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ABSTRACT: Heterogeneous electrocatalysis is one of the most
promising ways to advance the development of metal-CO,
batteries and CO, electrolysis technologies. Although both
research areas rely upon efficient electrochemical reduction of
CO,, to date the respective research has been largely carried out
independently. This Focus Review introduces the latest innovative
design strategies toward heterogeneous electrocatalysts applied for
both metal-CO, batteries and CO, electrolysis. The structural
design of various categories of catalysts, their synthesis methods,
and electrocatalytic reactions are discussed in detail. The review
also presents a discussion of the fundamental reaction mechanisms
active for both applications. Finally, we will reflect on the
challenges and new opportunities for each category of electro-
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catalysts. We hope to provide researchers a more comprehensive understanding of the design of high-performing
electrocatalysts to advance both metal—-CO, batteries and CO, electrolysis technologies.

he excessive emissions of carbon dioxide (CO,) by

I anthropogenic activities, such as heavy exploitation of
tossil fuels and deforestation, have been linked to urgent

social and environmental problems, i.e., ocean acidification and
global warming.'
predicted that the atmospheric concentration of CO, will double
within the next century. Thus, a great deal of current research is
devoted to developing stable and efficient methods to capture
and convert excess atmospheric CO, into other useful
chemicals.”~ "> A notable example of CO, capture is the liquid
solvent capture method. Such a method may employ
pyridinium-containing amide-based poly(ionic liquid)s (PAP-
ILs), which have the capability of adsorbing large amounts of
atmospheric CO,, thus allowing storing it underground for
extended time.'® However, low efficiency and high operating
costs, as well as the potential emission of harmful solvent waste,
present inevitable challenges to the large-scale application of this
technology. Multiple challenges still need to be overcome to find
a high-efficiency and environment-friendly method to achieve
this goal.'”~*° Fortunately, researchers found that CO,
electroreduction reaction (CO,ER) offers a promising way out
of this dilemma, owing to its precisely regulated reaction rates
and products.”*”
CO, electroconversion indicate feasible pathways to produce
value-added chemicals.** > Among these applications, metal—
CO, batteries and CO, electrolysis are promising means to

=5 In the absence of effective solutions, it is

*> Recent developments in technologies for
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capture CO, while storing electric energy or producing useful
fuels or chemicals.***"*%#~*

Metal—CO, batteries (metal = Li, Na, Zn, or Al) have
received considerable attention as a means to both facilitate
electroreduction of CO, into different discharge products and
store electrical energy.SI_54 Li/Na—CO, batteries have the
potential to be commercialized primarily for their high
theoretical energy density and inexpensive electrode materials.
Furthermore, recent developments of Zn/Al-CO, batteries
have also shown promising results. CO, electrolysis is another
important application of CO,ER. This entails adsorbing CO, on
the electrode surface and reducing it to different possible
carbonous products (carbon monoxide, hydrocarbons, etc.).
The advantage of this approach is that the formation of final
products can be controlled under different conditions,
potentially providing a selected subset of key chemical
products.” ™ In both applications, the basic premise is that
an initial fast and efficient electron transfer occurs from an
electron donor to the adsorbed CO,; such electron transfer
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promotes cleavage or weakening of the C=O bonds, thus
activating CO, toward the ensuing electrochemical processes.
Generally, in metal—CO, batteries, the CO,ER simply leads to
the formation of C or CO. On the other hand, in general
electrocatalysis, CO, may be reduced into a vast array of
products, ranging from CO, to ethylene, formic acid,
methylglyoxal, and many more. This prospect makes CO,ER
very attractive and versatile, as it may open the doorway to
sustainable, green production of several added-value chemicals.
Nonetheless, both metal-CO, batteries and CO, electrolysis
technologies are facing a fundamental challenge; as CO, is one
of the most stable molecules, activation of C=0O is particularly
difficult to achieve and is associated with extremely slow kinetics
(reduced molar Gibbs free energy of CO,: 213.8 J-mol "K' at
298 K). Additional technical challenges arise from the poor
cycling performance and high overpotential of the metal-CO,
battery cell, while CO, electrolysis often faces unsatisfactory
selectivity. To date, such limitations are often considered a
hindrance to further development of these technologies and
their large-scale deployment.”® However, continuous advances
in the design of heterogeneous electrocatalysts showed a
promising way to tackle these challenges, for both facilitating
the process of capturing CO, and achieving high-efficiency
CO,ER.

Heterogeneous electrocatalysts have
been commonly used in both metal—
CO, batteries and CO, electrolysis
applications to enhance the reaction
kinetics of CO,. Both applications
require heterogeneous electrocatalysts
to break C=0 bond(s) in CO, as the
initial step and to form other carbon
species.

Heterogeneous electrocatalysts have been commonly used in
both metal—CO, batteries and CO, electrolysis applications to
enhance the reaction kinetics of CO,ER. Both applications
require heterogeneous electrocatalysts to facilitate the activation
of CO, and cleavage of the C=O bond(s). In metal-CO,
batteries, heterogeneous electrocatalysts are applied in the
cathode to control the formation/decomposition of discharge
product and facilitate CO,/ion transfer.”””* In CO,
electrolysis, heterogeneous electrocatalysts play an essential
role in CO, adsorption and the formation of the reduced
intermediates.”> Several excellent reviews have focused on the
role of electrocatalysts in each of the two applications. For
example, Mu et al. summarized the mechanism and design
strategies of electrocatalysts for metal-CO, batteries."’
Manthiram and co-workers provided an overview of heteroge-
neous molecular electrocatalysts for CO, electrolysis, includin
the fundamental mechanistic aspects underlying CO,ER.'
However, as far as heterogeneous electrocatalysis is concerned,
the connection between metal—-CO, batteries and CO,
electrolysis applications has not been analyzed to a large extent.
Given that both technologies rely on a common initial reaction
step, we believe that the heterogeneous catalysis underlying both
metal-CO, batteries and CO, electrolysis has deeper
interrelations, which should be %ppraised for enhancing the
efficiencies of both applications. © Therefore, in this Focus
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Review, we first examine several categories of heterogeneous
electrocatalysts that can be applied for both metal—CO, battery
and CO, electrolysis applications (Scheme 1).

We introduce and assess the latest progress in a variety of
heterogeneous electrocatalysts and their corresponding syn-
thetic methods. These will include the synthesis and perform-
ance of carbon-based electrocatalysts, as well as noble metal-
based and transition metal compound-based electrocatalysts,
single-atom catalysts, and organic polymers (Figure 1). Second,
we focus on the reaction mechanisms and strategies to improve
cell efficiencies with the aim of providing guidelines for future
design of improved electrocatalysts for CO, electrolysis and
CO,—metal batteries. Finally, we discuss the remaining
challenges in these two applications and provide a future
outlook in detail. We hope this Focus Review offers a
comprehensive understanding of recent advances in heteroge-
neous electrocatalysts to boost the development of both CO,
electrolysis technologies and CO,—metal batteries.

B CARBON-BASED ELECTROCATALYSTS

The different types of electrocatalysts for metal—CO, batteries
and their electrocatalytic performance are summarized in Table
1. Table 2 summarizes the electrochemical performance of
different types of electrocatalysts used for CO, reduction.
Among these, carbon-based electrocatalysts have aroused
significant interest as cost-effective, metal-free catalysts with
high electrical conductivity, tunable morphological structures,
and high surface areas. At first, graphene (G) and carbon
nanotubes (CNT) are attractive materials due to their superior
electronic properties and unique structures. However, reversible
decomposition of the discharge products is still a major
challenge for these carbon-based electrocatalysts.”” Further-
more, the accumulation of the discharge products onto the
cathode surface may yield to coverage of active sites and thus
affect the cycle stability of the battery. A deeper understanding of
the electronic, structural, and morphological aspects of carbon-
based electrocatalysts as well as the availability of active sites is
essential for improving their catalytic properties. Heteroatom
doping is an effective strategy to further improve the
electrocatalytic performance of carbon-based electrocatalysts.
Among others, nitrogen (N) is a common doping element for
carbon. Chen et al. reported that CO,-activated nitrogen-doped
carbon/graphene oxide (CA-NG/RGO) showed improved
CO,ER kinetics and discharge—charge performance of Li—
CO, battery.®” Figure 2b summarizes the synthesis of CA-NG/
RG; this relies on a rather simple, yet elegant method to prepare
the catalyst with pyrrolic and pyridinic N sites by CO, activation.
The resulting catalyst yields to the reversible formation and
decomposition of the discharge product (Li,CO;). During the
decomposition, pyridinic-N and pyrrolic-N can strongly bind to
Li and Li,CO;. Analysis of the electronic charge distributions
showed decreased charge densities between the Li, and O
atoms, such as those typically involved in bond elongation
processes. This is indicative of weakened Li,—O bonds, which
result in faster kinetics for decomposition of Li,COj. This was
also confirmed by lower decomposition barriers predicted on
the pyridinic/pyrrolic-N active sites cf. graphiticN (or C
graphene) sites, which further corroborates the better perform-
ance.

