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ABSTRACT: The electroreduction of CO, in molten salt presents a promising strategy for
achieving decarbonization while simultaneously producing highly valuable CO,-derived
carbon-based nanomaterials. Although electrolytic nanocarbons have been explored for an
extended period, their applications in energy storage and as electrocatalysts still require an in-
depth study. This paper initially introduces the advantages and basic mechanisms of CO,
reduction in molten salt and then discusses the progress of CO,-derived carbon-based
nanomaterials. More importantly, the paper summarizes the applications in capacitors,
batteries, and electrocatalysts based on research progress and material characteristics. It is
highlighted that CO,-derived carbon-based nanomaterials were initially used in capacitors and
batteries and have recently begun to be utilized as electrocatalysts for two-electron oxygen
reduction reaction, oxygen evolution reaction, and hydrogen evolution reaction. A
comprehensive understanding of the synthetic mechanisms of various CO,-derived carbon-
based nanomaterials and their applications can lay a foundation for the further development of
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this low-carbon-footprint process.
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1. INTRODUCTION

Human-induced CO, emissions undoubtedly trigger increasing
CO, levels in the atmosphere, which is a dominant driver of
global climate change and results in serious global warming.'
Eliminating CO, emissions is a crucial action in mitigating
climate change and balancing the ecosystem.” Nowadays, the
highly developed artificial industry and high energy con-
sumption make it very challenging to reduce CO, emissions on
a large scale. Therefore, there is an urgent need for the
advancement of CO, capture and conversion technologies.

A number of studies focusing on capturing and converting
CO, to highly valuable CO,-derived products (for example,
carbon monoxide,¥* urea,™® methylamine,7 formate,®™1°
carbon nanotubes (CNTs),"" porous carbons,'> defective
carbons,'® nickel-encapsulated octahedral carbons (Ni@
OCs),"" oxygen-rich mesoporous carbons (OMCs)," and
MoC'®) were reported to realize decarbonization using CO, as
a carbon feedstock. In other words, CO, can also be used as a
valuable carbon source for fabricating useful products. In
addition, regarding commercial interests, CO, can be sold for
about $50/ton for the enhanced oil recovery project, which
plays a pivotal role in driving the development of CO, capture
technologies.”’18 Electroreduction of CO, in molten salts has
drawn great attention from researchers because of its plentiful
advantages. The molten salt electrolytes commonly consist of
costless inorganic salts, for example, Li,CO3, Na,CO;, K,CO;,
CaCO;, LiCl, NaCl, KCl, and CaCl,. In the molten status, the
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melts are made up of free ions, which ensures high ionic
conductivity and charge transfer for the electrolytic process.
The melt temperatures of molten salt can vary from a few tens
to several hundred degrees Celsius, which means that the
reaction kinetics of CO, electroreduction can be easily
accelerated by increasing the temperature,'”* without
concerns of high-temperature volatilization due to the high
boiling points. Besides, the wide electrochemical window of
molten salt can also conveniently regulate the reaction
conditions and refine the resulting products. In addition, the
absence of moisture in molten salt can effectively avoid the
competitive hydrogen evolution reaction (HER), which in
return improves the selectivity of electrochemical reactions and
is beneficial to CO, conversion.”’ Most importantly, no
expensive and complex catalysts are necessary for the
electroreduction of CO, in molten salt, and CO, can be
directly and easily reduced on a conductivity substrate.
Although CO, can also be electroreduced in aqueous liquids
(ALs) and room temperature ionic liquids (RTILs), those
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Table 1. Summary of the CO,-C-Based Materials for Capacitors

product
3D SPC (three or two-
electrode cell)

amorphous carbon
(three-electrode cell)

amorphous carbon
(three-electrode cell)

amorphous carbon
(three-electrode cell)

amorphous carbon
(three-electrode cell)

amorphous carbon
(three-electrode cell)

S-doped carbon (two-
electrode cell)

amorphous carbon
(two-electrode cell)

hollow carbon spheres
(two-electrode cell)

O-rich carbon (ZIC)

O-rich mesoporous

electrolyte
Li,CO;—Na,CO;—K,CO,
(30.5:11:8.5 wt %)
Li,CO;—Na,CO;—K,CO,
(43.5:31.5:25 mol %)
Li,CO;—Na,CO;—K,CO,
(43.5:31.5:25 mol %)
Li,CO;—Na,CO;—K,CO,
(43.5:25:31.5 mol %)
Li,CO3—Na,CO;—K,CO,
(43.5:25:31.5 mol %)

Li,CO;—Na,CO,;—-K,CO;
(43.5:25:31.5 mol %)

Li,CO;—Na,CO;—K,CO,—
Li,SO, (40.02:28.98:23:8 mol

%)

Li,CO;~Na,CO;~K,CO;
(43.5:31.5:25 mol %)

LiCI-KCl-Li,CO, (58.5:41.5:2

mol %)

LiCl-KCl—CaCOj; (58.5:41.5:2

mol %)

2 mol % CaCO;-containing LiCl—

KCl (58.5:41.5 mol %)

Li,CO3;—Na,CO;—K,CO;
(43.5:31.5:25 mol %)

Li,CO3—Na,CO;~K,CO,

Forum Article

specific capacity stability electrolyte year ref
3737 F g7' (0.5A g™), 95.9% (10 A g™*, 10000 cycles), 6 M KOH 2021 12
3360 F g! (02A g™) 91.1% (5 A g, 15000 cycles)
400 F 1g—l (0.2A g1, 376 1 M H,S0, 2013 48
Fg ' (0.5A g
SSOF ¢! (02A¢g™") 73% (4A g, 10000 cycles), 59% 1 M H,SO, 2019 Sl
(10 A g%, 10000 cycles)
410 F g' (SmVs™) 0.5 M H,S0, 2020 96
375 F ¢! (10 mVs™) 0.5 M H,S0, 2018 97
450]F g ' (0.0833 mV / 0.5 M H,S0, 2018 98
s7)
2573 F g (02A g™) 93.1% (10 A g™, 10000 cycles) 1 M H,S0, 2017  S3
240 F g! 6 M KOH 2016 99
102 F g
145Fg ' (02A¢g™)
171F g (02 Ag™) 6 M KOH 2017 52
257 mAh g7' (0.05Ag™") 62% (1 A g™, 2000 cycles) 2 M 2022 63
Zn(CF,;S0;),
90% (2 A g™, 15000 cycles) 2 M ZnSO, 2023 15

carbon (ZIC) (30.5:11:8.5 wt %)

242.0 mAh g (025 A
g")

strategies suffer from lots of challenges. Regarding the
electroreduction of CO, in ALs, a seriously competitive HER
occurs due to the close reduction potential of CO, to the
hydrogen evolution,” which also leads to a narrow electro-
chemical window due to the reaction occurring in water. In
addition, CO, shows low solubility and slow kinetics in ALs,
and the reaction should be driven by complex and expensive
catalysis as well.””~** Those limitations potentially result in a
low faraday efliciency. Although some progress has been made
in converting CO, into valuable chemicals in low-cost
ALs,*™%* [for example, a noble-metal PdBi alloy anchoring
on a carbon substrate (BiPdC) is constructed for the carbon
dioxide reduction reaction (CO,RR) and formic acid oxidation
(FAO) by effectively overcoming the sluggish kinetics of
CO,RR and FAO®'], there are still challenges in converting
CO, to useful solid carbon-based nanomaterials. On the other
hand, although the electroreduction of CO, in RTILs can
overcome the competitive HER and enlarge the electro-
chemical window, it is important to note that there are many
challenges for the RTILs including their cost, toxicity, and
environmental impact.”® Additionally, the choice of RTILs and
their compatibility with specific electrocatalysts are also still
unclear. Herein, only the electroreduction of CO, in molten
salt is discussed in this paper.

