 200 mA g−1 – ≈20 cycles with the cut-off capacity of 
800 mAh g−1 at 200 mA g−1

[41]

Aprotic, CO2/O2 (1:1) SiO2-IL-TFSI/PC-NaTFSI Nickel foam ≈3 V, 200 mA g−1 ≈3.5 mAh 100 cycles with a limited capacity of 
200 mAh gcathode

−1 at 50 µA cm−2

[53]

Aprotic, pure CO2 1 m NaClO4/TEGDME TEGDME-treated 
MWCNT (t-MWCNT)

≈1.00 V, 1000 mA g−1 60 000 mAh g−1,  
1000 mA g−1

200 cycles with a limited capacity of 
2000 mAh g−1 at 1000 mA g−1

[11]

Aprotic, pure CO2 1 m NaClO4/TEGDME Ru@KB ≈1.5 V, 100 mA g−1 11 537 mAh g−1,  
100 mA g−1

130 cycles with a limited capacity of 
1000 mAh g−1 at 200 mA g−1

[22]

Aprotic, pure CO2 1 m NaTFSI/TEGDME Ru@CNT ≈1.5 V, 100 mA g−1 20 277 mAh g−1,  
100 mA g−1

100 cycles with a limited capacity of 
500 mAh g−1 at 100 mA g−1

[23]

Aprotic, pure CO2 1 m NaClO4/TEGDME CMO@CF ≈2.0 V, 200 mA g−1 8448 mAh g−1,  
200 mA g−1

75 cycles with a limited capacity of 
500 mAh g−1 at 200 mA g−1

[26]

Aprotic, pure CO2 1 m NaClO4/TEGDME CO@CF ≈2.1 V, 200 mA g−1 7427 mAh g−1,  
200 mA g−1

≈46 cycles with a limited capacity of 
500 mAh g−1 at 200 mA g−1

[26]

Aprotic, pure CO2 1 m NaClO4/TEGDME MO@CF ≈2.2 V, 200 mA g−1 6634 mAh g−1,  
200 mA g−1

≈44 cycles with a limited capacity of 
500 mAh g−1 at 200 mA g−1

[26]

Aprotic, pure CO2 1 m NaClO4/TEGDME MoS2/SnS2 ≈1 V, 50 mA g−1 35 889 mAh g−1,  
50 mA g−1

100 cycles with a
restricted capacity of 500 mAh g−1 at 

50 mA g−1

[28]

Aprotic, pure CO2 
(sodium-fluorinated 
graphene anode)

0.5 m NaCF3SO3/
TEGDME

Carbon cloth-supported 
δ-MnO2 electrodes

≈1.5 V, 200 mA g−1 – 391 cycles with a limited capacity of 
1000 mAh g−1 at 200 mA g−1

[45]

Aprotic, pure CO2 1 m NaClO4/TEGDME RuO2@a-MWCNTs ≈1.2 V, 100 mA g−1 – 120 cycles with a limited capacity of 
500 mAh g−1 at 100 mA g−1

[71]

Aprotic, pure CO2 1 m NaClO4/TEGDME ZnCo2O4@CNT ≈1.8 V, 100 mA g−1 12 475 mAh g−1,  
100 mA g−1

150 cycles with a limited capacity of 
500 mAh g−1 at 100 mA g−1

[72]

Flexible solid-state, 
pure CO2

SPE consisting of PEO/
NaClO4/3 wt% SiO2

MWCNTs@Ni ≈1.2 V, 50 mA g−1 – 240 cycles with a limited capacity of 
500 mAh g−1 at 50 mA g−1

[12]

All-solid-state, pure 
CO2 (compact NaF-rich 
interphase on Na 
surface)

SN-based electrolyte MWCNTs ≈1.53 V, 50 mA g−1 7624 mAh g−1,  
50 mA g−1

100 cycles with a limited capacity of 
1000 mAh g−1 at 200 mA g−1

[24]

All-solid-state, pure CO2 Polymer electrolyte of 
PEO-NaClO4/glass fiber 

matrix

NC900 ≈1.5 V, 100 mA g−1 10 500 mAh g−1,  
100 mA g−1

320 h (80 cycles) with a limited 
capacity of 1000 mAh g−1 at  

500 mA g−1

[25]

Quasi-solid, pure CO2 
(Reduced graphene 
oxide Na anodes)

CPE consisting of 
PVDF-HFP-4% SiO2/

NaClO4-TEGDME

TEGDME activated 
MWCNT

(a-MCNTs)

≈1.75 V, 500 mA g−1 5000 mAh g−1,  
50 mA g−1

400 cycles with a limited capacity of 
1000 mAh g−1 at 500 mA g−1

[30]

Quasi-solid-state, pure 
CO2

NASICON, gel 
electrolyte

Co-NCF ≈1.75 V, 0.1 mA cm−2 1777 mAh g−1 at  
0.5 mA cm−2

367 cycles at 0.1 mA cm−2 [73]

All-solid-state, pure CO2 NASICON electrolyte Succinonitrile-treated 
Ru/CNTs

≈1.3 V, 50 mA g−1 28 830 mAh g−1,  
100 mA g−1

70 cycles with a limited capacity of 
500 mAh g−1 at 50 mA g−1

[32]

Hybrid, pure CO2 0.1 m NaOH solution, 
NASICON

Pt/C + IrO2 catalyst ≈1.5 V, 0.1 mA cm−2 – 700 h at a current density of  
200 mA g−1

[13]

Hybrid, pure CO2 Saturated NaCl  
solution, NASICON

SWCNHS ≈0.49 V, 0.1 mA cm−2 2293 mAh g−1 at  
0.2 mA cm−2

300 cycles at 0.1 mA cm−2 [14]



www.advancedsciencenews.com www.small-journal.com

2206445  (12 of 30) © 2023 The Authors. Small published by Wiley-VCH GmbH

because of its inherently high specific energy (1160 mAh g−1) 
and low negative potential (−2.714  V vs standard hydrogen 
electrode).[48,74] Nevertheless, being a highly reactive chemical, 
sodium metal may rapidly react with crossover O2, CO2, H2O 
molecules, some organic solvents, and electrolyte additives, 
which inevitably leads to reduced coulombic efficiency (CE) 
and loss of energy density.[75] In addition, upon discharge, the 
metallic sodium is oxidized to Na+, and electrons are released; 
while Na+ ions are reduced via an electron transfer pathway 
during charging (Na ↔ Na+ + e–). The process of Na+ ion reduc-
tion to Na during charging is more complex compared to the 
oxidation of sodium metal during discharge. The formation of 

undesirable sodium dendrites during charging has been one of 
the most serious issues to overcome, as sodium dendrites have 
the potential to penetrate the separator and thereby cause short 
circuits and security risks to the battery. This is, of course, a 
persistent drawback of various sodium metal batteries.[76–79]

In Na–CO2 batteries, the electrolyte is used to deliver 
sodium ions, dissolve CO2 and transfer it to the reaction site 
(nonaqueous and aqueous electrolytes), and protect the metal 
sodium anode (solid-state electrolyte for hybrid and solid-state 
Na–CO2 batteries). Although the search for stable electrolytes 
has been ongoing since the inception of alkali metal ion bat-
teries, the harsh O2/CO2 environment of Na–O2/CO2 and 
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Figure 6.  The main challenges for the development of Na–CO2 batteries.

Working conditions 
(battery type,  
atmosphere, anode)

Electrolyte Cathode materials Voltage gap, applied 
current

Full discharge capacity, 
current density

Cyclability Ref.