Another imposing way to improve electrocatalytic perform-
ance of carbon-based materials is to facilitate the charge transfer
and ion/gas diffusion at the cathode. Xiao et al. developed a
single-step chemical vapor deposition (CVD) method to

https://doi.org/10.1021/acsenergylett.2c02445
ACS Energy Lett. 2023, 8, 1818—1838
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Scheme 1. Connection of Heterogeneous Electrocatalysts and Corresponding Mechanism between Metal—CO, Batteries and
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synthesize N-doped CNT/graphene (NCNT/G) with three-
dimensional (3D) structure.”® The top-view TEM image shows
a uniform packing (Figure 3b). The structure consists of
vertically arranged NCNTs which are sandwiched between the
two N-doped graphene layers, forming a tight connection at the
CNT—graphene interface. This allows both fast charge transport
and efficient gas/electrolyte diffusion. The free-standing
structure also results in a better physical contact among the
cathode, collector, and electrolyte. As a result, the 3D NCNT/
G-based Li—CO, battery owns high reversibility and low
overpotential (Figure 3b). Meanwhile, the 3D structure has a
high surface area and is rich in active sites for high-efficiency
CO, reduction and evolution reactions. This cathode catalyst
also shows a robust mechanical performance as well as high
electrical conductivity, owing to the strong connection between
NCNT and double-deck graphene sheets. All these character-
istics pave the way for designing an efficient, free-standing, and
binder-free cathode.

To better understand the ways in which theperformance of
electrocatalysts can be optimized, a knowledge of the reaction
mechanisms in place is essential. The possible reaction pathways
of a reversible Li—CO, battery are discussed below.*’ During the
discharge, Li* ions arising from the anode react with CO, at the
cathode to form the discharge products (e.g,, Li,CO; and C)
and produce electrical energy. C and CO are the common
reduction products of CO, in the metal-CO, batteries, as
shown in net reactions in eqs 1 and 2, with the later sharing a
similar formation pathway of CO from CO, electrolysis.

4Li + 3CO, © 2Li,CO, + C (1)
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2Li + 2CO, & Li,CO, + CO 2)

Elucidating the mechanisms for the formation of discharge
products is beneficial for designing electrocatalysts. The detailed
mechanism for Li,CO; formation is shown in eqs 3—6. The
initial step consists of a one-electron transfer to CO, to form the
C,0,*” intermediate (eq 3). This intermediate can then decay
through disproportionation into CO, and CO,*”, which may
ultimately promote the formation of CO,*". Thus, formation
and nucleation of Li,COj; follows as in eq 6.

2CO, + 2¢~ = C,0,%” (3)
C,0,°” — CO, + CO,*” (4)
CO,>” + C,0,”” = C + 2CO*~ (5)
2LiT + CO,>” - Li,CO, (6)

Heterogeneous electrocatalysts play an essential role in
providing a catalytic site to then promote the decomposition
of the discharge product. However, several aspects of this
process still remain unexplored. We illustrate a possible
decomposition mechanism of Li,CO; in eqs 6—8.° The
unimolecular decay of Li,COj; is followed by CO, and O,
evolution at a higher voltage (3.8 V), asin eq 7. By contrast, CO,
is the only gaseous product formed at lower voltage (2.8 V) by
interaction of the starting Li,CO, with C species (eq 8). A third
possible pathway includes decomposition of the electrocatalyst
surface to form superoxide species which are then likely to
undergo further reaction to form an array of different products

(eq9).

https://doi.org/10.1021/acsenergylett.2c02445
ACS Energy Lett. 2023, 8, 1818—1838
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Figure 1. Overview of different types of electrocatalysts for metal—CO, batteries and CO, electrolysis. The inserted graphics are adapted with
permission from ref 67, American Chemical Society 2021; ref 71, Wiley 2019; ref 73, Elsevier 2020; ref 80, Wiley 2022; ref 84, American
Chemical Society 2019; ref 100, Wiley 2017; ref 102, American Chemical Society 2022; ref 103, Wiley 2019; ref 110, Wiley 2021; ref 114, Wiley
2021; ref 117, Wiley 2022; ref 119, American Chemical Society 2022; ref 109, Wiley 2021; ref 111, Wiley 2020; ref 113, Wiley 2022; ref 131,
Wiley 2019; ref 133, The Royal Society of Chemistry 2018; ref 134, Wiley 2019.

Table 1. Different Types of Electrocatalysts for Metal-CO, Batteries and Their Electrocatalytic Performance

catalyst
CA-NG/RGO
TDG
Ru/NS-G
BCNT
NCNT/G
RuP,~NPCF
CNT/RuO,
Ru—-Co;0,/CC
Ru(bpy);Cl,
Ir—Te
ReS,
Co-MnO,
MoN@CC
Mo,C
N-carbons
MWCNT
Pd In
Au
Mn-MOF
hydrazone/hydrazide COF

discharging capacity (current density)

69000 mAh g™' (0.5Ag™")
12448 mAh g™’ (100 mA g™")
23328 mAh g™' (1000 mA g™')
17534.1 mAh ¢! (100 mA g™")
11951 mAh g™' (100 mA g™")
2187 mAh ¢! (S0mA g™')
31000 mAh g™' (100 mA g™")
22119 mAh g (200 mA g™")
13274 mAh g™ (200 mA g7*)
1800 #Ah cm™ (40 pA cm™2)
8160 mAh g™' (100 mA g™')
6542 pAh cm™ (20 pA cm™2)

10500 mAh g™! (300 mA g™")

60000 mAh ¢! (1000 mA g™*)

18022 mAh g™! (SO mA g™)
27348 mAh g (200 mA g™')

overpotential (current density)

1821

213V (12Ag™)
187V (20A¢g™")
140V (100 mA g7")
1.96 V (1000 mA g™*)
1.13V (100 mA g7")
1.77 V (100 mA g™')
140V (S0 mA g7')
1.05 V (200 mA g™*)
1.79 V (300 mA g™*)
148V (200 mA g7')
0.66 V (20 ptA cm™)
0.73 V (100 mA g™)
0.36 V (20 pA cm™?)
0.94 V (500 uA cm™2)

1.5V (1000 mA g™*)
0.161 V (0.1 mA cm™2)
0.11 V (0.1 mA cm™2)
1.31 V(200 mA g7")
124V (200 mA g™')

cycle number (current density)

170 cycles (500 mA g™")
600 cycles (1.0 A g™")
100 cycles (100 mA g™')
360 cycles (1000 mA g™")
180 cycles (100 mA g™')
200 cycles (1000 mA g™')
55 cycles (S0 mA g™")
251 cycles (200 mA g™*)
60 cycles (300 mA g™")
350 cycles (200 mA g™")

500 cycles (100 mA g™")
86 cycles (20 uA cm™)

80 cycles (1000 mA g™*)

200 cycles (1000 mA g™')

50 cycles (200 mA g™')
200 cycles (1000 mA g™')

114
116

95

103
117
100

28

118
131
132

https://doi.org/10.1021/acsenergylett.2c02445
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Table 2. Different Electrocatalysts for Electrochemical CO, Reduction

catalyst electrolyte FE% (voltage) main product current density (mA cm™?) ref
K-defect-C 0.1 M KHCO,4 99 (—0.45 V vs RHE) co 9.8 80
Ag—Cu 0.1 M KHCO, 40 (—0.11 V vs RHE) C,H, 750 89
Pd, 0.5 M KHCO,4 98.2 (—0.85 V vs RHE) co 6.76 106
Ag,/MnO, 0.5 M KHCO, 95.7 (—0.85 V vs RHE) co 34 116
Phen-Cu 0.1 M KHCO;, 83 (—0.5 V vs RHE) CO/HCOOH 2 103
Ni—N,—C 0.5 M KHCO, 95.6 (—0.65 V vs RHE) 6.64 109
Zn/NC 0.5 M KHCO, 98 (~0.6 V vs RHE) 50 113
Zn-MOF 0.1 M KHCO,4 90.57 (—1.1 V vs RHE) 4 126
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Figure 2. (a) Illustration for the fabrication of K-defect-C-1100 via the K*-assisted strategy. The introduction of K* to give K*@bio-MOF-1 by
ion exchange is crucial in the first step, prior to the pyrolysis. Adapted with permission from ref 80. Copyright 2022, Wiley-VCH. (b) Schematics
of the synthesis of CA-NG/RG. Adapted with permission from ref 67. Copyright 2021, American Chemical Society. (c) Schematic illustration of

the processes in Li—CO, battery with Ru/NS-G cathode, and the specific roles of the Ru nanoparticles and the heteroatoms. Adapted with
permission from ref 73. Copyright 2020, Elsevier.
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Figure 3. (a) Schematic illustration of a Li—CO, battery assembly. Adapted with permission from ref 72. Copyright 2021, Wiley-VCH. (b) (I)
Schematic illustration of 3D NCNT/G and (II) top view and cross-sectional (inset) TEM images of 3D NCNT/G. Adapted with permission
from ref 68. Copyright 2020, American Chemical Society. (c) The structure and rechargeability of room-temperature Na—CO, batteries. (I)
Structure of Na—CO, batteries with metal Na foil anode, ether-based electrolyte, and t-MWCNT cathode. (II) SEM images of cathode from top
and side views. (III) HRTEM image of t-MWCNT. (IV) Discharge and charge profiles of Na—CO, batteries at 1 A g"*. (V) CV curves of Na—
CO, batteries with scan rate of 0.1 mVs™'. Adapted with permission from ref 74. Copyright 2016, Wiley-VCH.