In earlier studies involving the electroreduction of CO, in
molten salt, the products are mainly metal-free CO,-derived
nanocarbons (CO,-C) with irregulated morphologies, which
are mainly used for energy storage including supercapacitors
and Li/Na-ion batteries (LIBs/SIBs) due to the intrinsic
characteristics of nanocarbons (for example, stable chemical
properties, good conductivity, abundant surficial oxygen
functional groups, etc.), as summarized in Tables 1-3.
However, the specific capacities of metal-free CO,-C in LIBs
are relatively lower, prompting further explorations of
incorporating active metals to enhance the capacitive perform-
ance. For instance, metals such as Ge, Sn, Zn, and Fe have

been introduced to CO,-C to synthesize metal@CNTs or
metal@carbon spheres through the coreduction of CO, and
metal oxides (GeO,, SnO,, ZnO, and FeO) or utilization of a
liquid zinc anode, thereby enhancing the LIBs’ perform-
ance, 143435

Regarding the applications of electrocatalysts, there have
been few reports on employing metal-free CO,-C as
electrocatalysts. To date, only approximately two studies
have concentrated on its application in the two-electron (2e)
oxygen reduction reaction (ORR)."""® This is attributed to the
fact that the inherent O doping and defects in metal-free CO,-
C can serve as active sites for the 2e ORR. In the last S years,
the as-prepared CO,-C has started to become more control-
lable with regulated morphologies on a large scale. For
example, highly ordered porous C,'” industrial-grade CN'Ts,*
and core-spherical metal/carbon composites'* etc., were
reported. Notably, significant advancements in the develop-
ment of CO,-C since 2019 have been made through the
introduction of metals, which has considerably expanded the
variety of CO,-C (namely, metal-containing CO,-C and
composites have started to emerge) and led to substantial
innovations in applications (Figure 1). As summarized in Table
1-3, active metals including Fe, Co, Ni, and Mo have been
effectively integrated into CO,-C, facilitating the synthesis of

Capacitors Baiteries electrocatalysts

||

Metal-free CO,-C |24

Metal-containing CO,-C composites

Figure 1. Overview of the CO,-C-based materials and their
applications.
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CO,-C-based nanomaterials via the coreduction of CO, and
high-valence-state metallic elements and the combination of
electroreduction of CO, and thermochemical reaction between
the metal source and electrolytic C. The electrolytic
coreduction of CO, and Fe,O; results in the formation of
Fe/Fe;C-modified C, which notably enhances the oxygen
evolution reaction (OER) performance. In this process, the
addition of Fe is crucial for this improvement.”” Similarly,
direct electroreduction of CO, on a Mo plate cathode leads to
the creation of a MoC-Mo,C nanocomposite through
thermochemical reactions between Mo atoms and electrolytic
C atoms, thereby significantly improving the HER perform-
ance.”™*” Although the application of CO,-C-based nanoma-
terials has been explored with great achievements, they are still
limited to the 2e ORR, OER, and HER.

The development of applications for CO,-C-based nano-
materials through molten salt electrolysis has been rapidly
advancing, particularly in the last 5 years. Numerous reviews
on the reaction mechanisms and types of materials prepared
from electrolytic carbon have been discussed. However, the
burgeoning research on applications for these CO,-C-based
nanomaterials is only in its nascent stages. Creating a detailed
and systematic classification of the reported applications of
CO,-C-based nanomaterials is crucial for a comprehensive
understanding of the evolution of this exciting field. This paper
initially addresses the inherent advantages of molten salt as a
medium for CO, electroreduction compared to alternative
methods. Subsequently, it delves into the research progress of
CO,-C-based nanomaterials, shedding light on their applica-
tions and potential material design strategies.

2. REACTION MECHANISMS OF THE
ELECTROREDUCTION OF CO, IN MOLTEN SALT

Molten salt CO, electrolysis represents a dual-purpose
approach involving CO, capture and its subsequent electro-
chemical conversion into valuable products including solid
carbon, oxygen, and CO." The electroreduction of CO,
within a molten salt environment occurs through a two-step
process comprising capture and conversion. CO, capture
involves consecutive carbonation reactions, while conversion
entails the electroreduction of carbonate ions, resulting in an
overall net reduction of CO,. In CO,* -containing molten salt,
CO,*” spontaneously undergoes an eftluilibrium decomposition
reaction (CO,*~ 5 CO, + 0%7).*' ™ Such intrinsic O*~ and

CO;* sever as receptors to capture CO, as follows:***5
CO, + 0*™ = CO,*~ (1)
CO,>™ + CO, = C,04*~ )

Here, although both O*~ and CO;>" contribute to the capture
of CO,, 0>~ dominates the capture process due to the stronger
coordination between O*~ and CO,. CO,*” is electroreduced
on the cathode through the following two reactions:*’

two-electron pathway:  CO,*” + 2e = CO + 207~

(T > 850°C) (3)
four-electron pathway:

CO;*™ + 4e = C + 30 (T < 850 °C) (4)

In addition, molten carbonates can provide about 20 mol of
reducible tetravalent carbon per liter, the concentration of

which is about 1.18 X 10°-fold than the atmospheric reducible
tetravalent carbon.*” Such a high concentration of reducible
tetravalent carbon ensures an abundant carbon source for
reduction, and the simultaneously generated O>” rapidly
captures the ambient CO, to replenish the consumed CO;*~
in the melt (see eq 1). Regarding the molten halides, the lack
of a CO, trapping agent makes it impossible to electroreduce
CO, effectively unless carbonates or alkaline oxides are
purposely added to the melts. Generally, some carbonates,
including CaCOj;, Li,CO;, Na,CO;, and K,CO;, and alkaline
oxides, including CaO and Li,O, are added to molten halides
to capture CO, for subsequent electrochemical reductions.

It can be found that cathodic reductions inevitably generate
0”7, some of which is used as a CO, trapping agent to capture
CO,. The excess O* is oxidized to oxygen at the anode as
follows.