Hybrid, pure CO2 “Water-in-salt” and 
NASICON

Ru@carbon current 
collector

≈1.65 V at a limited 
capacity of 500 mAh g−1

– 75 cycles (50 days) with a limited 
capacity of 500 mAh g−1

[31]

Hybrid, pure CO2 Saturated NaCl solu-
tion, NASICON

Co/Co9S8@SNHC ≈0.65 V, 0.2 mA cm−2 18.9 mAh cm−2  
(≈7421 mAh g−1) at  

0.5 mA cm−2

200 cycles at 0.1 mA cm−2 [42]

Hybrid, pure CO2 Saturated NaCl solu-
tion, NASICON

Fe-Cu-N-C ≈0.44 V, 0.05 mA cm−2 8411 mAh g−1 at  
0.5 mA cm−2

1550 cycles at 0.2 mA cm−2 [43]

Hybrid, pure CO2 Saturated NaCl solu-
tion, NASICON

CCO/PPy ≈0.6 V, 0.1 mA cm−2 31.4 mAh cm−2  
(≈9815 mAh g−1) at  

0.5 mA cm−2

410 cycles at 0.2 mA cm−2 [44]

Table 1.  Continued.
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Na–CO2 batteries has led to increasingly stringent require-
ments for electrolytes. For the case of aprotic electrolytes, the 
instability of the electrolyte system is one of the major obstacles 
limiting the development of Na–O2/CO2 and Na–CO2 batteries, 
given that they play a critical role in O2/CO2 solubility, the for-
mation pathway of discharge products (Na2O2, Na2CO3, etc.) 
and the formation of the SEI layer, especially when exposed to 
highly reactive oxygen species.[16,41] Not all electrolytes that are 
available for metal–ion batteries are compatible with metal–O2/
CO2 batteries. For example, carbonate-based electrolytes have 
proven unsuitable for maintaining reversible metal–O2/CO2 
batteries due to their extreme susceptibility to nucleophilic 
attack by superoxide or peroxide.[80,81] In addition, the degrada-
tion or volatilization of electrolytes can seriously affect the per-
formance of the battery and may even induce early cell death. 
Although a variety of electrolytes have been widely used, no 
fully stable electrolyte can meet the complex requirements of 
Na–O2/CO2 batteries. For solid-state electrolytes, polymer-based 
composites and ceramic-based electrolytes (NASICON) are 
currently used for Na–CO2 batteries. In general, the ionic con-
ductivity of solid electrolytes is lower than that of liquid electro-
lytes, which still has difficulties in meeting the requirements of 
high ionic conductivity, good stability, and low cost. Moreover, 
the structural compatibility and interfacial instability of metal 
anode/solid-state electrolyte/catalytic cathode materials have 
always been the main research direction to inhibit solid-state 
Na–CO2 batteries.[51] In the case of aqueous electrolytes, the 
solvent (H2O) may participate in the electrochemical process 
as a reactant, or HER may occur, which will reduce the spe-
cific energy density of the battery.[69] In addition, the stability of 
NASICON in aqueous electrolytes and electrochemical stability 
windows also needs to be considered.

The cathode is the main site, where the capture of CO2 and 
the formation and decomposition of discharge products take 
place, involving a multiphase interface and complex charge 
transfer reactions. Typically, the electrochemical reactions of 
CO2 take place at a three-phase contact interface involving the 
CO2 molecules (gas), the electrolyte (liquid), and the catalytic 
electrode (solid). The transport of electrons and masses (e.g., 
Na+ and CO2) needs to be of sufficiently high efficiency for high 
performance in Na–CO2 batteries to be possible. However, the 
electrochemical reactions of CO2 in current Na–CO2 batteries 
remain sluggish owing to a couple of obstacles. First, a crucial 
element determining the rate of the discharge/charge process 
is the transport of Na+ ions and CO2 gas through the electro-
lyte and cathode pores.[42] The inherent low electron conduc-
tivity of cathode materials and their limited porosity for ion 
and molecular transport results in poor cell rate performance. 
Second, CO2 is known to be the most oxidized form of carbon, 
with an oxidation state of +4 and an extremely strong chemical 
bond of C = O (750  kJ mol−1),[82] making it extremely difficult 
to reduce CO2 to other carbon-containing chemicals. Moreover, 
CO2 electrochemical reactions are stepwise reactions with 
the possibility of involving intermediates such as O2

•−, CO4
•−, 

C2O6
2−, solvated and adsorbed species,[16,58] especially aqueous 

Na–CO2 batteries with very complex products.[83,84] It is difficult 
to regulate the complex reaction pathways and intermediates, 
causing slow electrochemical kinetics of the overall CO2 elec-
trochemical reaction. Third, in the typical nonaqueous Na–CO2 

batteries, the sluggish kinetics of the reaction between the CRR 
formed by Na2CO3 and the CER decomposed by Na2CO3 results 
in a deviation from the discharge and charge curves of the bat-
tery, giving rise to a low round-trip efficiency.[42,43] It is crucial 
to note that the solid Na2CO3 hardly dissolves in nonaqueous 
aprotic electrolytes but accumulates in the cathode. The poor 
electron transfer and ionic diffuse characteristics of solid 
Na2CO3 are significant hurdles to attaining superior CRR and 
CER rates.[42,43]

4. Strategies for Na–CO2 Batteries Toward 
Practical Applications
4.1. Na Anodes Protection

The safety of sodium metal anodes has been an important con-
cern for high-energy-density sodium metal batteries. However, 
the cycle stability and efficiency of Na–CO2 batteries are far 
from satisfactory so far. Besides the endless dendrite growth, 
volume changes, and the instability in the electrolyte to which 
all sodium metal anodes are exposed during the repeated strip-
ping/plating process in comparison to conventional sodium ion 
secondary batteries, the stability of sodium anodes is affected by 
more factors in Na–CO2 batteries, especially in oxygen-involved 
Na–O2/CO2 batteries.[85] For example, the commonly utilized 
glass fiber separators are unable to prevent the crossover of 
contaminants, such as oxygen-related species, H2O, CO2, and 
redox mediators shuttling. The complex internal environment 
and electrochemical processes endow sodium metal anodes 
with additional challenges. Consequently, effective protection 
strategies must be developed to strengthen the performance of 
Na–CO2 batteries. In this section, we shed light on the efforts 
made in the field of Na–CO2 batteries in terms of interfacial 
modification and electrolyte engineering, and electrode design, 
aiming to enlighten the future design of stable sodium-metal 
anodes for high-performance Na–CO2 batteries.

Several strategies have been proposed to defeat the noto-
rious parasitic reactions between reactive metallic sodium 
and electrolyte components, the crossover of pollutants such 
as O2, H2O, CO2, and the formation of sodium self-dendrites 
(Figure  7a). The first one is artificial interphase engineering, 
aiming to inhibit the formation of sodium dendrites and the 
side reactions during the process of cycling (Figure  7b). The 
second is the use of alternative sodium metal anodes, such as 
sodium-free anodes or sodium-containing composite anodes, 
which can avoid the formation of sodium dendrites (Figure 7c). 
The third is to create solid-state or quasi-solid-state electrolytes 
for suppressing side reactions and sodium dendrite penetration 
through the separator (Figure  7d), which will be discussed in 
the electrolyte section.