2Li,CO; — 4Li" + CO, + O, + 4e” )
2Li,CO; + C — 4Li* + 3CO, + 4e” (8)
2Li,CO; + electrocatalyst

- CO, + 2Li* + 05

— unknown product(s) 9)

Among others, the current density is a key factor for reaction
kinetics and has a huge impact on determining which
decomposition pathway is most active for the discharge product
in the Li—CO, battery. Careful evaluation of these factors will
lead to a better understanding of the reaction principles and
ultimately assist the design of more efficient electrocatalysts.*’

Akin to NCNT/G 3D structure, the bamboo-like N-CNT (B-
NCNT) demonstrated by Li et al. also follows the strategy of
offering rich active sites to improve cycle performance and
decrease overpotential for the Li—CO, battery.”" CNTs are
typically straight cylinders, but the presence of pentagonal
pyridine N and hexagonal pyridine N forms a positive curvature,
which facilitates the closure of the nanotubes and enables them
to transform into a bamboo form with significant periodic nodes.
The abundance of defects and active sites, followed by the
interconnected conductive network, can promote both the

1823

reduction and evolution of CO, reactions. The doped N atoms
act as the main active sites and enable stable electrocatalytic
performance. The experimental results are consistent with the
theoretical predictions. The Li—CO, battery fabricated with the
B-NCNT cathode shows an outstanding discharge capacity of
23328 mAh/g and low overpotential of 1.96 V at a high current
density of 1000 mA/g. This demonstrates the advantage of the
B-NCNT cathode, which may aid in achieving high capacity
with relatively high efficiency at high current density. In
addition, Li et al. used a metal substrate Ti with a high degree
of flexibility and a forest of carbon nanotubes grown uniformly in
situ to ensure the flexibility of the cathode under different
bending angles (0°, 30°, 45° 60°). In conclusion, the
performance improvement brought by the bamboo-like
structure was successfully proved. The work provides a guideline
for a metal-free cathode to be employed in wearable electronics.

Constructing a 3D structure and in-
troducing doping atoms both become
promising strategies to enhance the
electrocatalytic performance of carbon-
based electrocatalysts.

https://doi.org/10.1021/acsenergylett.2c02445
ACS Energy Lett. 2023, 8, 1818—1838
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To further study the influence of defects in carbon-based
electrocatalysts, graphene with rich topological defects (TDG)
has been used as cathode electrocatalyst to assemble Li—CO,
batteries.”” The defects are introduced through removing N
dopants, as shown in Figure 3a. The Li—CO, battery with the
TDG cathode shows an excellent Coulombic efficiency
(90.80%) and an impressive low voltage gap (1.12 V at 100
mA/g). The improved performance can be attributed to the
abundant active sites provided by TDG which can enhance the
formation of Li,CO;. The interconnected graphene nanosheets
(NSs) with large surface area can improve the electron transport
and ion/gas diffusion. At the same time, it also can increase the
intake of Li,COj; to achieve a high level of capacity. This work
shows the advantage of introducing the defects for designing a
superior carbon-based catalyst for a metal—-CO, battery which
can facilitate Li,CO; decomposition and CO, reduction.

Hence, constructing a 3D structure and simultaneously
introducing doping atoms become promising strategies to
enhance the electrocatalytic performance of carbon-based
electrocatalysts. Qiao and co-workers designed and developed
a 3D structure of N,S-codoped graphene with ultrafine Ru
nanoparticles (Ru/NS-G) by combining these two strategies.”*
An illustration of a Li—CO, battery with the cathode of Ru/NS-
G is shown in Figure 2c. The powerful synergistic effect between
the N and S codopants as well as the presence of the bifunctional
Ru catalyst can provide rich defect structure and active sites for
the adsorption of CO, and the decomposition of the discharge
product. During the process of charging and discharging, three
different types of N-sites in the cathode catalyst play different
roles: pyrrolic-N and pyridinic-N are favorable for adsorption of
Li* and CO,, while the graphitic-N sites can effectively improve
the conductivity of the cathode. In addition, the insertion of S
atoms into the sp>-hybridized carbon skeleton can further
improve electrocatalytic activity.

Chen et al. reported a rechargeable Na—CO, battery with the
cathode composed of a multiwall carbon nanotube (t-
MWCNT) material treated by tetraethylene glycol dimethyl
ether (TEGDME) electrolyte.”* The cathode exhibits a 3D,
porous cross-linking architecture, as shown in Figure 3c. The
particular structure of the conductive network can play an
important role in accommodating a high amount of discharge
product, here Na,CO;. In this way, the highly porous structure
of the cathode appears to prevent blockage of the gas channel
and thus improves the cycle performance. It was demonstrated
that the constructed battery could run 200 cycles under a high
current density (1 A/g) (Figure 3c). This work demonstrates
that the carbon-based cathode electrocatalysts can provide a
high surface area for a Na—CO, battery to enhance cycle
performance and decrease overpotential. Similar to the reaction
of the reversible Li—CO, battery, the reversible Na—CO,
battery follows an analogous mechanism: 4Na + 3CO, &
2Na,CO; + C. In addition, prior treatment of the cathode with
the electrolyte is beneficial for promoting the reaction kinetics
occurring at the surface and interface of the material.

Carbon-based catalysts doped by nonmetal atoms shows a
high electrocatalytic performance for Li—CO, batteries. It is still
necessary to develop carbon-based electrocatalysts to meet the
requirements of higher conductivity, larger surface area, and
better binding affinity with CO,. Therefore, Hu et al. employed
N-doped nanocarbon for a solid-state Na—CO, battery for the
first time.”> The cathode catalyst comes from the zeolitic
imidazolate frameworks (ZIFs) and exhibit excellent electro-
catalytic activity, good affinity with CO, molecules, and
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impressive conductivity. The authors reported a systemic
study on the effects of doping atoms, CO, adsorption, and
electrical conductivity on the electrochemical performance of
the Na—CO, battery. In the presence of such a catalyst, the
discharge product (Na,CO;) can easily form a sheet structure,
which can be decomposed to CO, during the charging process.
According to the results of density functional theory, the C=0
bonds of absorbed CO, molecules have uneven length that
match with C—O bonds in Na,CO;. This study provides more
insight into the behavior of adsorbed CO, molecules on the N-
doped nanocarbon surfaces. The experimental results also show
that the Na—CO, battery using N-doped nanocarbon cathode
has a lower overpotential (1.5 V) and a higher discharge
performance (10500 mAh/g).

Furthermore, constructing heteroatom-doped carbon also
became a feasible way to improve the performance of carbon-
based electrocatalysts for CO, electrolysis.”*”” Li et al. reported
on the N-doped porous carbon obtained from coal (CNPC),
which shows a synergistic effect of unique porous structure and
high amounts of N defects.”® The results show that CNPC
exhibits a high-efficiency conversion from CO, to CO (92%).
The work provides a low-cost and facile method to synthesize
metal-free electrocatalysts for CO, electrolysis. Besides, one of
the major challenges for CO,ER is to improve conversion
efficiency. Other heteroatom-doped carbon-based electro-
catalysts also provide a promising way to solve this problem.
For example, the fluorine-doped cage-like porous carbon (F-
CPC) is proposed to achieve superior FE (88.3%) at a higher
current density (37.5 mA-cm™2).”” The impressive performance
is attributed to the improved structural properties, which feature
a large amount of moderate mesopores and rich micropores.

However, although doping appears to be a promising strategy
to promote activation in electrocatalysts, the intrinsic properties
of defects in doped carbon-based materials are often
disregarded. In fact, carbon atoms at the edge of defects in
different microenvironments are often rich in dangling bonds;
thus, they become greatly activated due to the uneven charge
distribution. Therefore, it is worth synthesizing defective but
dopant-free carbon catalysts to study the influence of carbon
defects without the interference of other factors.