20" —4e =0, (s)

Therefore, the net reactions of CO, reduction in molten salt
can be written as follows:

1
CO, =CO + —0, (T > 850°C
2 2 2( ) (6)

CO, = C + O, (T < 850 °C) )

The state of the products in the net reactions is significantly
influenced by the reaction temperature. Lower reaction
temperatures are advantageous to produce solid carbon
products, whereas elevated temperatures exceeding 850 °C
favor the generation of gaseous products. To obtain CO,-C-
based nanomaterials in molten salts, the electrolysis temper-
atures should be lower than 850 °C.

In addition to the temperature, the inlet gas rate and CO,
concentration can affect the competitive reactions: two- or
four- electron reactions, as given in eqs 3 and 4. The
intensifying gas flow rates can enhance the transformation of
CO, to CO to a certain extent by improving the interaction
between the gas and molten salts as well as enhanced ion
dispersion. This process inhibits the deposition of solid
nanocarbons on the cathode due to the reduced residence
time of CO, in molten salt. On the other band, the effects of
various CO, concentrations ranging from 0.04% (akin to
atmospheric levels) to 14% (representative of CO, concen-
trations in flue gases) and up to 100% on the synthetic
products were studied.”’~* The preliminary concentration of
CO, prior to the electrolysis process is not considered
necessary. Research has shown that around 50% of CO, at a
14% concentration can be effectively absorbed from the gas
phase and converted into carbon, achieving a notable current
efficiency of 90%." Furthermore, even at the minimal CO,
concentration of 0.04%, bypassing the concentration step does
not adversely affect the electrolytic process, allowing
maintenance of the current efficiencies near 100%."*® Regarding
the effects of other gaseous impurities, only SO, and vapor
were studied in molten electrolysis. A mixture of SO, and CO,
fed into a Li,CO3;—Na,CO;—K,CO;-Li,SO, electrolyte
resulted in the preparation of S-doped carbon through the
coreduction of SO,*~ and CO;*” in the electrolyte.”” Here, the
gaseous SO, was used to replenish the consumed Li,SO, (O*~
+ 80, + 0.50, = SO,*7; COs*™ + SO, + 0.50, = SO, +
CO,). The vapor was only applied in MOH (M = alkaline
metal) containing carbonates for synthesizing syngas. In such
an electrolysis, H, is the main product in most cases when CO,
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Figure 2. (a) Illustration of the formation process of a 3D SPC. (b) Scanning electron microscopy (SEM) image. (c) High-angle annular dark field-

scanning transmission electron microscopy (HAADF-STEM) image. (d)

Oxygen and (e) carbon distribution of SPC4-0.5. (f) Rate performance

and (g) cycling stability of SPC4-0.5 in a three-electrode cell. (h) Gravimetric specific capacitance curves and (i) cycling stability of SPC4-0.5 in a
quasi-solid-state symmetric supercapacitor. (j) Illustration of an all-solid-state flexible supercapacitor (ASS-FS). (k) Rate performance and (1)

cycling stability of an ASS-FS device. Reprinted with permission from re

f 12. Copyright 2021 Wiley-VCH GmbH.

and vapor are fed to molten carbonates with MOH additives.*’

The reaction mechanisms of syngas are given below. In
conclusion, with respect to the synthesis of solid carbon
nanomaterials, foreign gases may exert limited effects on the
resulting products. As summarized in Tables 1-3, beyond
temperature considerations, the regulatory focus on molten salt
electrolysis centers on the composition of electrolytes and
electrodes that directly influence the liquid/solid reaction
interface.

M,CO; + 2MOH = 2M,0 + CO + H, + O, (8)

3M,0 + CO, + 2H,0 = M,CO, + 4MOH ©)

M,CO, + 4MOH = 3M,0 + CH, + 20, (10)

CO, + 2H,0 = CH, + 20, (11)

Here, M represents the alkaline metal.

3. APPLICATIONS OF ENERGY STORAGE AND
ELECTROCATALYSIS

The applications of CO,-C-based nanomaterials span various
domains, including supercapacitors, Zn-ion capacitors (ZICs),
LIBs, SIBs, and Al-ion batteries (AlIBs), as well as in the 2e
ORR, OER, and HER (Tables 1—3). Initially, most electro-
lytically derived CO,-based nanomaterials were metal-free

https://doi.org/10.1021/acsanm.4c00010
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Figure 3. (a) Synthetic process of OMCs. (b) SEM and (c) HAADF-STEM images and corresponding elemental mappings of (d) carbon and (e)
oxygen. (f) N, adsorption and desorption isotherms. Inset: Pore-width distributions of OMCs (Barrett—Joyner—Halenda method). (g) O 1s X-ray
photoelectron spectroscopy (XPS) spectra and (h) relative content of different oxygen functional groups of OMCs. (i) Binding energy of a
geometrical configuration of a Zn atom adsorbed on different configurations. (j) Rate performance of OMCs. (k) Cycling stability of OMC30 at 2
A g7 '. (1) Ragone plot. Reprinted with permission from ref 15. Copyright 2023 Wiley-VCH GmbH.

nanocarbons, typically featuring porous or irregular structures,

and were predominantly utilized in capacitors and LIBs.

However, over the past S years, numerous studies have begun

incorporating active metals into the molten system to create
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metal-containing CO,-C nanocomposites (carbon—metal
hybrid nanomaterials), aiming to investigate their potential in
optimized LIBs, AlIBs, and electrocatalysts.

3.1. Capacitors. Molten salt electrolytic CO,-C have found
extensive applications in supercapacitors over an extended
period due to their diverse structures, abundant morphologies,
highly active surfaces, excellent electrical conductivity, and
strong chemical stability. The relatively early exploration of
CO,-C for capacitors dates back to 10 years ago, as shown in
Table 1. For instance, amorphous carbon powder synthesized
from a melt of Li,CO;—Na,CO;—K,CO; (at 500 °C) by
employing a Ni cathode and a SnO, anode (cell voltage: 4.0 V)
exhibits a remarkable Brunauer—Emmett—Teller (BET) sur-
face area exceeding 400 m”> g~' and demonstrates a specific
capacitance of 400 F ¢! (0.2 A ¢!) in a 1 M H,SO, aqueous
solution.”® Through optimization of experimental parameters,
including raising cell voltages to 4.5 V and decreasing
operating temperatures to 450 °C, the specific capacitance of
the CO,—C can be elevated to as high as 550 F ¢! (0.2 A
g™).*" In addition, the performances of symmetrical full
supercapacitors have also been studied. A hollow carbon
sphere synthesized by constant-voltage electrolysis in 2 mol %
CaCOj-containing LiCI-KCI at 450 °C for 1 h derived a
specific capacitance of 171 F ¢! at 0.2 A g™ in 6 M KOH
when assembled as a symmetrical full supercapacitor.’”
Interestingly, Wang et al. applied a Li,CO;—Na,CO;—
K,CO;—Li,SO4 molten salt to cocapture CO, and SO, for
electrolysis, resulting in an S-doped porous carbon. SO,*” in
molten salt is reduced to S and §*~, which could facilitate S
doping in carbon.”® At the same time, the bubbled gaseous
SO, is captured by CO;*” and O* to replenish SO,>~ [CO;*~
+ SO,(g) + 0.50, = SO, + CO,(g); O* + SO,(g) +
0.50,(g) = SO,*7]. Such S-doped porous carbon with
intriguing physicochemical properties and enhanced function-
ality demonstrated a better capacitance of 257.3 F g™' (0.2 A
g™!) than that of S-free carbon (approximately 215 F g* at 0.2
A g7') when used as a symmetrical full supercapacitor.

