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Table S1 Summary on the title, contents, and theme of previous review articles for 
electrochemical CO2 reduction. The review articles can be categorized based on main focus: 
catalyst, electrolyte, cell design & process, mechanism, stability and comprehensive. The 
number of articles for each group corresponds to 63, 2, 13, 11, 1 and 10 in order.
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Ref. Title Contents Theme

This
work

Catalyst-Electrolyte Interface 
Chemistry for Electrochemical 

CO2 Reduction

1. Introduction
2. Technoeconomic perspectives of 

electrochemical CO2 reduction
3. Fundamentals of electrochemical CO2 

reduction
4. Design of interfaces between catalyst and 

surface modulator
5. Understanding catalyst-electrolyte interfaces

6. Conclusions and perspectives

Control of organic 
modulators, electrolyte 

ions, electrode 
structures and the three-
phase boundary at the 

catalyst-electrolyte 
interface

1

Advances and challenges in 
electrochemical CO2 reduction 
processes: an engineering and 

design perspective looking 
beyond new catalyst materials

1. Introduction
2. Working principles of electrochemical CO2 

reduction
3. Electrolyzer configurations

4. Electrode structure
5. Electrolyte selection

6. pH effects
7. Pressure and temperature effects

8. Summary and outlook

Electrolyzer 
configuration, electrode 

structure, electrolyte 
selection, pH control, 
and the electrolyzer's 

operating pressure and 
temperature

2

A disquisition on the active 
sites of heterogeneous catalysts 
for electrochemical reduction of 
CO2 to value-added chemicals 

and fuel

1. Introduction
2. Active Sites in Metal-Based Catalysts

3. Active Sites in Metal-Carbon Catalysts
4. Active Sites in Carbon-Based Catalysts

5. Advanced Tools for Active Site Determination
6. Machine Learning in CO2RR

7. Summary and Outlook

Design strategies of 
active sites

3 Electrolytic cell design for 
electrochemical CO2 reduction

1. Introduction
2. Electrochemical cell for CO2RR

3. Summary and outlook
Electrolytic cell design

4

An overview on the recent 
developments of Ag-based 

electrodes in the 
electrochemical reduction of 

CO2 to CO

1. Introduction
2. Ag-based nanostructured electrode materials

3. Outlook on surface engineering

Material factors in Ag-
based electrodes

5

Metal-organic frameworks for 
electrochemical reduction of 
carbon dioxide: The role of 

metal centers

1. Introduction
2. Mechanism of electrocatalytic reduction of 

CO2
3. MOFs-based materials for electrochemical 

reduction of CO2
4. Conclusions and outlooks

MOF-based 
electrocatalysts

6
Pushing the activity of CO2 
electroreduction by system 

engineering

1. Introduction
2. Catalytic reactor design

3. Renewable energy-driven systems
4. System optimization

5. Summary and outlook

Reactor architectures 
and system engineering

7
Strategies for designing 

nanoparticles for electro- and 
photocatalytic CO2 reduction

1. Introduction
2. Designer Metal Nanoparticles for 

Electrocatalytic CO2RR
3. Designer Semiconductor Nanoparticles for 

Photocatalytic CO2RR
4. Conclusion and Perspectives

Strategy of designing 
nanoparticles

8
Rational design of Ag-based 

catalysts for the electrochemical 
CO2 reduction to CO: A review

1. Introduction
2. Fundamentals of ECR

3. Advances in silver-based CO2-to-CO 
electrocatalysts

Material factors in Ag-
based electrodes
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4. Summary and Outlook