4.1.1. Artificial Interphase Engineering

The natural SEI layer is produced by the spontaneous inter-
action of the highly reactive metallic sodium anode with the 
electrolyte/gas.[77,86] The SEI layer acts as a protective interface 
separating the metallic sodium anode from the electrolyte, 
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preventing further corrosion of the sodium metal to some 
extent. Unfortunately, uneven Na ion flux and repetitive volume 
change during Na metal plating/stripping cause cracking and 
collapse of the natural SEI layer.[76] The localized and enhanced 
sodium ion flux near cracks will aggravate the growth of den-
drites, which continuously consume electrolytes and regener-
ates thick SEI with poor conductivity and massive sodium 
dendrites, leading to low CE and short cycle life. Meanwhile, 
the sodium dendrites are easily separated from the anode sur-
face during the sodium stripping process and become “dead” 
sodium by the SEI isolation,[86] which increases the cell imped-
ance and results in low CE, severe polarization, and rapid 
capacity degradation (Figure 7a). Furthermore, the uncontrolled 
growth of sodium dendrites can pierce the separator and con-
tact the cathode material of the battery, leading to safety issues 
such as short circuits and thermal runaway.

The ideal SEI layer should have chemical and electrochem-
ical stability, high sodium ion conductivity, sufficient density, 
small thickness, and good flexibility to mechanically inhibit 
sodium dendrite growth.[87] The use of specific organic solvents, 
sodium salts, and additives to create a stable artificial SEI layer 
in situ is effective in stabilizing the sodium-metal interface and 
increasing the performances of Na–CO2 and Na–O2/CO2 bat-
teries. Lu et al. designed a dense NaF-rich interface on the Na 
surface through a chemical process involving fluoroethylene 
carbonate-Na+ and Na metal (Figure 8a).[24] The in situ formed 
NaF-rich interface consists of organic and inorganic species 
(e.g., NaF, RONa, RCO2Na, ROCO2Na) with a thickness of 
about 8  nm, exhibiting a low interfacial resistance and excel-
lent mechanical properties. The dense NaF-rich interface not 

only protects the succinonitrile (SN)-based electrolyte from side 
reactions with metallic Na anode but also allows for modulating 
the homogeneous deposition of dendrite-free Na. After cycling 
at 0.1 mA cm−2 for 4000 h, the assembled symmetric cell exhib-
ited a low overpotential of 150 mV. Furthermore, the all-solid-
state Na–CO2 cell, which used a modified Na anode, SN-based 
solid-state electrolyte, and MWCNT cathode, exhibited a large 
discharge specific capacity (7624 mAh g−1) and great cycling sta-
bility (100 cycles).

Recently, Mao et al. constructed a stable NaF-rich SEI layer to 
inhibit sodium dendrite growth.[45] The SEI layer was achieved 
by combining a modest quantity (≈3 wt%) of fluorinated gra-
phene (FG) with the native sodium through simple repetitive 
adsorption, folding, and hammering steps to obtain a homo-
geneous Na/FG composite anode. The addition of FG was 
critical in preserving the stability of Na/FG since the compo-
sition of the Na/FG electrode remained essentially unchanged 
after 16 h of air exposure. Their investigation indicated that 
the interaction between Na and FG occurs spontaneously and 
Na + FG → NaF + graphene is thermodynamically feasible. The 
formation of a strong SEI layer, which is critical for increasing 
the electrochemical and mechanical stability of Na/FG elec-
trodes, is driven by NaF and graphene. As shown in the in situ 
optical micrograph (Figure  8b), the sodium dendrites on bare 
Na grew fast and even reached the counter electrode. In con-
trast, there was no significant dendritic formation for the Na/
FG electrode. The Na/FG surface tended to maintain its uni-
formity, and the Na/FG electrode exhibited low voltage hyster-
esis and long cycle life. Ultimately, a stable cycle of 391 cycles 
was achieved by the Na–CO2 battery with Na/FG anode.

Small 2023, 19, 2206445

Figure 7.  Schematic representation of the problems and solution strategies for sodium metal anodes, a) sodium dendrite formation, b) artificial inter-
phase engineering, c) alternative sodium metal anodes, and d) insertion of solid-state or quasi-solid-state electrolytes.
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Figure 8.  a) Schematic illustration of the compatibility between different Na metals and SN-based electrolytes: pristine Na metal and 1  m 
NaClO4/FEC modified Na metal. Reproduced with permission.[24] Copyright 2019, Royal Society of Chemistry. b) In situ optical microscopy images of 
Na deposition on bare Na and Na/FG electrodes. Reproduced with permission.[45] Copyright 2021, Wiley-VCH. c) Schematic diagram of hybrid Na–CO2 
battery charging from Na2CO3@C catalytic cathode and its cycling performance and selected discharge–charge curves. Reproduced with permission.[42] 
Copyright 2020, Elsevier. d) SEM images and photographs of GO foam, rGO foam reduced by molten Na, and rGO-Na anode surface; CVs of Na+ 
plating/stripping; fast discharge/charge profiles of quasi-solid-state Na–CO2 batteries in Ar atmosphere and corresponding SEM images of rGO-Na 
and pure Na anode surfaces after 450 cycles. Reproduced with permission.[30] Copyright 2017, American Association for the Advancement of Science.
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4.1.2. Alternative Sodium-Containing Anodes

To solve the critical problems associated with sodium dendrite 
growth, an additional strategy is to seek alternative anodes 
instead of the sodium metal anodes, such as sodium-free 
anodes or sodium-containing composite anodes. A hybrid 
Na–CO2 battery has been reported, which uses the replace-
ment of sodium metal with hard carbon/Ni, and the composite 
of Na2CO3, conductive carbon, and catalyst as the cathode.[42] 
A low charging voltage of 2.68  V was observed in the hybrid 
Na–CO2 battery with the sodium-free anode, corresponding 
to a narrow charge–discharge overpotential gap. However, 
its cycling performance was limited due to the unoptimized 
anode interface, with only about 50 cycles at a limited capacity 
of 0.1 mAh cm−2 (Figure  8c). Similarly, a pouch-type Na–CO2 
battery employing a super P/Al anode was proposed and exhib-
ited a satisfying energy density of 183 Wh kg−1 with prefilled 
Na2CO3 and CNTs as the cathode.[50]

To achieve a highly stable Na-based anode, Hu et al. con-
structed a reduced graphene oxide Na anode (rGO-Na) to 
substitute pure metallic sodium anode by infusing molten 
sodium into a well-affinity rGO foam (Figure  8d).[30] Com-
pared with the pure metallic sodium, the rGO-Na anode not 
only had better mechanical strength and toughness but also 
exhibited faster Na+ plating/stripping kinetics. More impor-
tantly, the rGO-Na inhibited the formation of Na dendrites 
by allowing homogeneous plating of Na+ on the anode. The 
rGO-Na surface was even smoother than its initial state after 
450 cycles of rapid discharge and charging under the Ar 
atmosphere. In contrast, serious cracks appeared on the pure 
Na surface after 450 cycles. The assembled coin-type Na–CO2 
cell delivered a stable cycle of 400 cycles, and the pouch-
type cell also exhibited an impressive capacity (1.1 A h−1), a 
generous energy density (232 Wh kg−1), and stable cycle life 
(50 cycles).