Although CO,-C has been confirmed with its capacitive
performance, the research process in this area is still sluggish.
In addition, most reported CO,-C are amorphous carbon with
an irregulated structure, for example, carbon sheets or carbon
particles, which probably impedes the deep exploration of
those nanocarbons as an effective material for capacitors. A
systematic exploration of CO,-C for capacitors seems to have
been rarely reported until Li et al. systematically explored 3D
spongy mesoporous/microporous carbon (SPC) as active
materials for capacitors.'> Such nanocarbons were obtained by
electrolysis in molten Li,CO;—Na,CO;—K,CO; at 580 °C
using Ni and steel as the anode and cathode, respectively.
During electrolysis, a thin carbon flake is first deposited onto
the steel cathode as a substrate for the subsequent generation
of porous carbon (Figure 2a) and then formation of a 3D SPC
on a large scale (Figure 2b,c). Furthermore, the electro-
reduction of CO, in molten ternary carbonate can achieve a
high productivity of 96.9%, indicating the highly efficient
utilization of CO,. Such a 3D SPC enables a large electrolyte
ion-accessible surface. The O element is found to be uniformly
dispersed on the carbon farmwork (Figure 2d,e), which can
enhance the wettability of the as-prepared 3D carbon and
facilitate the capacitive performance. In a three-electrode cell,
the specific capacitance of SPC4-0.5 (electrolysis at 4 A for 0.5
h) demonstrates a high specific capacitance of 373.7 F ¢!
(0.5A g7') and an excellent cycling stability of 95.9% (10 A

g~!, 10000 cycles) (Figure 2fg). When SPC4-0.5 is assembled
into a quasi-solid-state symmetric supercapacitor, it demon-
strates a high specific capacitance of 336.0 F g™' (0.2 A g™')
(Figure 2h,i). In addition, even if SPC4-0.5 was assembled into
an all-solid-state capacitor, it can also deliver a high capacitance
of 183.9 F ¢! (0.1 A g™") and a capacitance retention of 91.1%
after 1000 cycles (Figure 2j—I). Although the capacitive
performance of such a 3D SPC is superior to that of other
reported CO,-C, its application still needs further exploration.

In general, carbon-based supercapacitors are criticized for
their low energy density, typically ranging from S to 8 Wh
kg™.>* This limitation significantly hinders their potential for
use in next-generation energy storage. Hybrid ZICs have
received considerable research focus due to their afford-
ability,” impressive theoretical capacity of 820 mAh g~',°° and
exceptional chemical stability in aqueous electrolytes.””*
These characteristics make it possible to achieve both high
power and high energy densities by pairing Zn anodes with
capacitive cathodes in ZICs. The overall ZICs performance of
carbon materials relies on the proper mesopore structure and
surface functional groups, which provide short diffusion paths
for enhancing ion and electrolyte transport and pseudocapa-
citive redox reactions. Surface functionalization of carbons with
oxygen-containing functional groups, such as C—OH and C=
O, is advocated as an ancillary strategy to modulate and
amplify the pseudocapacitive behavior of ZICs.*”® This
enhancement occurs through the following reactions: C + X~
= X-C (X": anions) and C—OH + Zn?** + 2e = C—O—Zn or
C-OH + 2Zn* + e = C—0-Zn + H*°"** Although the
oxygen-containing carbons have many advantages for ZICs,
only a few works about the CO,-C were reported.>** Li and
Yang et al. reported a CO,-derived OMC for ZICs."”> OMC
was innovatively obtained through bidirectional electrolytic
reduction of CO, in a molten Li,CO;—Na,CO;—K,CO;. As
illustrated in Figure 3a, CO, is initially reduced to solid carbon
on the steel cathode. Then, the deposited carbon is used as an
anode by reversing the current flow. During anodic polar-
ization, carbon undergoes etching processes (C + 2CO,*™ =
3CO, + 4e and C + 20> = CO, + 4e), leading to the
formation of abundant microstructures. These include an
increased specific surface area (SSA) and modification of the
surface oxygen functional groups. The prepared OMC30
exhibits a porous structure with O elements uniformly
distributed on the carbon substrate, as shown in Figure 3b—
e. The SSA of the OMCs demonstrated a positive correlation
with the extended duration of reoxidation, facilitating exposure
of a greater number of zincophilic sites to Zn ions.
Furthermore, it is the reoxidation process that regulates the
variations in the different oxygen functional groups (Figure
3f—h). As the reoxidation period is extended, a notable
decrease in the C—O—C content is observed, while the levels
of C—OH and C=0 correspondingly increase, indicating a
shift in the chemical composition (Figure 3h). The systematic
density functional theory (DFT) calculations reveal that the
mode of two identical —OH functional groups in the para
position on Gr pore2 exhibits the most pronounced
zincophilicity among various configurations. This finding
underscores the importance of the appropriate content and
type of oxygen functional groups for optimal ZIC performance,
as illustrated in Figure 3i. The obtained OMC30 (reoxidation
at 0.5 A for 30 min) exhibits the largest specific capacitance of
242.0 mAh g™ among the four samples and can achieve a
capacitance retention of 90% at 2 A g~' after 15000 cycles
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Figure 4. (a and b) SEM images of tangled CNTs. (c) SEM image of straight CNTs. Diameter distribution of (d) tangled and (e) straight CNTs
and (insets) Raman spectra of the two CNTs. (f—h) LIBs’ and (i—k) SIBs’ performances of tangled and straight CNTs. Reproduced from ref 69.

Copyright 2016 American Chemical Society.

(Figure 3jk). The trend in capacitance follows the order
OMC30 > OMC4S5 > OMC15 > OMCO00, indicating that an
increased content of C—OH (or C=0) can enhance the Zn
storage performance to a certain extent, while an excess of C—
OH (or C=0) tends to weaken the capacitance. In addition,
OMC30 demonstrates a high energy density of 206.1 Wh kg™
at a power density of 212.5 W kg™" (Figure 31), which is better
than those of some reported carbon materials.®*%>'>%>%
3.2. Batteries. To date, CO,-derivated carbon-based
nanomaterials have been reportedly applied for LIBs, SIBs,
and AlIBs, as shown in Table 2. The research progress in
electrolytic nanocarbons has evolved from metal-free CO,-C to
metal-containing CO,-C over the years. Initially, research
endeavors were concentrated on the application of CO,-C in
LIBs, likely motivated by the dominant employment of

graphite as the material in these energy storage systems. At
the same time, this research direction was partly driven by the
goal of finding practical uses for these carbon nanomaterials.
However, most CO,-C nanomaterials are metal-free carbons
with limited specific capacity. This limitation can likely be
attributed to the inherent constraints of carbon, including its
theoretical capacity of 372 mAh ¢!, disordered micro-
structures, and intrinsic sluggishness for ZIBs. Nevertheless,
substantial efforts have been dedicated to exploring the
potential of CO,-C for ZIBs by manipulating its micro-
structures. For instance, when a W cathode and a Pt anode are
used for electrolysis in molten LiCl-Li,CO;, the morpho-
logical characteristics of the resulting carbon nanomaterials
exhibit limited variation under different conditions. These
materials predominantly exhibit “quasispherical” microstruc-
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Illustration of the preparation of CNTs (above) and metal-confining CNT (M@CNT, below) via a CaC,-mediated mechanism. (f) TEM images of
Sn@CNTs. HAADF-STEM image and the corresponding elemental mappings of (g) Sn@CNT, (h) Zn@CNT, and (i) Fe@CNT. Reprinted with

permission from ref 35. Copyright 2023 Wiley-VCH GmbH.