Based on this idea, Ling et al. developed a K*-assisted strategy
to make carbon defects without N dopants, via the design of an
anionic metal—organic framework (MOF).*” MOFs play a very
important role in constructing porous carbon with the
advantages of component and structural regulation. The
synthesis procedure for this material is shown in Figure 2a.
First, the authors selected an anionic MOF with the Me,NH**
(dimethylammonium cations) in a 1D channel for preparation
of ion exchange, wherein the Me,NH?" can be replaced with K*.
After exchanging ions, the resulting K'@bio-MOF-1 was
pyrolyzed to successfully obtain a carbon skeleton rich in 12-
vacancy-type defects (K-defect-C-1100), wherein 12 neighbor-
ing carbon atoms are missing. K" activation was found to induce
larger vacancies/holes and in larger numbers. Plus, a higher
density of carbon sites with dangling bonds was prepared in this
material. Electron-rich carbon sites enhance adsorption of the
mildly electrophilic CO, molecules, thus further favoring the
ensuing CO,ER reaction when compared to more localized ring
defects present in other materials. As a result, the prepared
materials display excellent CO Faradaic efficiency and higher
electrocatalytic activity, cf. more established N-doped carbon
catalysts. This implies that the K-defect-C-1100 shows a high
selectivity for forming CO. The mechanism of CO formation by
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CO,ER is shown in eqs 10—12, wherein the “*” represents the
active sites (i.e.,, adsorption site). The heterogeneous electro-
catalysts play an important role in providing active sites, which
have the ability to bind to reactants, intermediates, and products,
thus stabilizing them. From this, it can be assumed that K-defect-
C-1100 favors the formation of the COOH* (eqs 10 and 11)
species, which is the crucial intermediate ultimately leading to
the formation of CO. If the interactions between the CO and the
active site is labile, the product will then desorb from the surface,
as in eq 12.

CO,(g) + ¥+ H*(aq) + e~ —» "COOH (10)
*COOH + H*(aq) + ¢~ - H,0(1) + *CO (11)
*CO - CO(g) + * (12)

In conclusion, carbon-based electrocatalysts are still the most
feasible electrocatalysts to be applied in both metal-CO,
batteries and CO, electrolysis.”' In the metal—CO, batteries,
the carbon electrocatalysts can provide a high surface area to
boost the movement of CO,/electrons and accommodate the
discharge product(s). Therefore, they become important
candidates as electrocatalysts for metal-CO, batteries with a
metal-free electrode. Carbon-based electrocatalysts also play an
essential role in the field of CO, electrolysis, and they are
particularly beneficial for very similar reasons (i.e., excellent
conductivity and high surface area). More importantly, the
improved strategies for carbon-based electrocatalysts can
enhance electrochemical performance of both metal-CO,
batteries and CO, electrolysis. For example, introducing defects
into the carbon skeleton can greatly boost the electron transfer
rate to benefit these two applications. In addition, carbon-based
electrocatalysts also can act as the support for other electro-
catalysts to provide abundant active sites. In this way, the
carbon-based electrocatalysts pave the way for next-generation

electrocatalysts for metal-CO, batteries and CO, electroly-
. 82,83
sis.

B NOBLE METAL-BASED ELECTROCATALYSTS

Noble metal-based electrocatalysts have also become promising
materials to improve the kinetics of CO,ER. Designing well-
fined structures for noble metal-based electrocatalysts has
become an emerging strategy to further boost electrocatalytic
performance.84 For instance, the superassembled atomic Ir
dispersed on the amorphous surface layer of Te nanowires (Ir—
Te NWs) is precisely designed to ensure stable reaction kinetics
for both charging and discharging process in Li—CO,
batteries.*> This special architecture provides a guideline for
the design of novel electrocatalysts and benefits from exposing a
large number of Ir active sites which can effectively adsorb/
desorb adsorbates. Moreover, the Te substrate favors the
adsorption of Li* and CO, with high efficiency. Thus, the
substrate can effectively facilitate CO,ER on Ir active sites and
the formation of Li,C,0, (instead of Li,CO,) to achieve lower
charge potential.

The derivatives of noble metal electrocatalysts have been
explored for the development of metal—CO, batteries, especially
Li—CO, batteries. For example, the highly disperse RuP,
nanoparticles (NPs) supported by N- and P-doped carbon
films (RuP,—NPCF) facilitate the conversion between CO, and
Li,CO,*® The fabricated porous NPCF can enhance the
electrode conductivity and provide more active sites for RuP,,
thus boosting the decomposition of the discharge product.
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Based on the same idea, the RuO,@CNT formed by RuO,
decorated on CNT owns a better cycle performance and lower
charging potential compared with pure CNT.** These works
show the ability of derivatives of noble metal electrocatalysts to
decompose discharge product(s) and lower the overpotential of
metal—CO, battery.

Noble metal-based materials also play a vital role in CO,
electrolysis and offer a pathway for effectively converting this
greenhouse gas to useful carbon products.””*® Until now,
considerable work has focused on elucidating the effects of size,
shape, chemical state, and particle boundaries on electrocatalytic
performance. Recently, it has been found that the synthesis of
bimetallic electrocatalysts can greatly improve electrocatalytic
efficiency. Judicious preparation of bimetallic catalysts can aid in
adjusting the binding strength or binding configuration of the
surface intermediates, thus allowing high selectivity for specific
products and improved catalytic activity. For example, the Ag—
Cu NPs shows a higher electrocatalytic performance for CO,ER
to ethylene (C,H,) in comparison with Cu NPs of similar size
and shape.®” More importantly, this work reveals that sequential
catalysis and electronic effects are the main factors for increased
selectivity for C,H, in the bimetallic catalyst. Thus, the work
provides valid insights into the design of high-efficiency noble
metal electrocatalysts for the CO, reduction reaction. The net
reaction to form C,H, upon CO,ER is shown in eq 13:

CO, + 12H* + 12¢” — C,H, + 4H,0 (13)

The role of supporting materials in electrocatalysis is also
fundamental. Noble metals supported by different materials
(oxides, carbons, etc.) have also been extensively studied as a
means to improve the stability and activity of noble metal-based
electrocatalysts.”’ ™" First, the use of supporting materials is
beneficial to increase the surface area of noble metals. Therefore,
investigating the interaction between noble metals and
supporting materials is helpful to design noble metal-based
electrocatalysts with high electrocatalytic activity, long-term
stability, and cost-effectiveness. In this context, the Au-CeO,
electrocatalyst is a representative example of a noble metal
supported by a transition metal oxide.”* The interface between
Au and CeO, plays an important role in improving CO,
adsorption and offering active sites for CO, conversion. More
importantly, the key intermediate product *COOH is further
stabilized by the synergistic effect between Au and CeO,. As
such, this work shows that superior electrochemical perform-
ance (FE: 89.1% at —0.89 V) can be obtained because of the
unique Au—CeO,, interface.

In conclusion, noble metal-based electrocatalysts are
promising electrocatalysts to be commercialized because of
their excellent electrocatalytic performance.**”> They can
provide good cycle stability and charge/discharge ability in
metal—CO, batteries. They are also good candidates to boost
the reaction kinetics of CO, electrolysis. Therefore, noble metal-
based electrocatalysts represent a class of electrocatalysts which
can be employed for the development of metal—-CO, batteries
and CO, electrolysis technologies.%_g8 However, the well-
known downside of such catalysts is their high cost, which has
long been a concern especially for large-scale applications. Thus,
much of the current research is focused on finding low-cost and
abundant alternatives to noble metals with comparable electro-
catalytic performance, in the attempt to reduce the burden of the
high cost of raw materials in manufacturing.
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Figure 4. (a) Schematic illustration of reactions during discharge and charge of Mo,C/CNT in the Li—CO, battery. CO, is reduced at the
Mo,C/CNT electrode surface on discharge, forming Li,C,0,, and then this intermediate product is stabilized by Mo,C, forming an amorphous
discharge product that can be easily decomposed on charge. Adapted with permission from ref 100. Copyright 2017, Wiley-VCH. (b) Structure
characterization of SA Ru—Co;0,/CC. (I) lllustration of the synthesis process of SA Ru—Co;0,/CC. (II) SEM images of CC, Co-MOF/CC,
CoRu-MOF/CC, and SA Ru—Co0;0,/CC (from left to right). Adapted with permission from ref 114. Copyright 2021, Wiley-VCH. (c) (I)
Schematic diagram of the preparation procedure of Fe—N;/DPCF. (II) SEM images of Fe/Zn-ZIFs/PAN, Fe—N,/PCF and Fe—N,;/DPCF
(from left to right). Adapted with permission from ref 112. Copyright 2022, Wiley-VCH. (d) Diagram for the synthesis of Zn/NC NSs. Adapted

with permission from ref 113. Copyright 2022, Wiley-VCH.