9

Electrochemical conversion of 
carbon dioxide to high value 

chemicals using gas-diffusion 
electrodes

1. Introduction
2. Electrochemical CO2 reduction

3. Figures of merit for electrochemical CO2 
reduction

4. Scaling up of electrochemical CO2 reduction 
processes using gas diffusion electrodes

5. GDE systems for various CO2 reduction 
products

6. Outlook for future research

gas diffusion electrodes 
and electrolyzers

10

Modelling chemical reactions 
on surfaces: The roles of 

chemical bonding and van der 
Waals interactions

1. Introduction
2. Methods

3. Applications: Modelling chemical reactions on 
metal surfaces

4. More realistic conditions in chemical reactions
5. Remaining challenges

6. Conclusions

Modelling 
electrocatalytic 

reduction of CO2

11

Current progress of metallic and 
carbon-based nanostructure 

catalysts towards the 
electrochemical reduction of 

CO2

1. Introduction
2. Size and morphology effect in ECR

3. Crystal facet control
4. Defect engineering

5. Interface and surface modification
6. Oxide derivation

7. Conclusion and outlook

Design of 
nanostructured 

inorganic catalysts

12

Emerging nanostructured 
carbon-based non-precious 
metal electrocatalysts for 

selective electrochemical CO2 
reduction to CO

1. Introduction
2. Metal-free heteroatom-doped carbon materials
3. Transition metal heteroatom codoped carbon 

materials
4. Carbon-based hybrid materials

5. Summary and outlook

Carbon-based non-
precious metal 
electrocatalysts

13 Interfacial effects in supported 
catalysts for electrocatalysis

1. Introduction
2. Strategies to improve the formation of 

interfacial effects
3. Application of interfacial effects in 

electrocatalysis
4. Conclusion and Perspective

Interfacial effects in 
supported catalysts

14
Electrolyte effects on the 

electrochemical reduction of 
CO2

1. Introduction
2. CO2 reduction in aqueous electrolytes

3. CO2 reduction in non-aqueous electrolytes
4. CO2 reduction in electrolyte mixtures

5. Summary and outlook

Electrolyte effects

15

Surface strategies for catalytic 
CO2 reduction: from two-
dimensional materials to 

nanoclusters to single atoms

1. Introduction
2. Material synthesis and surface strategies for 

CO2 reduction
3. Challenges and opportunities

Nano-to-atomic surface 
strategies for catalysts

16 Carbon-based catalysts for 
electrochemical CO2 reduction

1. Introduction
2. Heteroatoms modification

3. Transition metal- nitrogen- carbon Structure
4. Combination with functional groups

5. Conclusions and outlook

Carbon-based catalysts 
and synthetic strategy

17

Review of two-dimensional 
materials for electrochemical 

CO2 reduction from a 
theoretical perspective

1. Introduction
2. Possible reaction pathways of electrochemical 

of CO2 reduction 
3. Discovery of 2D catalysts for electrochemical 

CO2 reduction
4. 2D transition metal dichalcogenides 
5. 2D structures of group-VA elements 

6. 2D metal–organic materials
7. Transition-metal oxides

8. Transition-metal carbides (MXENEs)
9. Summary and outlook

2D materials for CO2 
reduction

18
Mechanistic insights into 

1. Introduction

Surface enhanced 
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electrocatalytic reactions 
provided by SERS

2. Oxygen electrochemistry
3. Electrochemistry of carbon monoxide and 

carbon dioxide
4. Formic acid oxidation

5. Summary

Raman spectroscopy for 
CO2 reduction

19

Electrode materials engineering 
in electrocatalytic CO2 

reduction: Energy input and 
conversion efficiency

1. Introduction
2. Fundamentals

3. Electrode materials for ECR system
4. Conclusions and perspectives

Anodic and cathodic 
materials in the photo-

anode-assisted 
electrochemical CO2 

reduction

20

Advanced engineering of 
core/shell nanostructures for 

electrochemical carbon dioxide 
reduction

1. Introduction
2. Synthesis of core/shell materials 
3. A brief introduction of CO2RR

4. Advanced regulations of core/shell 
nanomaterials for enhanced CO2 electrocatalytic 

activity 
5. Conclusions and perspectives

Electrocatalysts with a 
core/shell structure

21

Nitrogen-doped metal-free 
carbon catalysts for 

(electro)chemical CO2 
conversion and valorisation

1. Introduction
2. N-doped carbon materials in CO2 valorisation

3. Concluding remarks

Nitrogen doped metal 
free carbon catalysts

22

Solvents and supporting 
electrolytes in the 

electrocatalytic reduction of 
CO2

1. Introduction
2. Aqueous electrocatalytic CO2 reduction

3. Non-aqueous electrocatalytic CO2 reduction

The effects of 
supporting electrolytes 

and solvents

23

In-situ infrared spectroscopy 
applied to the study of the 

electrocatalytic reduction of 
CO2: Theory, practice and 

challenges

1. Introduction
2. Fundamental aspects of infrared spectroscopy 

at electrode–electrolyte interfaces
3. Experimental details of infrared spectroscopy 