tures.”” This observed uniformity can be attributed to the
significant presence of CO,*~ ions within the molten medium.
The swift nucleation of carbon on the W electrode, induced by
the applied voltage, effectively diminishes the substantial
impact of the CO;*” ion concentration on the resultant
carbon morphology. Such spherical carbon particles with a
small surface area of 120 m* g™' delivered only a low specific
capacitance of 318 mAh g~' (50 mA g~'). However, the as-
prepared CO,-C can transform into a hollow carbon sphere
with an enlarged SSA of 400 m* g”' in molten LiCl-KCI-2

mol % CaCOj;, which displayed a higher specific capacity of
550 mAh g%

In addition, in molten Li,CO;—Li,O (4 M Li,O in Li,CO;),
a typical carbon material, CNTs with a productivity of 80—
100% were successfully synthesized using a Ni anode and a
steel cathode at 750 °C, which is quite different from most
electrolytic irregular CO,-C.”” In such an electrolysis system,
anodic Ni is oxidized into Ni** and then transferred to the
cathode, where it is reduced into metallic Ni to serve as
nucleation sites for CNT growth. The presence of Li,O in the
melt can facilitate the transformation of straight CNTs into

| https://doi.org/10.1021/acsanm.4c00010
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Figure 6. (a) Diagram showing Sn@C synthesis through a thermal—electrochemical reaction. (b) SEM image of the synthesized Sn@C/C flakes.
Reprinted with permission from ref 72. Copyright 2023 Wiley-VCH GmbH. (c) Diagram depicting the synthesis process of Zn@C/PC. (d)
HRTEM image of Zn@C/PC. (e) Rate and (f) cycling performances (at 2 A g™') of Zn@C/PC, Zn/PC, and PC electrodes. (g) TEM and (h)
HRTEM images of Zn@C/PC after 1250 cycles. Reprinted with permission from ref 73. Copyright 2024 Elsevier.

tangled CNTs by introducing additional defects to the CNT
structure (Figure 4a—c). The as-prepared tangled CNTs
exhibit a diameter smaller than that of the straight CNTs
(Figure 4d,e). Additionally, the higher I,/I; value indicates a
greater number of defects in the tangled CNTs compared to
the straight CNTs (Figure 4d,e). When the two types of CNTs
are used as active materials for LIBs, the reversible capacity of
the two types of CNTs during the second discharge cycle is
approximately 370 mAh g™!, which then settles to around 350
mAh g™ by the 15th cycle. However, distinct storage behaviors
were observed between straight (less defective, In/I = 0.4)
and tangled (more defective, I/I; = 0.9) CNTs. The capacity
of straight CNTs remains consistent at approximately 360
mAh ¢! throughout the cycling process. In contrast, the
capacity of the tangled CNTs progressively increases, reaching
around 460 mAh g~' after 200 cycles (Figure 4f—h). This
difference suggests that the high defect content and complex
structure of tangled CNTs might facilitate a transition from the
typical dilute staging of Li* in LiC,4 formation to a combination
of this and a mechanism similar to pore filling.”””"
Furthermore, it has been documented that carbon materials

rich in defects exhibit moderate sodium-ion (Na*) storage
capacities, due to a synergistic mechanism that involves both
intercalation and pore filling.”" The straight and tangled CNTs
were used for SIBs due to their distinct defective degree.
Tangled CNTs demonstrate reversible capacities over 130
mAh g™!, which is about double that of straight CNTs,
highlighting that defects in CNT materials are essential for Na*
storage. Moreover, they exhibit a higher capacity and excellent
cycling stability compared with straight CNTs (Figure 4i—k).
In another carbonate molten salt (Li,CO5:Na,CO;:K,CO; =
43.5:31.5:25 mol %), the capacity of the as-prepared CO,-C
(amorphous carbon) exhibits a high reversible capacity of 798
mAh g™' (50 mA g™') because of the high SSA of 613.76 m*
-1

Based on the analysis above, enlarging the SSA and defective
degree can increase the capacities of the CO,-C to a certain
extent. However, the specific capacities of metal-free CO,-C
are still far from practical application for LIBs. Recent scholarly
endeavors have concentrated on integrating active metal
elements such as Ge, Sn, Ni, and Zn into CO,-derived
carbons to fabricate metal/carbon composites, aiming to
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augment the capacity performance in LIBs. In