B TRANSITION METAL COMPOUND-BASED
ELECTROCATALYSTS

Transition metal-based electrocatalysts (carbides, sulfides,
nitrides, and phosphates) play an essential role in a variety of
electrocatalytic reactions.”” For instance, molybdenum carbide
(Mo,C) has attracted much attention due to its excellent
electrocatalytic performance as one kind of carbide. Mo,C is
widely used in a variety of electrocatalytic reactions, such as
water gas shift reaction and hydrogen evolution reaction, but it
has rarely been used in the field of metal—CO, batteries. Hou et
al. reported Mo,C/CNT acts as a good cathode electrocatalyst
to improve the rechargeable ability of Li—CO, batteries.'*’
CNTs act as conductive substrates to provide high surface area
for supporting evenly dispersed Mo,C NPs. The cathode with
Mo,C showed a better electrical efficiency and reversibility
because of its partially oxidized surface. By introducing the
carbon support, Mo,C owns higher activity due to the ensuing
change in its electronic properties and increased reactivity of
adsorbates (Figure 4a). According to the results of XPS, the
content of Mo?**, Mo*, and Mo*" decreases sharply after
discharge, but the content of Mo®" increases, which indicates
that the Mo ion changes from a lower valence state to a higher
valence state during this process. The authors also shed light on
the mechanism of a Li—CO, battery with the cathode catalyst of
Mo,C/CNT. The proposed reaction mechanism is shown in eqs
14 and 15:

2CO, + 2¢~ = C,0,” (14)

C,0,”” + 2Li* + Mo,C — LiC,0,~Mo,C (15)
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Metal—oxygen coupling between Mo and O via the transfer of
coordinative electrons can stabilize the otherwise unstable
C,0,* to form amorphous Li,C,0,—Mo,C, as opposed to
Li,CO;. Therefore, the Li* and CO, will be easily released by
cleaving the Mo—O bond, thus reducing the overpotential
(Figure 4).

Wang’s group used density functional theory (DFT)
computations and confirmed that Li,C,0, is the main discharge
product when Mo,C acts as a cathode catalyst.'”" They further
studied the commonly exposed crystal structure of Mo,C, a-
Mo,C(001), f-Mo,C(001), as well as f-Mo,C(101), revealing
that (001) and (101) catalyst surfaces of f-Mo,C have the
lowest AG for the nucleation of the discharge product and the
lowest overpotential, respectively.

Akin to Mo, C with high electrocatalytic activity, molybdenum
disulfide (MoS,) also has been widely utilized as a promising
catalyst.'”* In comparison with the inactive basal plane sites, the
active edge sites of MoS, (unsaturated S atoms) play an
important role in catalysis. If present in large excess, the in-plane
S atoms within the Mo,S nanosheet become redundant or
unutilized and may even limit the activity of Mo,S. It is inferred
that improving the electrocatalytic performance relies on fully
utilizing the available S atoms during the catalytic process.
Herein, MoS,/SnS, superthin nanosheets were synthesized to
act as a cathode for Na—CO, batteries. By introducing SnS,,
more in-plane S vacancies are induced on the MoS,/SnS, basal
site. This is found to facilitate CO, adsorption. In addition, SnS,
incorporation can enhance the Na® charge-transfer mobility,
resulting in better cycle performance and lower overpotential
compared to the pure MoS, electrocatalyst.

ReS, is another type of disulfide electrocatalysts applied for
metal-CO, batteries.”> The ReS, takes advantage of the

https://doi.org/10.1021/acsenergylett.2c02445
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Figure 5. (a) Schematic illustration of preparation procedures for Fe—Cu—N—C and the possible microstructure of the Fe—Cu—N—C catalyst.
Adapted with permission from ref 108. Copyright 2021, The Royal Society of Chemistry. (b) (I) Model for the aqueous rechargeable Zn—CO,
battery equipped with s-PdNi/CNFs-1000 as the cathode. (II) AC-TEM image of s-PdNi-800 NPs. (III) EDS mapping images of s-PdNi-800
NPs. IFFT patterns of the (IV) (111) and (V) (200) planes of s-PdNi-800 NPs. Corresponding strain distributions of e, and e, on s-PdNi-800
were in line with the (VI) (111) and (VII) (200) planes. Adapted with permission from ref 119. Copyright 2022, American Chemical Society.
(c) Fabrication of low-coordination single-atom Ni electrocatalysts via a PSMS strategy. Adapted with permission from ref 109. Copyright
2021, Wiley-VCH. (d) (I) Schematic of the synthesis process of NSV-ReS,(x)/CP. (IL) CV curves at a scanning rate of 0.2 mV s* and (III) fully
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NSy-ReS,(5)/CP; green line, NSy-ReS,(7)/CP; brown line, NSy-ReS,(7)/CP). Adapted with permission from ref 95. Copyright 2022,

American Chemical Society.

synergistic effect between nucleophilic N dopant and electro-
philic S vacancy (Figure 5d, part I). This particular electronic
structure affects the interaction between the Li atoms and C/O
atoms, thus favoring the adsorption of crucial reaction
intermediates. Therefore, the Li—CO, battery with NSV-
ReS,(5)/CP shows excellent cycle performance and discharging
ability (Figure 5d, parts I and II).

An additional cathode catalyst, Co-doped MnO, nanowires
(NWs), was proposed by Peng and co-workers,'”* who worked
on directly optimizing the electrode structure. The authors
found that the introduction of cobalt can effectively improve the
electrode conductivity by lowering the bandgap of MnO,.
Furthermore, it increases the porosity of the electrode with
pores of multiple sizes, thus easing the diffusion of electrolyte
and the movement of CO,. The Li—CO, battery with Co-
interstitial MnO, NWs owns an ultralow overpotential (0.73 V)
and stable cycle performance (over 500 cycles at the current
density of 100 mA/g), which provide novel avenues for
designing high-efficiency nonnoble metal-based electrocatalysts.

Morphology engineering for nanomaterials can adjust surface
and interfacial properties to increase the surface area and
improve reaction kinetics. This inspired researchers to design
and develop different methods to synthesize multidimensional
nanomaterials. However, the unfavorable factors, such as costly
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equipment, intricate experimental procedure, and environ-
mentally unfriendly reactants are the main drawbacks for the
development of such synthetic processes. Therefore, Xu et al.
used the self-assembly strategy to control the growth of
CuCo0,0, (CCO) materials for Na—CO, batteries (Figure
6d).""* NH;-H,0 plays a role in modulating pH to induce
oriented growth of the precursors (p-CCO). At low pH (pH 2),
accumulation of p-CCO is the main growth behavior, because
NH;-H,0O is difficult to coordinate with p-CCO. With the
increase of pH, NH; molecules are more likely to coordinate
with copper ions, and the growth rate of p-CCO in the axial
direction is accelerated. Therefore, the morphology of the
material is gradually transformed from spherical to rod-like.
When pH is between 6 and 7, directional growth becomes the
dominant factor; thus, the material finally grows into a one-
dimensional morphology. They also found that the highly
conductive polypyrrole (PPy) shell creates conductive channels
for the active material to improve electrical conductivity, speeds
up electron transfer, and reduces electrolyte corrosion during
long-term operation. Finally, the 1D rod-like CuCo,0,/PPy
(CCO/ppy) exhibiting rich oxygen vacancies and active sites
demonstrates an impressive potential gap (0.6 V, over 600
cycles) and excellent discharge capacity (31.3 mAh cm™2).

https://doi.org/10.1021/acsenergylett.2c02445
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Adapted with permission from ref 104. Copyright 2022, Elsevier.

Similar to metal-CO, batteries, CO, electrolysis can also
benefit from the advantages of transition metal compound-based
electrocatalysts. The reduction process of CO, consists of
several basic steps and is accompanied by the formation of
various intermediates. The process is intrinsically complex, with
an additional complication arising from the competition with the
hydrogen evolution reaction. Therefore, designing and devel-
oping electrocatalysts with high electrocatalytic activity and
excellent selectivity has become one of the hot issues in this field.
Luckily, the transition metal compound-based electrocatalysts
with diverse composition (oxides, sulfides, carbides, and
nitrides) and various sizes (molecular level, nanostructure, and
microstructure) provide a feasible way to tackle the current
challenges. For example, the molecular 1,10-phenanthroline-Cu
compound supported by mesostructured graphene can achieve a
high activity and selectivity toward CO, reduction.'” A possible
pathway to form HCOOH is illustrated in eq 16:

CO, + 2H" + 2¢” - HCOOH (16)

The Cu" active site forms a trigonal bipyramidal structure
with the neighboring N atoms and initiates the catalysis from the
7'-COO-like configuration. The phen-Cu can achieve a high
electron density through voltage adjustment, which shows a
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strong ability to control the electron distribution of CO,. These
factors can facilitate CO, adsorption. In addition, the supported
mesostructured graphene can inhibit the mass transport from
the bulk solution to the electrode surface to benefit the CO,
reduction instead of hydrogen evolution, thus greatly improving
the selectivity of this catalyst.