at electrode-electrolyte interfaces
4. Applications in the electrocatalytic reduction 

of CO2
5. Challenges and opportunities

In-situ IR spectroscopy

24
Recent advances in metal-

organic frameworks for photo-
/electrocatalytic CO2 reduction

1. Introduction
2. Photocatalytic CO2 reduction in MOFs

3. Electrocatalytic CO2 reduction in MOFs
4. Summary and Prospects

MOF-based CO2 
reduction

25

Rational design of carbon-based 
metal-free catalysts for 

electrochemical carbon dioxide 
reduction: A review

1. Introduction
2. Engineering physical structure of CMs

3. Engineering electronic structure of CMs
4. Engineering CMs for CO2RR
5. Conclusions and perspectives

Design strategies of 
carbon-based metal-free 

materials

26

Supported single atoms as new 
class of catalysts for 

electrochemical reduction of 
carbon dioxide

1. Introduction
2. Electrocatalysts for CO2RR: from 
nanoparticles (NPs) to single atoms

3. Electrochemical CO2 conversion on single-
atom catalysts

4. Understanding the origin of CO2RR activity 
and reaction mechanisms

5. Challenges and opportunities

Single-atom catalysts 
for CO2 reduction

27 Recent advances in intensified 
ethylene production—A review

1. Introduction
2. Alternative approaches for ethylene production 

3. Challenges and opportunities for intensified 
ethylene production 

4. Summary

Processes for intensified 
ethylene production

28

Advances and challenges in 
understanding the 

electrocatalytic conversion of 
carbon dioxide to fuels

1. Introduction
2. Initial activation of CO2

3. Carbon–carbon bond formation
4. Reaction and process conditions

5. Electrode morphology and (sub)surface atoms
6. In situ spectroscopic investigation of CO2 

reduction

Mechanistic 
understandings of CO2 

reduction reaction
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7. Computational approaches for CO2 reduction
8. Future directions

29

Electrochemical CO2 reduction 
into chemical feedstocks: From 

mechanistic electrocatalysis 
models to system design

1. Introduction
2. Techno-economic analysis of CO2RR

3. Computational insight into the reaction 
mechanisms

4. Catalysts for CO2 electroreduction
5. System design for CO2 electroreduction

6. Conclusions

Comprehensive review 
including techno-

economic analysis, 
computational 

understandings, 
catalysts materials and 

system design

30

Engineering metal-organic 
frameworks for the 

electrochemical reduction of 
CO2: A minireview

1. Introduction
2. Main challenges for CO2ER

3. MOF-related catalysts for CO2ER
4. Concluding remarks

Advantages and 
limitation of MOF-

based catalysts in CO2 
reduction

31

Structure-sensitivity and 
electrolyte effects in CO2 

electroreduction: From model 
studies to applications

1. Introduction
2. Structure sensitivity in CO2 reduction

3. Tuning the selectivity by engineering the 
electrolyte interface

4. Challenges and future directions

The effects of surface 
structure and electrolyte

32

Current achievements and the 
future direction of 

electrochemical CO2 reduction: 
A short review

1. Introduction
2. Commercial plants and projects

3. An economic feasibility of produced chemicals
4. Liquid-phase electrochemical CO2 reduction
5. Evolution into the gas-phase CO2 electrolysis