particular, the technique of encapsulating high-capacity
electrode materials within a carbonaceous matrix has been
identified as an efficacious method to enhance the LIBs’
performance. This approach effectively buffers volume
alterations during the alloying and dealloying processes and
ensures the structural integrity of the electrode, thereby
significantly improving the cycling stability in LIBs. An
amazing Ge@CNT was reported to enhance the overall LIBs
performance by overcoming the intrinsic low-capacity
characteristics of carbon.”* In a GeO,-containing molten
NaCl—-CaCl,—CaO mixture, the initial reaction involves GeO,
combining with ionized Ca®* to yield a liquid CaGe alloy,
serving as nucleation sites for the growth of CNTs.
Concurrently, carbonate ions (CO,>7), initially produced by
capturing CO, with O*7, are reduced to CNTs and oxide ions
(O*7), as shown in Figure Sa. As shown in Figure Sb, many Ge
nanoparticles are embedded in the CNTs. When applied for
LIBs, Ge@CNT exhibits a reversible capacity of 438 mAh g~
(5000 mA g™ '), outperforming the C—CNTs with a capacity of
29 mAh g '. At a low current density of S0 mA g~', the
capacity of Ge@CNT can reach over 900 mAh g~ (Figure
Sc). Furthermore, its long-term stability is demonstrated by a
retained capacity of 276 mAh g~ after 1000 cycles at 2000 mA
g, with a negligible average capacity decay rate of 0.04% per
cycle (Figure Sd). The great improvement of Ge@CNTs
compared to C—CNT can be attributed to the following four
points: (1) The encapsulated Ge core delivers high Li* storage
capacities. (2) The CNT shell, with its significant free space,
mitigates volume fluctuations during lithiation and delithiation,
ensuring structural and mechanical stability. (3) The Li*-
permeable CNT sheath protects against Ge oxidation and the
resultant GeO, layer formation, which could hinder Li* ion
diffusion. (4) Ge nanoparticles are intimately connected to the
CNT’s inner walls, improving charge transfer and utilization of
Ge atoms, thereby boosting the rate performance. By
combining the unique properties of both the CNT sheath
and the Ge core, we achieved a substantial enhancement in the
overall performance of LIBs. In addition, other metal@CNTs,
including Sn@CNTs, Zn@CNTs, and Fe@CNTs, were also
synthesized, coupled with the reduction of CO, in molten salts.
Nevertheless, the formation mechanisms of these three metal@
CNTs follow reaction processes different from the liquid metal
nucleation mechanism. As shown in Figure Se, the electro-
chemical reduction of CO, in a cost-effective, Ca-containing
molten salt is depicted, efficiently producing CNTs and M@
CNTs via a CaC,-mediated pathway.”” In the synthesis of
metal-free CNTs, CaCOj; in the melt is initially converted to
CaC,, which then serves as the nucleation sites for CNT
growth through the decomposition of CaCOj;, while the
depleted CaCOs is replenished by the CaO and CO, cycle. In
contrast, for the synthesis of metal@CNTs (Sn@CNTs, Zn@
CNTs, and Fe@CNTs), MO, (metal oxides SnO,, ZnO, and
FeO) and CaCO; are coreduced to liquid metals and CNTs,
respectively, with the liquid metals embedded in the inner
spaces of CNTs (Figure 5f—i). Sn@CNT, benefiting from the
synergistic interaction between the Sn core and the CNT shell,
exhibits a high capacity of 510 mAh g~' at a current of 1000
mA g~'. These processes exemplify a strategic use of molten
salt for CO, capture and conversion, contributing to the
development of innovative CNT composites and highlighting
the adaptability of this technique in producing diverse CO,-
derived carbon-based nanomaterials.

In the Ge@CNTs system, the liquid CaSn alloy acts as the
nucleation site for CNT growth, which may provide insights
for future research. Subsequent studies have expanded on this
concept, specifically exploring liquid metal electrodes with a
focus on the liquid forms of Sn and Zn. For example, in a
carbonate molten salt medium, a liquid Sn cathode can be
employed to synthesize Sn@C for LIBs. This synthesis process
is distinct from that of the CaGe liquid. A thermal reaction
between liquid Sn and molten Li,CO; spontaneously forms the
Li,SnO; intermediate (Figure 6a).”” The decomposition
voltages of Li,SnO; (to Li,O and Sn, at 1.99 V) and Li,CO,
(to Li,O and C, at 1.30 V) are both lower than that of Li,O (to
Li, at 2.43 V), which facilitates the simultaneous generation of
Sn and C while precluding the deposition of Li. Although Sn@
C/C flakes were obtained (Figure 6b), their capacity for LIBs
is inferior compared to that of Sn@CNTs.>” Different from the
liquid metal cathode where the reduction reaction takes place,
Zn was reported as a liquid anode in molten salt to synthesize
Zn@C/PC for ZIBs.”® As illustrated in Figure 6c¢, during
electrolysis in molten carbonates, Zn** ions are generated at
the Zn anode/electrolyte interface through the oxidation of Zn
and subsequently reduced with CO;*~ to form Zn@C/PC
(Figure 6d). This involves the concurrent oxidation of Zn to
Zn** and the reduction of CO,*” to C and O?". The in situ-
produced Zn®' ions migrate to the cathode, where they are
reduced, forming Zn@C, while o* undergoes oxidation to
0,. Simultaneously, excess O~ facilitates CO, capture to
regenerate CO;*". Thus, the overall reaction transforms Zn
and CO, to the carbon composite Zn@C/PC. The resultant
Zn@C/PC demonstrates a high reversible capacity of 1271
mAh ¢! at 50 mA g~' (Figure 6e) and sustains 81.4% of its
capacity after 1250 cycles at 2 A g~' (Figure 6f). After
extensive charge—discharge cycles, the integrity of the Zn@C
core—shell structure is preserved, underscoring the exceptional
stability of the Zn@C structure (Figure 6gh). Notably, the
Zn@C/PC composite exhibits a higher capacity and better
cycling stability compared to the metal-free carbon and the
mixture of C and Zn powder, implying that the synergistic
effect of the Zn core and C shell facilitates the overall
performance of the ZIBs. Additionally, liquid Zn was also used
as a cathode to fabricate Zn@C via the heterogeneous
nucleation of C on the liquid Zn droplets.”* When utilized
in AlIBs, Zn@C maintains a capacity of approximately 90 mAh
g~! after 450 cycles, whereas the capacity of hollow carbon
(without a Zn core) dramatically drops to 30 mAh g~" at 200
mA g '. Those optimized metal/C composites increase the
variety of electrolytic CO,-C, enlarge the capacity for ZIBs to a
certain extent, and extend the application for batteries.
However, its performance requires further enhancement, and
the exploration of its applications remains at an early stage.

3.3. Electrocatalysts. Carbon-based nanomaterials have
been widely used as electrocatalysts due to their good
conductivity, chemical stability, excellent resistance to acid/
alkaline solution, and modifiability, for example, the ORR,
OER, and HER.”>~"® Nanocarbons with different dopants can
show distinct electrochemical activities toward different
reactions. Many works have confirmed that oxygen-doped
carbon (O—C) displayed excellent 2e ORR activity. The
oxygen functional groups (oxhydryl, carboxyl, and carbonyl) in
the OC play a vital role in catalyzing the 2e ORR by modifying
the reaction coordination. In addition, the intrinsic defects, for
example, edges, topological defects, and vacancies, in nano-
carbons also display the catalytic activity to the 2e ORR.””~**
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Figure 7. (a) Schematic illustration of the synthesis of DPCs by electrochemical reduction—reoxidation of CO, in molten salts. (b) TEM image of
DPCO.5-S (reoxidation for S min at 0.5 A). (c) SSA and pore volume of DPCO0.5-x, where «x represents a different time (min). 0.5 means the
reoxidation current: 0.5 A. (d) Raman spectra, (e) I,/I; and Iy, /I values, and (f) H,O, selectivity of DPCO.5-x. (g) i—t curves of DPCO0.5-5 at a
selected voltage of 0.5 V. (h) Various types of defects and site configurations and (i) the corresponding volcano plots for the 2e ORR (displayed
with the limiting potential plotted as a function of AGgoy+). Reprinted with permission from ref 13. Copyright 2022 Elsevier.