4.2. Stabilize Electrolyte

The selection of a suitable electrolyte is a challenging issue 
for Na–CO2 batteries because the electrolyte interacts with all 
three major components, anode, separator, and CO2 cathode. In 
addition to safety and environmental concerns, the electrolyte 
controls many intrinsic parameters, such as ionic conductivity 
and CO2 solubility, which largely determine the mechanism of 
cathode operation. As discussed in the mechanism section, the 
electrochemical mechanism of Na–CO2 batteries differs for dif-
ferent systems. Although various electrolytes have been widely 
used, no completely stable electrolyte can meet the complex 
requirements of batteries. It is generally the lowest unoccupied 
molecular orbital (LUMO) and the highest occupied molecular 
orbital (HOMO) that determines the electrochemical stability 
window of an electrolyte.[88,89] In practice, the LUMO energy 
of the anode is higher than that of the electrolyte (salt, solvent, 
polymer, etc.), leading to irreversible reduction of these com-
ponents and the formation of SEI on the anode.[89] A cathode 
electrolyte interface layer is also formed between the discharge 
products (NaO2 and/or Na2O2, Na2CO3), CO2, and the electro-
lyte on the cathode material.[21] The following characteristics 

should be present in an ideal Na–CO2 battery electrolyte: i) 
Wide electrochemical stability window, zero decomposition 
during the operating period; ii) high CO2 solubility and low 
viscosity to support rapid mass transfer; iii) high chemical and 
electrochemical stability in CO2-rich environments; iv) a stable 
SEI layer toward the sodium metal anode to ensure long-term 
cycling; and v) low volatility, non-toxicity, and non-flamma-
bility. Focused on the electrolytes for applications in Na–CO2 
batteries, advancements and currently experiencing issues, 
including non-aqueous aprotic, aqueous, polymeric solid/
quasi-solid electrolyte, and inorganic ceramic solid electrolyte 
(NASICON), are summarized and discussed in this section to 
facilitate better and more efficient Na–CO2 electrolyte design 
(Figure 9).

4.2.1. Aprotic Electrolytes

In the past few years, the optimization of aprotic electrolytes has 
been studied in terms of solvents, metal salt, and additives.[89,90] 
Functional additives in electrolytes have aroused considerable 
research interest since they have the potential to boost battery 
performance significantly. Archer’s group adopted SiO2 nano-
particles and ionic liquid (IL) 1-methyl-3-propylimidazolium 
bis(trifluoromethanesulfone)imide (TFSI) as additives into a 
PC electrolyte for Na–O2/CO2 batteries.[41,53] The SiO2 nanopar-
ticles were highly functionalized by IL with 1.2 tethered ligands 
per nm2 SiO2. Despite the fact that conventional PC-based 
electrolytes have proven to be extremely unstable in metal–air 
batteries, the stability of PC-based electrolytes was significantly 
improved by the application of IL-tethered SiO2 nanoparticles.[41] 
Because of the interaction of tethered IL with Na metal, a struc-
turally durable and chemically stable SiO2-particle-enriched 
SEI layer on the surface of the metallic Na anode successfully 
shields the sodium metal from excessive parasitic reactions. 
Consequently, the Na–O2/CO2 battery without the need for any 
catalysts or redox mediators could operate stably for more than 
100 cycles.[53] In addition, taking into account the basic chem-
istry of O2/CO2 batteries, ether-based electrolytes are relatively 
stable for metal–O2/CO2 batteries, because of their low volatility 
and stability for superoxide anions and oxidation potentials. 
TEGDME has been proposed as a representative ether-based 
electrolyte. For Na–CO2 batteries, there are currently two main 
electrolytes, one is TEGDME containing NaClO4 component, 
while the other salt is sodium bis(trifluoromethylsulfonyl)imide 
(NaTFSI). However, ether-based electrolytes do not seem to be 
the best electrolytes because strong Lewis acid alkali metal ions 
(Li+, Na+) in solutions may interact strongly with oxygen atoms 
in ether molecules.[91] Consequently, a deeper insight into the 
decomposition mechanism of aprotic electrolytes (carbonate 
and ether groups) and the identification of a truly stable elec-
trolyte is required.

4.2.2. Aqueous Electrolytes

The utilization of aqueous electrolytes in Na–CO2 batteries 
appears to be a highly promising strategy for solving several 
challenges that arise in nonaqueous Na–CO2 batteries, such as 
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the formation of insoluble discharge products during discharge 
that impede CO2 diffusion and lead to high overpotential and 
poor cycling performance. Previous studies have demonstrated 
that the kinetics of the discharge and charging processes are 
significantly enhanced in aqueous electrolytes compared to 
non-aqueous electrolytes, where the overpotential is much 
smaller than that in nonaqueous batteries.[14,92] However, in 
reversible hybrid Na–CO2 batteries, aqueous electrolytes are 
currently limited to neutral or quasi-neutral solutions because 
NASICON separators tend to corrode in acidic solutions 
posing a serious safety hazard,[93] and CO2 reacts with alka-
line electrolytes to produce carbonates that reduce electrolyte 
conductivity and cathode activity. Furthermore, the application 
of aqueous electrolytes is restricted by their narrow potential 
window, and the aqueous solvent H2O is involved in the reac-
tion, inevitably minifying the energy density of the battery. The 
preparation of a highly concentrated electrolyte, “water-in-salt” 
(WiS) electrolyte, has been shown to be an effective method 
to reduce electrolyte-related side reactions. Kang et al. demon-
strated a Na–CO2 battery based on NASICON and WiS electro-
lyte by selecting water as the solvent with 17 m NaClO4.[31] The 
LSV and corresponding DEMS measurements demonstrated 
that the evolution of H2 was hindered by increasing WiS con-
centration (Figure 10a–d). Moreover, the 17 m NaClO4 aqueous 
electrolyte showed a significantly increased electrochemical 
stability window of 3.45 V. The thus prepared hybrid Na–CO2 
batteries presented favorable discharge–charge curves during 
the formation and decomposition of Na2CO3 (Figure  10e). It 
is generally accepted that WiS-based low-cost hybrid Na–CO2 
batteries show great potential, the high concentrations of 
WiS electrolytes are usually accompanied by drawbacks such 
as high viscosity and low Na+ conductivity. In addition, the 
stability of the solid electrolyte membrane is also critical for 

performance and safety. Therefore, more efforts are needed to 
achieve hybrid Na–CO2 batteries.

4.2.3. Polymer Electrolytes

The quasi-solid and all-solid-state polymer electrolytes (SPEs) 
offer opportunities to address safety concerns such as electro-
lyte leakage, volatilization, flammability, and savage growth of 
metal dendrite. Hu et al. developed a quasi-solid state composite 
polymer electrolyte (CEP) derived from polyvinylidene fluoride 
co-hexafluoropropylene (PVDF-HFP) for Na–CO2 batteries.[30] 
This CEP exhibited high conductivity (10−3 S cm−1), non
flammability, robust toughness, effective inhibition of electro-
lyte leakage, and stable electrochemical properties (Figure 11a). 
An all-solid-SPE was also used to create the flexible Na–CO2 
battery.[12] The SPE was composed of poly(ethylene oxide) 
(PEO), NaClO4, and nano-SiO2, where PEO not only provides a 
transport pathway for Na+ migration through segment motion 
but also acts as a binder to combine sodium and CO2 cathode 
into an integrated battery. Nano-SiO2 as a filler improved the 
mechanical and thermal stability while reducing the crystal-
linity of SPE and facilitating NaClO4 dissolution. The optimized 
SPE, which had a high sodium ionic conductivity (0.64 mS 
cm−1) and significant ionic transference number (0.56), exhib-
ited exceptional plating/stripping and electrochemical stability, 
as well as a broad electrochemical window (up to 5.5  V). The 
integrated flexible Na–CO2 batteries showed excellent bend-
ability (≥1000 cycles) and stable operation for 80 h in bending 
conditions from 0° to 360° (Figure  11b). The development of 
bendable, foldable, and shape customizable solid-state electro-
lytes offers a promising direction for flexible, wear-resistant, 
and safe Na–CO2 batteries.