Transition metal compound-based electrocatalysts can
effectively reduce the overpotential and improve the energy
efficiency of metal—CO, batteries.'’° Moreover, they can boost
the electron transfer and tune the electronic structure of CO, to
facilitate the conversion from CO, to selected value-added
chemicals. Reducing the size of transition metal compound-
based electrocatalysts becomes a feasible way to provide high
numbers of active sites. For example, the nanostructure
transition metal electrocatalysts show a strong ability to improve
the electrochemical performance of both metal—CO, batteryies
and CO, electrolysis. In addition, the design principles for
transition metal compound-based electrocatalysts are based on
morphological control and the selection of the supporting
materials. Finally, the low price of transition metal compound
catalysts increases the potential for large-scale applications

compared with precious metal catalysts.'"”
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B SINGLE-ATOM ELECTROCATALYSTS

Single-atom electrocatalysts (SACs) with high metal utilization
have attracted increasing attention and exhibit a wide range of
applications, including material science, catalysis, and electro-
chemistry. Herein, M—N—C (M = Ni, Fe, Zn) is a typical model
catalyst combining a single metal atom and N-doped carbon
materials to explore an improved strategy for SACs. The local
electronic densities of central metal atoms vary with
coordination to the N atoms in SACs; thus, they can influence
the adsorption of reaction intermediates and regulate the
electrocatalytic activity. This can therefore boost the perform-
ance of both metal—CO, batteries and CO,ER technologies. It
was found that the electronic structure of the catalysts can be
optimized by doping with nitrogen and/or adding non-noble
metal species to carbon-based material. The adsorption capacity
for specific reactants can then be enhanced. For instance, the
metal atom will coordinate with the N atom to produce a stable
M—N, group. Its unique coordination structure and unsaturated
coordination environment can improve the electrocatalytic
performance. While Cu—N, was found to have poor electro-
catalytic performance, recent studies by Xu et al. constructed
bimetallic active site systems by introducing a second atom
(iron) to tailor the microstructure of electrocatalysts and change
the chemical and electronic performance.'”® Figure Sa shows
preparation procedures and microstructure for Fe—Cu—N-C.
The new catalyst showed high surface adsorption state and
promoted fission of the C=0O bonds, owing to high densities of
(bimetallic) active sites. The authors first introduced the Fe—
Cu—N—C system to Na—CO, batteries and further investigated
the mechanism of CO, activation. Their results show that a Na—
CO, battery with this cathode catalyst has superior performance
(voltage gap of 0.44 V and cyclability of 600 h), which is higher
than those of other hybrid Na—CO,PdNi batteries.

The synergistic effect between the isolated metal-N sites and
graphitic N species can induce charge redistribution and
enhance electron transport. The electrochemical performance
of SACs has a strong connection to their local coordination
environment. The electrocatalytic performance and selectivity
of SACs highly relate to the electronic and geometric structure of
their metal centers, which would be influenced by the
coordination number. Therefore, it is important to regulate
and control the coordination environment to improve electro-
catalytic performance. Great progress has been made in
constructing SACs; however, it is still challenging to precisely
modulate coordination number while keeping the single-atom
metal centers stable. Many methods have been proposed to solve
the above issues. For example, Zheng et al. reported that one-
step pyrolysis accompanied at high temperature can adjust the N
coordination number.'”” The strategy of postsynthetic metal
substitution is reported to demonstrate a controllable and
convenient pathway for constructing single-atom Ni electro-
catalysts. Meanwhile, it also can achieve the goal of synthesizing
single Ni atoms with low coordination number on a N-doped
carbon matrix, which is derived from a Zn-based MOF. Since the
Zn—N bond is labile in acidic media, rich Zn—Nj sites can form
after the pyrolysis of the Zn-based MOF but will easily break
down to leave Zn vacancies. Therefore, the authors succeeded in
the fabrication for Ni—N;—C catalyst. Then, Zn vacancies
surrounded by 3 N atoms is refilled with a Ni atom to form Ni—
N;—C (Figure Sc). The theoretical calculation also shows that
low-coordinated Ni atoms in Ni—N;—C greatly benefit the
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formation of the *COOH intermediate, thus enhancing CO,
reduction.

A series of Fe-based N-doped carbon samples act as good
examples to demonstrate the optimization strategy while gaining
a deeper understanding of the M—N-—C structure. The
advantage of Fe—N—C over other M—N—C catalysts is that it
provides lower onset potential for CO, conversation. However,
its electrocatalytic performance is not ideal because CO readily
and strongly binds strongly to the Fe—N, site, thus preventing its
desorption and blocking the site. Different methods have been
proposed to enhance the performance of CO, reduction, such as
changing the morphology/structure of the loaded carbon matrix
and adjusting the coordination structure/local environment
around the iron atom. In addition, N doping points and intrinsic
defects are also important. Defect-rich graphene with single-
atom Fe—N,, sites (DNG-SAFe) was developed. The associated
studies demonstrated the specific role of defect-based carbon to
ameliorate the Fe—N—C structure. This strategy combines the
advantages of defect-rich carbon species and the atomic single
Fe—N, site."'" In this work, carbon-rich carbon nitride (Cg
C;N,) was used to provide carbon sources to fabricate intrinsic
carbon defects with N dissipation. The electrochemical
performance of DNG-SAFe is better than that of the
electrocatalysts of DNG (only intrinsic defect sites) and NG-
SAFe (only Fe—N, sites), indicating the advantages of
combining intrinsic defect sites and Fe—N, sites.

Besides, the process of synthesizing isolated Fe active centers
on N-doped carbon (Fe;NC) reveals that the volcano
relationship can guide the optimization of size for better
electrochemical performance.''’ It shows the versatility of the
gas diffusion process and paves the way for potential application
of carbon-supported SACs through synthesizing a series of
nanocarbon electrocatalysts (1D, 2D, and 3D). The presence of
Fe—Nj sites was predicted to reduce the energy barrier of
*COOH formation as well as that associated with the following
reaction. This was consistent with the high performance of the
Zn—CO, battery; specifically, the power density and FE_; of the
Zn—CO, battery assembled with cathode catalyst Fe,NC can be
beyond 500 mW/cm? and 95%, respectively. The Fe single atom
surrounded with vacancy (FeN,;V) shows a modest energy
barrier for all reaction states, starting from the formation of
*COOH, to the conversion of *COOH to *CO, and the final
desorption *CO to yield free, gas-phase CO. This indicates that
introducing a vacancy for the Fe—N—C structure is highly
beneficial.

Based on a similar idea, Fe—Nj also shows the ability to
improve FE_, as well compared to other catalysts. Li et al.
constructed defective carbon nanofibers with a porous structure
to support Fe—Nj sites accompanied by N coordination (Fe—
N;/DPCF).""” Figure 4c provides the synthetic process and the
corresponding SEM images. The material is synthesized starting
from zinc-based zeolitic imidazole frameworks (ZIF-8), in which
the prepared precursor can be converted into Fe—N,/PCF
through an electrospinning method and thermal treatment. By
integrating the advantages from dispersed Fe—Nj sites and
defective carbon, the catalyst Fe—N;/DPCF can boost
electronic localization to enhance the desorption of *CO and
inhibit the hydrogen evolution reaction (HER). During
pyrolysis, the Fe—Nj active site is formed by axial coordination
between Fe and the N atom of the adjacent nitrogen-doped
carbon layer. In addition, selective removal of some unstable
species, such as pyrrolic-N and pyridinic-N species, can promote
the carbon support to produce more inherent defects.

https://doi.org/10.1021/acsenergylett.2c02445
ACS Energy Lett. 2023, 8, 1818—1838


http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.2c02445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

Focus Review

The well-defined structure also exhibits advantages for
improving the electrocatalytic performance of M—N—C. The
novel Zn—N,/C electrocatalyst with a twisted structure is
obtained by a molten salt-assisted solid-phase method; the
process is shown in Figure 4d."'” The Zn—Nj,, active site is
constructed by forming the coordination between a Zn' atom
and four N atoms, which shows an improved ability in
comparison to other dispersed Zn—N—C electrocatalysts
reported so far. The electrochemical results demonstrate the
Zn—Nj,, active site supported by the carbon nanosheet can
enhance dissociation of H,O and facilitate protonation of *CO,;
this is reflected in a lower potential barrier for formation of the
*COOH intermediate.

Because of the high density of exposed active sites, single-
atom electrocatalysts (SACs) can be helpful for designing low-
cost and high-performance cathodes. However, the harsh
synthesis conditions and lengthy production process of previous
SASCs increase the preparation cost of SASCs, presenting great
obstacles for their industrial application. Therefore, simplifying
the synthetic process while lowering the cost is urgently
required. A single atom of Ru can be introduced onto the Co;0,
nanosheet array (Ru—Co;0,) by a cation exchange method.
This method relies on mild conditions (350 °C and air
atmosphere), which provides a facile way to obtain SACs
(Figure 4b).""* Ru—Co;0, acts as dual-catalysts. The Co;0,
nanosheet array shows a greater ability to stabilize the mass
transfer of CO,/Li* and favors the formation of Li,COj,
compared to traditional carbon support. Ru atoms act as active
sites for adjusting the nucleation behavior of the discharge
products. It is worth mentioning that the inherent affinity of the
electrocatalysts with Li,C,0, is improved by the use of Ru
atoms. The change in morphology of the samples is also shown
in Figure 4b, from smooth carbon fiber to Ru—Co;0, with a
slightly curled elliptical morphology.