Furthermore, when highly active metal elements are
introduced to a carbonaceous matrix, the catalytic activity
can be greatly enhanced.*>*

The electrocatalytic applications of CO,-C-based nanoma-
terials have been limited and have only recently begun to be
researched. Currently, they primarily include the 2e ORR,
OER, and HER, as reported in recent studies (Table 3).
Electrolytic CO,-C originated from an oxygen-rich medium
and inevitably contains O element, which implies their
potential application for the 2e ORR. For example, the CO,-
derived CNTs can be directly used as active materials for the
2e ORR due to the controllable oxygen content and various
oxygen functional groups.'' In addition, in a molten salt
electrolytic system, the nanocarbons can be obtained through
the reduction of CO,; however, the directly obtained
nanocarbons probably exhibit a poor catalytic performance,
as expected. Further modification of the nanocarbons has
garnered significant attention from researchers. Anodic
oxidation of CO,-C has been confirmed as an effective strategy
for enhancing the performance of the 2e ORR." After CO,-C

is deposited on the cathode, its subsequent oxidation
(oxidation current = 0.5 A) in molten salt can in situ create
defects in the matrix of CO,-C, thus forming defective porous
carbon (DPC) through partial carbon reactions with CO;>~ (C
+2C0;* = 3CO, + 4e”) and dissolved 0>~ (C + 20> —
CO, + 4e”) (Figure 7a)."® The thus-obtained DPC was
confirmed to have abundant holes and rough edges, the SSA of
which is also increased with the prolonging of the oxidation
time (Figure 7b,c). Notably, due to the prolonged oxidation
time, the D1 band, which represents the exposed edge defects
on the graphene layers, is significantly enhanced. This leads to
an increased area ratio of the D1 to G’ band (denoted as I,/
I/). The increase in both the Ip/Ig and I, /I ratios indicates
the enhanced defective degree of the DPCs (Figure 7d,e). The
sample DPCO0.5-5 with a proper defective degree exhibits the
highest H,0, selectivity of over 90% and excellent stability, as
shown in Figure 7f,g. The DFT calculations in Figure 7h,i
demonstrate that the hole 2-type defect, closest to the top
point of the volcano plot, exhibits the best catalytic activity to
the 2e ORR. The metal-free CO,-C unequivocally confirms its
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Figure 8. (a) Illustration of the simultaneous electrochemical reduction of Fe,0; and CO, to Fe/Fe;C-MC. (b and ¢) HRTEM images of Fe/
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h. (i) Free energy curves for the OER on the Fe;C-FeOOH, Fe;C-Fe, Fe,C, and RuO, models. CDC: CO,-derived carbon without Fe. Reprinted

with permission from ref 37. Copyright 2020 Wiley-VCH GmbH.

significant potential as an electrocatalyst. However, the use of
metal-free CO,-C in the ORR is still infrequently reported,
likely due to the challenges in synthesizing N/metal-doped
CO,-C, which facilitates the ORR performance.”’ "

To promote the electrocatalytic activity and explore
additional applications of CO,-C, active metallic elements
are introduced into CO,-C to create metal/carbon composites
using two strategies: (1) employing a cathode specially
designed with active metals and (2) adding active metallic
elements directly to the molten salt. During the synthesis of
CO,-derived metal/carbon composites, the process typically
involves a coreduction of CO, and high-valence-state metallic
elements or a combination of electroreduction and thermo-
chemical reactions in the molten salt. In a typical example, a
prefabricated Fe,O; pellet serves as the cathode, with inert
SnO, functioning as the anode, for synthesizing Fe/Fe;C-
modified carbon (Fe/Fe;C-MC).”” During the electrolytic
process, injected CO, is reduced to C and O,, while Fe,0j; is
concurrently reduced to metallic Fe, as shown in Figure 8a.
The carbon matrix derived from CO, plays a crucial role in
preventing the agglomeration of Fe species, thereby ensuring
maximal exposure of the active Fe—C sites. Furthermore, the
diftusion of C into the Fe core facilitates the gradual formation
of Fe;C, ultimately leading to elimination of the Fe/C interface
and formation of the Fe;C/C interface (Figure 8b,c). Fe/Fe;C-
MC showcases a notably low overpotential of 77, = 320 mV,

surpassing that of commercial RuO, (Figure 8d). Notably, Fe/
Fe;C-MC shows a lower current fading of 16.3% than that of
RuO, (92%) at 1.6 Vg after 4000 cyclic voltammetry cycles
(Figure 8e). Chronopotentiometry durability tests also further
demonstrate the superior stability of Fe/Fe;C-MC to RuO,
during 48 h of electrolysis at 10 mA cm™> (Figure 8f). In the
HRTEM images of Fe/Fe;C-MC, it is observed that the initial
Fe/Fe;C interface undergoes a transformation into Fe;C-
FeOOH during the OER operation (Figure 8gh). In addition,
the DFT calculations demonstrate that the Fe;C-FeOOH,
Fe;C-Fe, Fe;C, and RuO, models exhibit energy barriers of
1.37, 543, 2.73, and 1.86 eV (Figure 8i), respectively,
indicating that the in situ-generated FeOOH on Fe;C is
identified as the active site for the OER.

In addition to Fe/Fe;C-MC used for the OER, other CO,-
derived carbon-based metal/carbon composites primarily
include Mo-C materials, like MoC, Mo,C, heteroatom-doped
MoC or Mo,C, and the composite of MoC and Mo,C (Table
3). The synthesis of Mo-C materials typically includes the use
of a Mo plate as an electrode or the addition of soluble Mo
salts/oxides to the molten salt (Table 3). This process
facilitates either the coreduction of CO, and Mo salts/oxides
or the gradual thermochemical reaction between the reduced
CO,-C and Mo metal. The Mo plate is most commonly used
as a cathode for preparing Mo-C composites. In a molten salt
electrolysis system featuring such a Mo cathode, the CO,-
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Figure 9. (a) Illustration of the synthesis of MoC-Mo,C-790 in molten carbonate. (b) HRTEM image of MoC-Mo,C-790. LSV curves of MoC-
Mo,C-790 in (c) 0.5 M H,SO, and (d) 1 M KOH and (e) corresponding current density—time curves at an overpotential of 150 mV. (f)
Calculated AGy« of the HER for the MoC, Mo,C, and MoC-Mo,C sites in an acid electrolyte at the equilibrium potential. (g) Calculated relative
energy diagram of H,O dissociation on the MoC, Mo,C, and MoC-Mo,C sites in an alkaline solution, TS: transition state. Reprinted with
permission from ref 38. Copyright 2021 Springer Nature. (h) Illustration of the synthesis of Ni-Mo,C-0.67 in molten LiF—NaF—KF. (i) TEM
image and (j) corresponding elemental distributions. (k) LSV curves in 0.5 M H,SO,. (I) Current density—time curves at an overpotential of 150
mV of Ni-Mo,C-0.67. (m) Calculated free-energy curves of the HER for xNi-Mo,C (x = 0, 2, 8, 10, 12, and 16). Reprinted with permission from
ref 95. Copyright 2022 Elsevier.