Small 2023, 19, 2206445

Figure 9.  Strategies for stabilizing electrolytes in Na–CO2 batteries.
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4.2.4. Inorganic Ceramic Solid Electrolytes

Na superionic conductor (NASICON), a sodium ion-conducting 
oxide ceramic with the general formula Na1+xZr2SixP3-xO12 
(0 < x < 3), is recognized for its remarkable ionic conductivity, 
thermal, and chemical stability.[94,95] The ion transport is caused 
by the hopping of Na+ ions between the NASICON lattice gap 
positions,[96] which therefore allows the transport of only Na+ 
cations and effectively prevents the corrosion of sodium metal 
by H2O, O2, and CO2. Although the parasitic reaction can be 
partially alleviated by using solid electrolytes, low ionic conduc-
tivity and electrode/electrolyte interface problems still exist in 
practical applications, which can cause the rapid increase of 
overpotential and even premature death of Na–CO2 batteries.[95] 
Surface modification can effectively improve the interfacial 

properties of NASICON and electrodes.[97,98] A solid-state 
Na–CO2 battery was fabricated using NASICON as the electro-
lyte with a plastic crystal interface on the cathode.[32] In situ pre-
pared succinonitrile-based plastic crystal interphase enabled the 
close contact of Na3Zr2Si2PO12 with the cathode, which reduced 
the interfacial charge transfer resistance. The presented solid-
state Na–CO2 battery delivered 50 cycles at 100 mA g−1 with a 
voltage gap of 1.4 V. Normally, one of the most effective ways of 
increasing the conductivity of sodium ions is element doping 
since it can create more vacancies or interstitials and weaken 
electrostatic force.[99] Lu et  al. investigated magnesium-doped 
Na3Zr2Si2PO12 as a solid electrolyte for Na–CO2 batteries.[27] 
By substituting the Zr ions in Na3Zr2Si2PO12 (NZSP) with Mg 
ions, the ionic conductivity of Na3.2Zr1.9Mg0.1Si2PO12 (NZM1SP) 
achieved 1.16 mS cm−1 at ambient temperature. The Na–CO2 

Figure 10.  a) LSV plots of NaClO4 aqueous electrolyte solutions. The hybrid cell is photographed in the inset. b–d) LSV curves with corresponding DEMS 
results. e) Cycle behavior of the Na–CO2 batteries with (pink) and without (navy) Ru catalyst. Reproduced with permission.[31] Copyright 2021, Elsevier.
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battery assembled with a composite electrolyte composed of 
NZM1SP and PVDF-HFP exhibited a good discharge capacity 

(7720 mAh g−1) and voltage gap of less than 2 V after 120 cycles 
(Figure 11c).

Figure 11.  a) The composition, ionic conductivity, SEM image, and inflammability test of CPE. Reproduced with permission.[30] Copyright 2017, Amer-
ican Association for the Advancement of Science. b) Fabrication and structure of the all-solid-state integrated flexible Na–CO2 batteries, schematic 
diagram of Na+ migration pathways in SPE, and cyclability at different bending states. Reproduced with permission.[12] Copyright 2018, Wiley-VCH. 
c) Simplified view of the structure of Na3.2Zr1.9Mg0.1Si2PO12, charge and discharge curves, and voltage variation of the cells with NZSP-PVDF-HFP and 
NZM1SP-PVDF-HFP electrolytes. Reproduced with permission.[27] Copyright 2022, Wiley-VCH.
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4.3. Advanced CO2 Electrode

One of the essential parameters for high-performance 
Na–CO2 batteries is the development of an efficient CO2 cata-
lytic cathode that enables high activity and long-term dura-
bility. The performances that can be achieved are strongly 
dependent on the composition and structure of the catalytic 
cathode. Compared to Na–O2 batteries, Na–CO2 batteries 
are more demanding for the cathode because i) CO2 is a 
stable linear molecule with high dissociation energy of CO 
bonds (750 kJ mol−1), while the dissociation energy of the 
OO bond in O2 is 498 kJ mol−1,[100] thus giving rise to dif-
ficult electroreduction of CO2, a high activation barrier, large 
overpotential, and low conversion. ii) The decomposition of 
discharge product Na2CO3 generally involves high charging 
overpotential, resulting in low coulombic efficiency and even 
oxidative decomposition of other components.[101] For hybrid 
Na–CO2 batteries, the discharge products can be dissolved 
in the aqueous catholyte, while for nonaqueous Na–CO2 bat-
teries, the gradual accumulation of Na2CO3 would lead to the 
blockage of the internal structure and passivate the active sur-
face of the cathode materials, increasing the charge transfer 
impedance, and leading to increased polarization and rapid 
capacity decay, even to the sudden “death” of the battery.[21,42] 
As a consequence, the nonaqueous Na–CO2 battery demand 
more stringent requirements for CO2 cathode structure.

Generally, reactants such as Na+ and CO2 are required to 
meet on the cathode side and participate in the CO2 electro-
chemical reaction, which must be achieved by selecting catalytic 
cathode materials with good electronic conductivity, fast CO2, 
and sodium ion diffusion, and high CRR and CER catalytic 

activity.[42,43] It is therefore important to ensure that the cathode 
material features such as intrinsic conductivity, specific surface 
area, pore structure, the surface adsorption ability of Na+ and 
CO2 on the electrode, surface atomic structure, catalytic activity, 
and stability are taken into account. A porous cathode with a 
generous specific surface area and porosity is critical because 
the amount of Na2CO3 that can be maintained inside or on the 
cathode is vital to the capacity and energy density of the bat-
tery.[39,42] The increased surface area allows for more active 
sites in electrochemical processes, whereas a porous structure 
with appropriate pore sizes is necessary for mass transport and 
storage space for discharge products.[39,42] Catalytically active 
cathodes have an essential role in facilitating both CRR and 
CER processes by reducing the overpotential. Regulating the 
performance of catalytic cathodes is usually done by two strat-
egies: i) Modulating the intrinsic electronic structure (e.g., by 
introducing heteroatom doping, defects, modifying the coordi-
nation state, modulating the metal active center) or ii) tuning 
the apparent physical structure (e.g., by modulating the nano-
structure, altering the morphology, and self-supported struc-
tural design). Certainly, to attain maximum effectiveness and 
performance, these strategies do not need to be mutually exclu-
sive (Figure 12).

4.3.1. Intrinsic Electronic Structure Modulation

The structure of cathode materials impacts the electrochemical 
reaction process of the battery on a variety of scales, including 
nano-, micro-, and macroscales.[102,103] At the nanoscale, mor-
phology is likely to impact the local electronic structure.[103,104] 

Figure 12.  Summary of a) existing key issues of CO2 cathode in Na–CO2 batteries and b) the corresponding strategies.
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At the micro- and macroscales, changing morphology poten-
tially modifies the wettability of the electrode, ion diffusion, 
CO2 transmission, Na2CO3 formation/decomposition, etc.[36,38] 
In principle, the catalytic performance of materials depends 
mainly on their electronic structure, and in this section, we 
focus on modulating the intrinsic electronic structure of the 
material.