SACs became promising materials to enhance the electro-
catalytic performance; however, an important challenge still lies
in their high onset potential. Inheriting the advantages of SACs,
the diatomic site electrocatalysts (DASCs) can use two
neighboring heterogeneous metal atoms for complementary
functionalities and synergistic effects. Notably, electronic
interaction between two neighboring atomic metals can control
the binding energy with different intermediates. However, they
still face the challenges of unclear working mechanisms and
elaborate construction processes. To shed light on the synthesis
process and electrocatalytic mechanism, high-density Ni and Fe
atoms were anchored on N-doped graphene (NiFe-DASC); the
resulting catalyst shows a stable and excellent electrochemical
performance for CO,-to-CO conversation (overpotential: 690
mV at 50.4 mA/cm™%; FE: 94.5%).""° The results are collected
from the Zn—CO, battery loaded by a NiFe-DASC cathode.
Furthermore, in-depth analysis of the electronic structure shows
that the oxidation state of Fe, as the electrocatalytic center in the
NiFe heteroatom pair, increases after coupling with the orbital of
Ni, which reduces the binding strength to the intermediate. This
study provides important guidance and insights for the rational
design, working mechanism, and future applications of
heterogeneous DASCs.

Regulating the binding energy of the intermediate can aid in
achieving a high level of electrocatalytic activity and product
selectivity simultaneously. The exciting result can be obtained by
strain engineering.''’ Figure Sb offers a model for the aqueous
rechargeable Zn—CO, battery with an s-PdNi/CNFs-1000
cathode. For the conversation from CO, to CO, strain
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engineering shows the powerful ability to adjust the binding
energies of intermediate COOH™ to regulate electrocatalytic
properties, featuring high FE_, and selectivity. It is necessary to
construct a well-understood and well-defined system to finely
regulate lattice strain and to demonstrate the effect of strain for
electrochemical CO, reduction. The strain PANi NPs (s-PdNi)
can be used as a model system to study the factors that
determine strain effects. Characterization analysis of s-PdNi-800
shows a well-defined plane with an interatomic distance and
even distribution of Pd and Ni (Figure Sb).

Selecting suitable SAC electrocatalysts for CO, electro-
catalysis is still a hot topic.'””'*" The high efficiency and
adjustable electrochemical environment/electronic structures
offer an excellent platform for the CO, reduction reaction.
Designing SAC electrocatalysts with low-cost, high-selectivity,
and superior electrocatalytic activity plays an essential role in a
large-scale application for CO, electrolysis. Zheng et al. reported
a facile and scalable method to synthesize Ni SACs supported on
carbon black with extraordinary performance.'”” One of the
advantages of carbon black support is its onion-like structure and
defective graphene layers that can effectively enhance CO,
diffusion to increase the concentration of the reactants. In
addition, carbon black can trap Ni atoms on the activated
surface, which introduces electrocatalytic sites and coordination
environment for CO, conversion. As a result, the individual Ni
atom is well separated and has a strong anchor on the carbon
black. This is consistent with the electrocatalytic performance.
Single Ni atom electrocatalysts with carbon black achieve
around 100% selectivity for CO production at a current density
over 100 mA/cm>

The above-mentioned work shows the importance of
supporting materials for SAC electrocatalysts. Cao’s group
designed varieties of carbon sphere supporting materials for Ni—
N, electrocatalysts.'*® As a result, the Ni—N, supported by
hollow mesoporous carbon spheres (Ni/HMCS-3-800)
achieves a better electrocatalytic performance in which FEq
is 95% (—0.7 to —1.1 V vs RHE) and turnover frequency value is
15608 h™'. In addition, they extensively studied the influence of
geometrical structures of the carbon supporting matrix. The
electrochemical environment for SACs can be adjusted by the
compactness as well as shell thickness of carbon spheres to
activate CO,. It shows enhanced CO, adsorption efficiency with
the improved mesopore size. These works show a promising
method for further exploration of the electrocatalytic perform-
ance of SACs electrocatalysts by designing optimized supporting
materials.

A such, SACs, especially M—N—C-based SACs, have
attracted a lot of researchers’ attention due to their high activity
and excellent selectivity.'”*'*> The unique structure of the
catalyst to expose as many atoms as possible results in the
catalyst’s high electrocatalytic activity. The unique properties of
SACs can accelerate the degradation of the discharge products
and accelerate the reaction kinetics of metal—CQ, batteries, as
well as promote the CO, electrolysis reaction. Meanwhile, the
elaborate electronic structure and adjusted coordination
environment of SACs also provide a viable way to further
study the pathway of CO, reduction in the application of metal—
CO, batteries and CO, electrolysis reaction.' >

B ORGANIC POLYMERS

Organic polymers, including phthalocyanine- and porphyrin-
based polymers, MOFs, covalent organic frameworks (COFs),
etc.,, are a novel class of heterogeneous catalys.ts.ln128 The
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porous structure of organic polymer electrocatalysts can increase
the number of exposed active sites and facilitate mass transport,
which improves both the cycle performance of metal-CO,
batteries and the reaction kinetics of CO,ER. In addition, high
catalyst loading and excellent structural stability play vital roles
in boosting the electrocatalytic performance for a longer time.
All features are beneficial for organic polymer-based electro-
catalysts to achieve a high level of CO, adsorption and
conversion."”” In the process of studying the electrocatalytic
properties of organic polymers, how to precisely control the
activity of the central metal atom has always been a research
hotspot. For example, phthalocyanines are structurally related
macrocyclic compounds with a highly conjugated s-electron
system. Metal phthalocyanine (MPC) with transition metal
center has the features of a well-defined coordination environ-
ment and tunable d-orbitals. Gong et al. modulated the electron-
withdrawing effect of carbon defects and pyrrolic N to change
the electronic structure of cobalt phthalocyanine (CoPc)
supported by N-doped hollow carbon spheres (CoPc@
NHCS)."*® Therefore, the authors were able to regulate the
electronic structure of the metal to control the activity of
heterogeneous macromolecule electrocatalysts. The results
show that the Co electronic structure of CoPc is a key part of
electrochemical CO,ER, and the electron-withdrawing effect
can boost the CO, activation and lower the barrier for *COOH
formation on the Co' metal sites.

Phthalocyanine is also designed and developed as the
electrocatalyst for metal—CO, batteries. The conjugated cobalt
polyphthalocyanine (CoPPc) featuring enhanced chemical and
mechanical stability is synthesized by an easy microwave heating
strategy to polymerize 1,2,4,S-etracyanobenzene and Co®*
(Figure 6¢)."*' Compared with the CoPc monomer, the
CoPPC shows a higher electrocatalytic activity for formation
and decomposition of Li,COj;. According to the discharged and
charged profile shown in Figure 6¢ (II and III), the Li—CO,
battery can run for over 50 cycles at the current density 0.05
mA/cm™? with a corresponding midcapacity voltage polar-
ization (1.1 V) and energy efficiency (61%). The excellent
chemical and physical stability as well as impressive electro-
catalytic performance make the CoPPc polymer a promising
catalyst for flexible Li—CO, batteries. In addition, this work
demonstrates the potential for constructing flexible metal—CO,
batteries by using an organometallic polymer catalyst.

Besides, MOFs/COFs with high-porosity materials, high
thermal stability, versatility, and open channels provide the
ability of powerful CO, capture and impressive electrocatalytic
performance.'*” The unique structure can not only enhance the
electrochemical kinetics but also provide an ideal example for
studying ion and gas behavior during charge and discharge.
Therefore, it is worth further exploring the application in the
field of both metal-CO, batteries and electrochemical CO,
reduction. It is found that different synthesis methods will affect
the electrocatalytic performance of the polymer. Through fine-
tuning of the internal strain on the Zn-porphyrin center, Zn
MOF-based catalysts developed by a vapor-phase infiltration
(VPI) method have improved intrinsic activity.'”® The VPI
method can produce the Zn-porphyrin coordinated center on
surface-bound MOFs, while internal stress is induced by excess
ZnO growth inside MOFs. Compared with MOFs prepared by a
transitional method, the strained MOFs can achieve almost
100% FE_, in CO, electrolysis. Ligand doping is also an effective
strategy to improve the CO,ER activity of MOFs; a ligand
dopant featuring an electron-donating property can induce
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transfer of charge from the dopant molecule to the adjacent sp”
C atom sites.'"” The formation of the *COOH intermediate
benefits from this fast charge transfer from the active sites to the
antibonding orbitals of CO,, which promote activation.

Fortunately, increasing work shows
that the classes of heterogeneous
electrocatalysts that are suitable for
metal—CO, batteries or CO, electrolysis
could also provide feasible materials to
advance the other application.