replenished CO,* is initially reduced to solid carbon on the formation of Mo,C (x = 1 or 2).****”'™* Notably, the
Mo surface. Subsequently, a carbiding reaction occurs between composition of synthetic Mo-C composites in molten
the electrolytic carbon and the Mo substrate, leading to the carbonate is highly dependent on the reaction temperature
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when employing a Mo plate as a cathode for electrolysis.”® At
590 °C, only the reduction of CO, on the Mo surface occurs
without any carbiding reaction, leading to the formation of
Mo-C. As the temperature increases, MoC and Mo,C begin to
form, with higher temperatures promoting more Mo,C
formation in the resulting composites. When the temperature
increases to 890 °C, exclusively Mo,C is produced on the Mo
cathode (Figure 9a). The MoC-Mo,C-790 sample, synthesized
at 790 °C, comprises a mixture of MoC and Mo,C, forming a
heterojunction between the MoC(001) and Mo,C(101)
planes (Figure 9b). The MoC-Mo,C-790 electrode demon-
strates small overpotentials of 7, = 114 mV and 7,5y = 183 mV
in 0.5 M H,SO, and 77,0 = 98.2 mV and 7,90 =292 mV in 1 M
KOH (Figure 9c,d). Additionally, the MoC-Mo,C-790
electrode exhibits remarkable stability, maintaining a nearly
constant catalytic current over 1000 h (totaling 2000 h for the
same electrode) at an overpotential of 150 mV in both 0.5 M
H,SO, and 1 M KOH (Figure 9e). The DFT calculations
indicate that the MoC-Mo,C heterojunction displays the
optimum Gibbs free energy of H* adsorption (AGy« = —0.13
€V) in acidic conditions (Figure 9f). In an alkaline solution,
the adsorption and intermediate states for hydrogen (H*),
hydroxyl (OH*), and water (H,0%*) indicate the energetic
favorability of various surface reactions on MoC, Mo,C, and
MoC-Mo,C. The MoC-Mo,C composite appears to have the
lowest energy barriers, suggesting a more efficient catalytic
process compared to the single-phase MoC or Mo,C catalysts
(Figure 9g).

In contrast to employing Mo metal as the cathode for the
synthesis of a Mo-C composite, using Mo salts/oxides as Mo
sources to prepare a Mo-C composite undergoes distinct
procedures. In molten LiF—NaF—KF (5:1:4 mol %) + 1.3 mol
% K,CO3, Na,MoO, was directly added to the melt to provide
a Mo source. As shown in Figure 9h, the CO,-replenished
CO;*" is reduced to carbon on the Ni cathode coupled with
the liberation of the oxidized O*~ (0>~ + CO, = CO;>~ and
CO;2™ + 4e~ = C + 30%"). Notably, the electroreduction of
MoO,* follows a pathway similar to that of CO;*", which is
reduced to metallic Mo while releasing O>~. Meanwhile,
anodic Mo is oxidized to Mo®*, which then combines with O*~
to generate MoO,>”. The codeposition of Mo and C atoms on
the cathode leads to the synthesis of Mo,C. In addition,
because of the deposition of Mo,C taking place on the Ni
cathode, the Ni atoms inevitably diffuse out and react with the
Mo or C atoms, thus resulting in Ni-doped Mo,C (Ni-Mo,C;
Figure 9i,j). The sample Ni-Mo,C-0.67 with proper Ni content
demonstrates a lower overpotential of 17,, = 165 mV in 0.5 M
H,SO,, which is superior to that of the previously reported
Mo,C-890 (1, = 220 mV in 0.5 M H,SO,; Figure 9k).
Furthermore, the current density—time curves for Ni-Mo,C-
0.67 display only slight fading after 100 h at # = 150 mV in
both 0.5 M H,SO, and 1 M KOH, demonstrating the excellent
stability of Ni-Mo,C-0.67. In addition, the DFT calculation
indicates that different contents of Ni dopant in Mo,C can
optimize the HER free energy, thus enhancing the HER
performance (Figure 9k). In addition to the Mo salt, Mo oxide
(for example, MoO;) can be directly used as a Mo feedstock to
prepare a Mo-C composite in molten Li,CO;—Na,CO;—
K,CO;. Upon the introduction of MoO; to the molten
carbonate, it first converts to MoO,*” via reaction with CO;*~
(MoO; + CO;*™ = MoO,>” + CO,). Subsequently, the in
situ-generated MoO,*~ and CO,-replenished CO;*>~ are
coreduced at the cathode to form MoC.*® Those results

indicated that MoO,*” in molten salt plays an irreplaceable
role in synthesizing the Mo-C composite.

4. CONCLUSION AND PERSPECTIVE

In this paper, the advantages of electroreduction of CO, in
molten salt, reaction mechanism, and applications in
capacitors, batteries, and electrocatalysts for CO,-C-based
nanomaterials are systematically summarized. The progressive
development has garnered considerable interest, covering a
range of metal-free to metal-containing CO,-C composites.
Initially, almost all metal-free CO,-C were used in capacitors
and batteries. However, in the past 5 years, the development
and utilization of metal-containing CO,-C composites as
electrocatalysts for the OER and HER have begun. Addition-
ally, recently developed metal-containing CO,-C composites
have been found to exhibit superior capacitive performances in
batteries compared to metal-free CO,-C.

Although molten salt electrolysis offers significant promise
for CO, sequestration and its conversion into highly functional
carbon materials, the resulting CO,-C-based nanomaterials are
observed to have suboptimal performances in capacitive and
battery applications, especially when compared with other
active materials in these areas. Additionally, the application of
these materials in electrocatalysis is largely limited to the 2e
ORR, OER, and HER. It is noteworthy that a majority of these
electrocatalysts are Mo-based and predominantly designed for
the HER. This specificity significantly restricts the broader
application of CO,-C-based nanomaterials. Furthermore,
although various morphologies of CO,-C, including nano-
particles, hollow carbon spheres, 2D carbon flakes, porous
carbon, octahedral carbon, CNTs, etc., have been reported, the
formation mechanisms of most of these carbon structures still
lack direct evidence. This deficiency significantly impedes
material design and its further applications. Moreover,
concerning metal-containing CO,-C composites, the coreduc-
tion and thermochemical reactions are considered to be the
widely accepted synthesis mechanisms. However, direct
observation of these reaction processes is still lacking.
Consequently, a high-temperature in situ reaction device is
likely to be effective in elucidating the reaction mechanisms
that are crucial for the purposeful design of CO,-C-based
materials for further applications. For example, the in situ
observation of carbon deposition under various electrolysis
conditions as well as the formation of intermediates should be
explored using techniques such as in situ SEM, XPS, or X-ray
diffraction. This approach may help in precisely designing the
structure and composition of the obtained carbons. Addition-
ally, efforts should be made to develop metal-free carbon
nanomaterials doped with nonmetallic heteroatoms beyond
merely O and S. This strategy would enhance the performance
of capacitors and batteries and broaden the application
spectrum of electrocatalysts. Furthermore, it is necessary to
explore other applications of metal-containing CO,-C
composites in various electrochemical reactions, such as the
ORR, CO,RR, and nitrogen reduction reaction, by introducing
other active metals like Cu and Mn. The development of
technologies for the capture and conversion of CO, is pivotal
in establishing a decarbonized strategy that integrates with
energy storage and conversion applications, thereby ensuring a
reduced carbon footprint.
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