Heteroatom‑Doping: Several attributes of the extremely high 
specific surface area, rapid charge transfer, and chemical sta-
bility of carbon-based catalysts allow them to be considered 
potential candidates with respect to energy storage and con-
version devices.[105,106] Ketjen Black (KB) and Super P are com-
mercial carbon materials that were first exploited in CO2 bat-
teries,[16,58,107,108] but their poorly catalytic activity and limited 
structure make them more suitable for use as conductors or 
catalyst carriers. Carbon nanomaterials such as CNTs[11,30,50] and 
carbon nanohorns[14] are employed in Na–CO2 batteries because 
of their unique quantum size effects and surface chemical 
states. Alternatively, their catalytic activity might be promoted 
by modifying the interfacial properties and attaching dif-
ferent functional groups. For example, using TEGDME-treated 
MWCNT materials as cathode catalysts, Na–CO2 batteries 
exhibited a small voltage gap (0.6  V) and superior cyclability 
(200 cycles).[11] Heteroatom doping is considered to be one of 
the most effective strategies for tuning the electronic structure 
of pure carbon skeletons, which provides sufficient active sites 

for CO2 capture and utilization as well as for the generation 
and degradation of discharge products.[109] Of the heteroatoms 
(nitrogen, boron, sulfur, and phosphorus) screened so far, the 
most attention has been paid to nitrogen. For example, nano-
carbon doped with N synthesized from zeolitic imidazolate 
frameworks (ZIF-8) was developed as an excellent cathode 
material for all-solid-state Na–CO2 batteries.[25] The optimized 
N-doped nanocarbon with microporous properties exhibited 
high electronic conductivity (two times that of carbon black) and 
highly favorable binding affinities to CO2 molecules, allowing 
free transfer of CO2 during cell reaction and facilitating electro-
chemical progress of CRR and CER, which enables the formed 
thin sheetlike products to decompose more readily on charging 
than the bulk product. All of these advantages were combined 
to produce all-solid Na–CO2 batteries that delivered low overpo-
tential, long cycle life (320  h), a large deep discharge capacity 
(10 500 mAh g−1), and satisfactory energy density (180 Wh kg−1 
in a pouch cell at 50 °C) (Figure 13a–d). The fact that nitrogen 
doping is usually favorable for catalysis can be explained by: i) 
The electronegativity of nitrogen atoms containing lone pairs 
of electrons is higher than that of carbon atoms, and N doping 
changes the potential distribution and the electronic environ-
ment on the sp2 carbon skeleton,[105] which in turn alters the 
active centers of preferential adsorption and nucleation. It is, 
in fact, possible to easily introduce foreign atoms into the lat-
tice of the carbon material by high-temperature treatment, 

Figure 13.  a) TEM image of NC900. b) CO2 absorption models on the graphene (G), graphitic N-doped graphene (NG), and pyridinic (relaxed pyr-
rolic N) N-doped graphene with one N atom (DNG1-3), and three N atoms (D3NG). c) Cycling performance and d) the discharge capacity of different 
cathodes. a–d) Reproduced with permission.[25] Copyright 2020, American Chemical Society. e) TEM and f) TEM images of Fe-Cu-N-C. g) GITT and 
h) discharge–charge cycling curves of Fe-N-C, Cu-N-C, and Fe-Cu-N-C. i) An illustration of the growth and decomposition of discharge products on the 
Fe-Cu-N-C electrode. e–i) Reproduced with permission.[43] Copyright 2021, Royal Society of Chemistry.
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which would damage the perfect sp2 carbon lattice,[110] The 
presence of nitrogen atoms at the edges or in the basal plane 
of the carbon material matrix gives rise to different defect con-
figurations (pyridine-N, graphite-N, pyrrole-N, etc.) and the 
catalytic activity is related to the structural nature and density of 
the nitrogen defect configuration in the material,[111] ii) carbon-
based materials exhibit a reduced band gap, which is defined 
by their LUMO and HOMO.[112] The catalytic activity of carbon 
in electron transfer reactions tends to increase as the bandgap 
decreases. The band gap decreases as nitrogen atoms are doped 
into the carbon matrix, increasing the electron mobility and 
improving the donor–acceptor properties, consequently, higher 
electron mobility and lower electron work function can be 
achieved at the reaction interface.[37]

Defect Engineering: Defect engineering has similarities to 
heteroatom doping strategies in tuning the electron density 
and charge distribution of catalysts, which have also emerged 
as an appropriate strategy for adjusting the catalytic activity of 
materials. Defects, such as vacancies, grain boundaries, lattice 
distortions, edges, interfacial dislocations, etc., are often consid-
ered to be high-energy adsorption sites and active sites.[110] As a 
result of the presence of many uncoordinated sites and dangling 
bonds, they are not thermodynamically stable, which allows dif-
fusion and electron transfer and facilitates enhanced surface 
catalytic activity. The introduction of defects in carbon nano-
materials also shows promise for the improved electrochemical 
performance of metal–CO2 batteries.[113,114] For instance, carbon 
catalysts with high levels of defects are able to support the rapid 
formation and breakdown of discharge products, displaying 
enhanced electrochemical performances.[114,115] Beyond defects 
in carbon nanomaterials, defects in non-carbon materials are 
also attractive. Recently, an ultrathin MoS2/SnS2 nanosheet 
with S-vacancies was exploited as a catalyst for Na–CO2 bat-
teries.[28] In comparison to pristine MoS2, the insertion of SnS2 
induces a phase conversion of MoS2 from the 2-H phase to the 
1-T phase, resulting in lower overpotential, improved cycling 
stability, and discharge capacities up to 35 889 mAh g−1. The 
superior performances are due to potential changes in the local 
atomic environment and phase transitions, where SnS2 doping 
leads to a lack of coordination of molybdenum atoms, inducing 
a large number of S-vacancies, activating and optimizing the 
2H-MoS2 basal planes.

Metal Active-Site Designing: Transition metal elements co-
doped with nitrogen in carbon-based materials (M-N-C) are a 
special type of defect where metal atoms are dispersed on the 
surface of the carrier.[116,117] Strong interfacial interactions occur 
between the metal atoms and adjacent carbon and heteroatoms 
to form stable M–Nx moieties, whose unique coordination 
structure and low coordination and unsaturation coordination 
environment endow the metal atoms with special electronic 
characteristics, giving rise to extraordinary kinetic proper-
ties.[118,119] Recently, our group constructed N-doped CNT com-
posites (Fe-Cu-N-C) with dense Fe and Cu sites by introducing 
Fe3+ and Cu2+ to modulate the in situ grown CNTs.[43] Fe-Cu-
N-C has been demonstrated to show higher catalytic activity 
and durability than Cu-N-C and Fe-N-C, allowing for faster 
generation and degradation of discharge products as well as 
distinguished cycling performance of over 600  h (1550 cycles) 
(Figure  13e–i). As electrons tend to migrate readily from the 

core metal sites to the CNTs, the presence of Fe and Cu in 
the CNTs may diminish the local work function of the carbon 
surface.[120] Furthermore, Fe and Cu combine with N to gen-
erate a large number of Fe–Nx and Cu–Nx active sites that are 
encased inside CNTs, thereby preventing electrolyte corrosion 
and ensuring stable catalytic performance throughout time.[43]

4.3.2. Apparent Physical Structure Adjustment

The apparent physical structure of cathode materials has been 
of considerable interest as it has a significant impact on the 
physical and chemical behavior of electrochemical reactants, 
catalysts, and products. This section focuses on the contribu-
tion of non-electrons induced by the apparent physical struc-
ture to the performance of Na–CO2 batteries. An elaborate 
design for the apparent physical structure of cathode materials 
is anticipated to yield enhanced catalytic activity and fast reac-
tion kinetics, improving Na2CO3 reversibility and reducing the 
overpotential of the battery.