MOFs have been proven to be capable of CO, capture as well
as gas separation. The ability to absorb CO, can be easily
adjusted by tuning the pore size and functional groups of MOFs.
In addition, benefiting from the well-aligned micropores
provided by their ordered periodic structures, the growth of
Li,CO; forms a uniform nanostructure morphology, which can
well avoids the agglomeration problem. The electrocatalytic
metal center can be evenly dispersed in a highly porous skeleton,
so the Li,COj; can be efficiently decomposed. More importantly,
the relation between structure and electrochemical performance
can be precisely explained by systematically studying the
behavior of metal centers and pore structures of MOFs (Figure
6a). Inspired by these ideas, Li et al. synthesized a series of
porous MOFs.'”> Among these electrocatalysts, Mn-based
MOFs show an impressive performance in Li—CO, batteries.
The Mn,(2,5-dioxido-1,4-benzenedicarboxylate), named
Mn,(dobdc), based cathode exhibits an excellent discharge
capacity (18022 mAh/g at S0 mA/g). Low charging potential at
about 4.0 V is achieved by Mn(HCOO), after SO cycles at a
current density of 200 mA/g. The lower overpotential confirms
the ability of the Mn(II) metal center to avoid high charging
potential, indicating the importance of selecting suitable metal
centers for MOF-based electrocatalysts. The high discharge
capacity can be attributed to the increase of porosity and CO,
adsorption of the MOF. Moreover, the energy loss of CO,
evolution may be closely related to the effect of the isometric
heat of CO, adsorbed by the MOF on charge polarization. The
medium isosteric heat of CO, adsorption would be beneficial for
obtaining lower charge polarization. These exciting results boost
the development of MOF-based electrocatalyst to activate the
metal—CO, electrochemistry, providing a clear guideline for
designing highly efficient MOF-based electrocatalysts.

MOF electrocatalysts also provide the platform for CO,
electrochemical reduction with an adjustable chemical environ-
ment. The Fe-porphyrin-based MOF with an electrostatic
secondary-sphere exhibits an impressive electrocatalytic per-
formance for CO, electrolysis."** In situ Raman spectra indicate
that this Fe-porphyrin-based MOF with positively charged
groups can stabilize the weakly bound CO intermediate.
Therefore, the FE¢o can be improved effectively by steadily
releasing the adsorbed CO. Meanwhile, the magnitude of the
electrostatic field is adjustable by tuning the ionic strength of the
electrolyte to achieve higher selectivity (about 100%).

COFs demonstrate excellent stability and strong competitive-
ness attributed to robust covalent linkage, especially when
maintaining stability in other polymer materials is difficult. They
can provide stable and atomically precise one-dimensional
channels to enhance the transport of CO,/Li* diffusion and
improve the electrochemical reactions kinetics. As shown in
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Figure 6b, COFs and the traditional Ru@CNT can act as CO,
absorbers and diffusion layer for ion and gas, which ensure that
the Li—CO, battery has high energy capacity (27 348 mAh g~'
at 200 mA g!)."** The COF-based electrocatalysts with
excellent properties of ion/gas transport offer a platform for
understanding and exploring the full potential of metal-CO,
batteries.

In addition, Guo et al. reported cooperative cobalt-
protoporphyrin (CoPP) on the metal—organic layers (MOLs)
for CO, electrolysis."** The ultrathin MOLs are regarded as a
novel type of functional molecular materials due to high
conductivity. It also provides a shorter path for electron
migration and movement. In particular, the microenvironment
of electrocatalytic centers can be controlled by modifying the
surface of the MOLs. In this case, the 2D MOLs act as a substrate
that can precisely adjust the microenvironment of the
electrocatalyst CoPP to further improve the electrochemical
performance of CO, conversion. In addition, the CoPP sites and
pyridinium moiety on MOLs can both activate CO, with the
formation of [pyH"_-O,C-CoPP], thus improving the COgg and
inhibiting hydrogen evolution. Therefore, this work provides an
adjustable platform of MOLSs to optimize product selectivity and
understand the electrocatalytic processes of CO, conversion.

In conclusion, organic polymer electrocatalysts became one of
the burgeoning electrocatalysts for metal-CO, batteries and
CO, electrolysis due to the unique tunable structure and
excellent electrocatalytic performance.”””'*® In metal-CO,
batteries, the (metallo)organic polymer electrocatalysts can
boost the reaction kinetic and increase energy efficiency through
facilitating the gas/ion transfer. In addition, the high surface
area, controlled functionality, and exciting stability play
important roles in enhancing the CO, adsorption and electron
movement.

B OUTLOOK

Metal—CO, batteries and CO, electrolysis both rely on efficient
CO,ER and have similar reaction mechanisms. However, the
reaction conditions, reaction products, and main challenges are
different for these two applications. Fortunately, increasing work
shows that the classes of heterogeneous electrocatalysts that are
suitable for one application could also provide feasible materials
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to advance the other application."””~"** Notably, using
advanced technology, we can further explore the performance
of heterogeneous electrocatalysts. For example, machine
learning and artificial intelligence can help select and optimize
the electrocatalytic performance of heterogeneous electro-
catalysts.'*>'** In addition, advanced characterization methods
act as useful tools to study the mechanism of CO,ER.'*
However, the development of the heterogeneous electro-
catalysts still has some limitations; therefore, we can summarize
the challenges faced as well as the corresponding strategies as
follows:

(1) The low surface area of many electrocatalysts hinders
large-scale application. This not only reduces the ability of the
catalyst to improve the cycling performance of metal-CO,
batteries but also limits the efficiency of electron transfer during
the process of CO, electrolysis. Designing nanostructured
electrocatalysts to increase the surface area, thus providing more
active sites, has become an effective method to tackle this
problem (Figure 7). For example, rechargeable Na—CO,
batteries assembled with a ZnCo,0, nanorod cathode exhibit
higher cycle number (150 cycles at 100 mA g™') and lower
charge overpotential (3.8 V). This result can be attributed to the
highly efficient decomposition of the discharge product and fast
electron transfer.'*®

(2) Finding feasible and low-cost methods to synthesize the
desired electrocatalysts always catches the attention of
researchers. For example, MOFs owning tailorable composition
and structure provide a promising way to control the
coordination microenvironment of SACs. However, different
doping metals will have different effects on the formation of the
MOF and its properties. Judicious selection of MOF precursors
is needed to design different metal-based systems. Therefore,
this strategy might be difficult to apply for large-scale
application. Some additional drawbacks render this method
not ideal. One issue is that the carbonization of the MOF and the
formation and aggregation of single atoms may occur
simultaneously. Therefore, some complex synthesis parameters,
such as pyrolysis temperature and metal loading, can interact
with each other in the one-step pyrolysis process, resulting in a
lack of understanding of the specific roles of each factor. Zhang
et al. reported that accurate control of the coordination
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surroundings followed by a postsynthetic metal substitution
method can yield desired products easily, which provides a
promising way to deal with this problem.'*”

(3) Understanding the electrocatalytic mechanism of CO,ER
is pivotal for the development of the next generation of
heterogeneous electrocatalysts. Taking SACs as an example,
elaborately adjusting the behavior of metal atoms and the
electronic structure is regard as an important way to achieve high
electrocatalytic performance. Therefore, Ru atom/Ru—Nj sites
supported by a carbon nanobox substrate elucidate the
relationship between electronic structure and properties of the
electrocatalysts. The neighboring Ru,¢ species show a strong
ability to adjust active site Ru—N, to increase the binding energy
between active sites and reaction intermediates, which can
effectively lower the energy barrier of the rate-determining step
of CO, conversion.'” In addition, the accelerated process of
carbon desorption is also good enough to avoid poisoning
problems, allowing a steady uptake of CO, over time.

(4) Designing suitable heterogeneous electrocatalysts for
conversion of CO, to higher-order carbon products (C,,) can
promote the production of value-added chemicals. However, the
possible reaction pathways toward C,, products need to be
further explored. Besides, typical electrocatalysts need high
overpotential to achieve excellent reaction rates, and the
competition of the hydrogen evolution reaction must be
considered. Fortunately, copper-based heterogeneous electro-
catalysts can provide a great platform to study the factors
affecting the reaction.'** For example, the experimental results
show that CO* dimerization to OCCO* on Cu(100) is the key
step for producing C,, products."*’ Therefore, it is worth
exploring excellent heterogeneous electrocatalysts to achieve
high-efficiency CO,-to-C,, products based on Cu-based
electrocatalysts.

(5) Compared with heterogeneous electrocatalysts, homoge-
neous electrocatalysts have higher selectivity, but their activity
and stability make it difficult to meet industrial requirements.
The recovery process of homogeneous electrocatalysts is very
complex, which is also one of the obstacles for large-scale
applications.'** Therefore, designing hybrid homogeneous—
heterogeneous electrocatalysts might be a promising way to
combine the advantages of both heterogeneous and homoge-
neous electrocatalysts.

Overall, heterogeneous electrocatalysts (carbon-based, noble
metal-based, transition metal compounds, single-atom, and
organic polymer electrocatalysts) are promising ways to further
the development of both metal-CO, batteries and CO,
electrolysis based on electrochemical methods. We hope that
this Focus Review can provide a new understanding of the
connection of heterogeneous electrocatalysts in both applica-
tions. We hope to inspire researchers to design and develop
electrocatalysts with higher surface area, better electrocatalytic
activity, and superior stability. Next-generation heterogeneous
electrocatalysts can help realize metal—-CO, batteries and CO,
electrolysis applications that could become crucial for over-
coming carbon emissions.
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