Nanostructure Engineering: In recent years, nanomaterials 
have shown remarkable effects on electrocatalytic applica-
tions due to their unique bulk, surface, and quantum size 
properties.[121] Nano metallic and carbon composites may 
be more exciting types of catalysts than pure carbon-based 
nanomaterials. In particular, the electronic structure of 
metal particles can be significantly modified when the metal 
nanocrystal size is diminished to the atomic level, that is, 
the formation of individual atomically dispersed metal sites, 
where the metal atom utilization is maximized and the cata-
lytic activity is highest.[122] Anchoring or compounding nano- 
or sub-nanostructures on a carbon substrate is an effective 
technique that is widely employed in the design of cathode 
catalysts for metal–CO2 batteries. The noble metal ruthenium 
(Ru) and its oxides (RuO2) have been proven to exhibit excel-
lent catalytic activity in metal–CO2 batteries. For instance, 
Na–CO2 batteries fabricated with Ru nanoparticles on porous 
KB carbon (Ru@KB)[22] or CNT (Ru/CNT),[23] ultrafine RuO2 
nanoparticles on MWCNTs[71] were able to enhance the revers-
ibility of the discharge product Na2CO3, reducing the overpo-
tential, and providing good cycling stability and high discharge 
capacity. The ultimate small size of nanostructures is consid-
ered to be single atoms.[123] A Na–CO2 nanobattery was suc-
cessfully constructed using nitride and single Pt atoms doped 
CNT as the cathode.[29] As expected, the discharge rate was sig-
nificantly improved due to the single-atom Pt catalyst. Besides 
precious metals, active non-precious metal nanocatalysts are 
ideal and efficient catalysts for CO2 batteries. The Co/Co9S8 
active nanoparticles, which were immobilized on S, N-codoped 
carbon (Co/Co9S8@SNHC) by a micro-mesoporous confine-
ment synthesis strategy, had been synthesized as a catalyst 
for hybrid Na–CO2 batteries (Figure 14a).[42] As a result of the 
elaborately designed microporous and mesoporous structures, 
the savage growth and aggregation of Co/Co9S8 nanoparticles 
were inhibited, exposing a large number of high-density active 
centers; while electron transmission, electrolyte permeation, 
and CO2 diffusion could be accelerated, and sufficient space 
was available for the discharge products to be stored. The Na–
CO2 batteries with Co/Co9S8@SNHC delivered, as expected, 
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a narrower charge overpotential gap and a superior discharge 
capacity of 7421 mAh g−1 (vs SNHC of 6025 mAh g−1). The 
excellent electrochemical properties were due to the synergistic 
combination of carbon defects, S and N dopants, and Co and 
Co9S8 nanoparticles embedded in a porous carbon matrix that 
supported the formation of Na2CO3 and its decomposition.

Morphology Engineering: Modulation of surface morphology 
and size may introduce new phenomena such as reconfigu-
ration effects and even multiscale effects, which can be used 
to synergistically improve the performances of Na–CO2 bat-
teries. Recently, a series of morphologically controlled NH3-
induced self-assembly low-crystalline CuCo2O4 (CCO) was pre-
pared as catalysts in hybrid Na–CO2 batteries (Figure  14b).[44] 
It had been demonstrated that one-dimensional rod or fibrous 
CCO exhibited superior rate capability and lower polarization 
than spherical and cluster-like morphologies. Interestingly, 

after polymerization of pyrrole monomers to encapsulate 1D 
CuCo2O4 in a polypyrrole shell (CCO/PPy), CuCo2O4 crystals 
underwent surface reconstruction and phase transformation 
into Cu0.27Co2.73O4 with a large number of oxygen vacancies. 
Proper promotion of surface reconstruction of metal oxides can 
indeed improve catalytic performance by stimulating highly 
reactive metal ions and causing abundant oxygen vacancies.[124] 
The prepared batteries with CCO/PPy exhibited an amazing 
area discharge capacity (31.3 mAh cm−2) and over 400 cycles.[44] 
The excellent performances were attributed to the modification 
of particle dimension and conductive polypyrrole encapsulation 
enhancing the ion transfer rate and electrode conductivity, 
moreover, the interfacial reconstruction yielded abundant 
oxygen vacancies and catalytically active sites.

Free-Standing Cathode: Typically, CO2 cathodes prepared 
by the coating method, which consists of catalyst, conductive 

Figure 14.  a) TEM image, discharge–charge voltage curves, and cycling performance of Co/Co9S8@SNHC. Reproduced with permission.[42] Copyright 
2021, Elsevier. b) The growth mechanism, SEM and TEM images, the cycling performance, and selected discharge–charge curves of CCO/PPy. Repro-
duced with permission.[44] Copyright 2021, Elsevier. c) The synthesis illustration, SEM and TEM images, galvanostatic charge–discharge, and cycling 
curves of the CMO@CF and CF cathodes. Reproduced with permission.[26] Copyright 2018, American Chemical Society.
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carbon, and binder, suffer from some undesirable properties 
such as high interfacial impedance, buried active center, low 
attachment of catalyst to the collector, and easy separation, 
as well as, the binder having the potential to cause parasitic 
reactions in the corrosive environment of the CO2 batteries.[15] 
Consequently, the design of a free-standing cathode (also 
known as a binder-free cathode) has attracted considerable 
interest in avoiding these problems, ensuring adequate con-
tact between the active center and the electrolyte, facilitating 
the mass transfer and charge transfer, and prolonging elec-
trode stability and activity.[125] Fang et  al. prepared a free-
standing catalytic cathode (CMO@CF) by in situ growth of 
Co2MnOx on carbon fibers (Figure 14c).[26] The designed elec-
trode not only overcomes the drawback of poor conductivity 
of metal oxides but also improves the catalytic performance. 
The particulate Na2CO3 grown on the CMO@CF cathode 
was more readily decomposed at lower voltages than at pure 
cobalt oxide and manganese oxide electrodes. In addition, 
the Na–CO2 battery based on the CMO@CF cathode exhib-
ited excellent specific capacity (8448 mAh g−1) and long-term 
stability (75 cycles) due to the coexistence of Co2+/Co3+ and 
Mn2+/Mn3+ redox couples.

5. Conclusion and Future Prospect

Na–CO2 batteries have emerged with impressive advantages 
and vast potential because of their low cost, great energy 

density, and eco-friendliness. In this review, the advances in 
understanding the science of Na–CO2 batteries were discussed. 
It first presented the fundamental properties of Na–CO2 elec-
trochemistry, and an in-depth discussion of the challenges and 
optimization strategies for battery configurations was provided, 
including the anode, electrolyte, and cathode. Considering the 
dilemma and further development of Na–CO2 batteries, some 
perspectives on high-performance Na–CO2 batteries are pre-
sented (Figure 15).

5.1. In-depth Understanding of CO2 Reduction Reaction/CO2 
Evolution Reaction Reaction Mechanisms

The electrochemical mechanisms associated with Na–CO2 
batteries have been established, but they are based on the 
hypothesis of discharge products without in-depth experi-
mental support. As far as the current investigation results are 
concerned, there do have quite a few controversies among 
researchers regarding the identification of the products and the 
basic reaction understanding during the discharge/charge pro-
cess. For example, whether the discharge products are Na2CO3, 
NaHCO3, Na2C2O4, Na2CO3, and C, or other gaseous products 
is to be further confirmed; although Na2CO3 and C are gener-
ally accepted as the main products in nonaqueous pure Na–CO2 
batteries, the nucleation and growth of Na2CO3 with different 
macroscopic structures is still a puzzle. Controlling the chem-
ical composition of the Na–CO2 battery discharge products is 

Figure 15.  The schematic illustration of future research for high-performance Na–CO2 batteries.
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critical since battery performances such as capacity and energy 
density are defined by the type of products created during the 
discharge cycle, especially for hybrid Na–CO2 batteries that pro-
duce value-added chemicals. In addition, the primary sources 
of Na–CO2 electrochemical side reactions and their properties 
remain to be further investigated. For example, Na–CO2 bat-
teries operating properly in atmospheric environments need 
to account for the presence of O2, and electrochemical reduc-
tion has been proven to start from O2 when O2 is involved in 
the battery. The workhorse of current computer simulations 
is density functional theory (DFT), yet classical DFT compu-
tations are time-consuming and costly. With the help of artifi-
cial intelligence (AI), one may capture the multi-length-scale 
complexity.[126–128] Machine learning (ML), as one of the major 
technologies for achieving AI, opens up new possibilities for 
product analysis, reaction identification, and prediction mech-
anism of Na–CO2 battery.[127,129] Currently, the main experi-
mental methods used to explore the CRR/CER mechanism 
of Na–CO2 batteries are the ex situ characterization of CO2 
cathodes (XRD, SEM, Raman, TEM, XAS, XPS, etc.) before 
and after charge/discharge, and these ex situ methods cannot 
capture the important information during the actual charge/
discharge process. Similarly, many other operando/in situ tech-
niques utilized in other batteries (e.g., XRD, AFM, XPS, SEM, 
and XAS) should be expected to be of greater importance in the 
Na–CO2 batteries.

5.2. Construction of Sodium Anode with Stable Structure and 
Interface

The application of sodium metal as a safe anode for practical 
Na–CO2 batteries is still very challenging, especially in liquid 
electrolytes. The sodium metal anode is sensitive to traces of 
moisture and CO2 in the battery environment, which increases 
the complexity of Na–CO2 battery design. The passivation of 
the sodium anode lowers the discharge capacity and worsens 
the energy efficiency of the cell by creating an overpotential 
during discharge and charging, consequently, additional basic 
research is required to understand the processes occurring on 
the anode. Although sodium-metal anodes are now enjoying 
a renaissance and electrode design (pre-sodium composites), 
interface modification (artificial protective layers or surface pas-
sivation films), and electrolyte engineering have been employed 
to address sodium dendrite growth, infinite volume changes, 
and interfacial instability, the present anode protection strate-
gies are passive and insufficient to settle all the challenges 
associated with sodium anode. Therefore, a comprehensive and 
in-depth understanding of sodium nucleation, growth, and dis-
solution is required, and a fundamental breakthrough may be 
achieved by comparing and reasonably combining various strat-
egies through theoretical and experimental studies.

5.3. Design and Integration of Electrolytes with Different 
Functions

Identifying stable and efficient electrolytes is the central under-
taking at this stage of Na–CO2 batteries since the operating 

mechanism of these batteries is largely determined by the elec-
trolyte. For aprotic electrolytes, it is necessary to discover new 
salts that are compatible with different solvents. In addition 
to low viscosity, high ionic conductivity, low volatility, safety, 
and low cost, which are common requirements for batteries, 
high CO2 solubility, and the ability to be resistant to the highly 
oxidative environment in Na–O2/CO2 batteries are required. 
Although TEGDME ether-based electrolytes that are commonly 
used nowadays seem to be comparatively stable upon discharge, 
their electrochemical behavior (especially upon charge) is still 
to be thoroughly researched. Some effective strategies to alle-
viate the parasitic reactions of electrolytes should be considered, 
which include the addition of additives such as redox media-
tors to decrease the charge overpotential, and the application 
of a high concentration of salt to enlarge the voltage window of 
organic electrolytes, as well as through de-solvation/salting out 
or solubility enhancements to break the upper limit of salt solu-
bility. Emerging deep eutectic electrolytes are also promising, 
but more comprehensive investigations are required.

In aqueous electrolytes, CO2 electrochemistry is regulated 
by proton-coupled electron transfer. Although aqueous elec-
trolytes offer excellent ionic conductivity, CO2 reduction is still 
limited by the insufficient CO2 solubility and transfer in the 
aqueous electrolytes and the energy density of Na–CO2 bat-
teries is capped due to the electrochemical instability of water. 
“WiS” electrolytes appear to overcome this challenge, but they 
still face practicality issues, either exacerbated by cost prob-
lems or limited cycling stability. Incorporating some hydro-
philic organic or inert inorganic compounds may be a poten-
tial strategy. For example, strong H-bonds can be formed 
between water molecules and some highly polar aprotic sol-
vents, which can suppress HER, broadening the electrochem-
ical window.[130] Besides, the management of the pH and salt 
concentration of aqueous electrolytes and the use of hydrogel 
electrolytes are also effective strategies to be considered.[131] 
In addition to the consideration of the electrolyte itself, there 
is also a large potential for the construction of novel Na–CO2 
battery configurations. For example, the Na–CO2 battery con-
figurations with a double membrane structure have the poten-
tial to achieve the functional integration of efficient energy 
storage, CO2 recovery, value-added chemicals and oxygen 
production.

Solid-state batteries are considered most appropriate for 
large-scale commercial applications because of their sta-
bility and low flammability. However, to make a new gen-
eration of Na–CO2 batteries a reality, in addition to requiring 
solid-state electrolytes with suitable materials for superior 
ionic conductivity, a wide potential window, and chemical sta-
bility, it is crucial to ensure a smaller contact resistance at the 
electrode/electrolyte interface. Strategies such as using an inter-
layer that facilitates ion transport at the interface and designing 
polymer or ceramic composites that limit the growth of sodium 
dendrites are worthy to be intensively investigated. The elec-
trode/electrolyte interface challenges should be thoroughly and 
critically evaluated; integrating theoretical calculations with 
experimental investigations and advanced characterization 
techniques will aid in the creation of novel and optimal elec-
trolytes. Also, it is still worth developing new effective polymer 
electrolytes, such as deep eutectic gel polymer electrolytes.
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5.4. Rational Design of CO2 Cathode

The CO2 cathode is undoubtedly one of the most important fac-
tors affecting Na–CO2 battery performances, as discharge prod-
ucts are deposited and decomposed on the cathode. Optimizing 
cathode design is essential to maximize CO2 cathode utiliza-
tion and improve battery performance. First, investigations are 
needed to be conducted on how the microstructure and physical 
properties (such as pore structure, specific surface area, electrical 
conductivity, active groups, etc.) of porous CO2 cathodes affect the 
solid products and the capacity of the battery. That is, to design 
advanced structured freestanding CO2 cathodes, such as porous 
nanoarray cathodes using 3D structures or catalysts loaded on 3D 
nanoarrays,[132,133] because it can offer sufficient space to accept 
the solid discharge products. Second, the intrinsic nature of cata-
lysts must be investigated more deeply to clarify the mechanism 
of efficient electrocatalysts. For instance, probing what is the cata-
lytic activity center of heteroatom-doped carbon catalysts (dopants 
or defects). It is necessary to integrate morphological and elec-
tronic advantages into one catalyst system to prepare efficient 
catalysts, elucidating the characteristics of catalyst structure evo-
lution and failure mechanism, and establishing the fundamental 
relationship between catalyst composition and structure on elec-
trochemical performance, especially cycling stability. Besides, 
it can combine some advanced algorithms and techniques for 
multi-scale modeling to explain some unusual phenomena and 
provide comprehensive guidance for electrode material improve-
ment, electrolyte selection, and electrode-solution interface 
design. As the machinery for AI and ML matures, it will facilitate 
the exploration and development of functional materials to fore-
cast the microscopic and macroscopic properties of materials and 
to optimize catalytic Na–CO2 battery metrics.

In summary, the Na–CO2 electrochemical system remains in 
its infancy and requires a great deal of future research. Particu-
larly, more investigations shall be devoted to hybrid Na–CO2 bat-
teries. These are promising because of their potential applications 
in CO2 mitigation, energy storage, and fuel production. Through 
continuous exploration and optimization of the anode, electrolyte, 
and cathode materials, we strongly believe that Na–CO2 batteries 
have great promise for applications in the future.
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