6. Conclusion

CO2 electrolysis 
systems and their 

industrial feasibility

33

Progress and perspectives of 
electrochemical CO2 reduction 

on copper in aqueous 
electrolyte

1. Introduction
2. Considerations for conducting and comparing 

electrochemical CO2 reduction experiments
3. Experimental probes of CO2 reduction 

mechanisms
4. Theoretical studies on copper

5. Electrochemical CO2 reduction pathways on 
Cu

6. Nanostructured Cu
7. Copper bimetallics

8. Conclusions and future outlook

Various factors and 
reaction mechanisms 

affecting Cu-based CO2 
reduction

34 CO2 conversion by membrane 
reactors

1. Introduction
2. Low temperature (≤100 °C) methods for CO2 

conversion
3. High temperature (>100 °C) membrane 

reactors for CO2 conversion
4. Conclusions

Electrochemical, 
photochemical, 
thermochemical 

membrane reactors for 
CO2 reduction

35

CO2 reduction on gas-diffusion 
electrodes and why catalytic 

performance must be assessed 
at commercially-relevant 

conditions

1. Introduction
2. Effect of cell configuration and reaction rate on 

CO2 reduction environments
3. Impact of high current densities on CO2 

reduction catalyst testing
4. Impact of high current densities on system 

design
Conclusion

The effects of cell 
configuration and 
reaction rate on 

electrocatalytic system

36
Rational design of transition 

metal‐based materials for highly 
efficient electrocatalysis

1. Introduction
2. Creating more active sites

3. Improving the utilization of active sites
4. Modulation of electronic configuration

5. Control lattice facets
6. Conclusion and perspective

Strategies to design 
metal-based 

electrocatalysts

37
Carbon‐supported single atom 
catalysts for electrochemical 

energy conversion and storage

1. Introduction
2. Sample preparation

3. Electrocatalytic performance
4. Summaries and perspectives

Synthetic strategies and 
electrocatalytic 

performances of single 
atom catalysts

38

Surface and interface 
engineering in copper-based 

bimetallic materials for 

1. Introduction
2. Fundamental understanding of the CO2RR

3. Improving selectivity by interfacial 
The fundamental role of 
the secondary metal in 

bimetallic 
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selective CO2 electroreduction engineering 
4. Theoretical prediction 

5. General trends

electrocatalysts

39
Cu-based nanocatalysts for 

electrochemical reduction of 
CO2

1. Introduction
2. Electrochemical reduction of CO2

3. Cu-based nanocatalysts for electrochemical 
reduction of CO2
4. Conclusions

Design strategies of Cu-
based electrocatalysts

40

Recent advances in the 
nanoengineering of 

electrocatalysts for CO2 
reduction

1. Introduction
2. Bulk metallic catalysts for the ECR

3. Nanoengineering of catalysts for the ECR
4. Summary and outlook

Nanoengineering 
strategies of 

electrocatalysts

41 Electrolytic CO2 reduction in a 
flow cell

1. Introduction
2. Flow-cell architectures 

3. Gas phase CO2 electrolysis flow cells 
4. CO2 flow cell optimization 

5. Conclusions and perspectives

System-level strategies 
of membrane-based 

flow cells and 
microfluidic reactors

42 Electrocatalytic alloys for CO2 
reduction

1. Introduction
2. CO2 → CO with electrocatalytic alloys

3. CO2 → formate with electrocatalytic alloys
4. CO2 → C2 with electrocatalytic alloys

5. Summary and perspective

Summary on various 
reported alloys

43

Progress and perspective of 
electrocatalytic CO2 reduction 
for renewable carbonaceous 

fuels and chemicals

1. Introduction
2. Electrocatalysts for electrocatalytic CO2 

reduction
3. Product selectivity in electrocatalytic CO2 

reduction
4. Challenges and perspectives

Metal–organic 
complexes, metals, 

metal alloys, inorganic 
metal compounds and 

carbon-based metal-free 
nanomaterials for CO2 

reduction

44

Understanding the 
heterogeneous electrocatalytic 
reduction of carbon dioxide on 

oxide‐derived catalysts

1. Introduction
2. Effects of pH and electrolyte on the 

performance and selectivity of CO2 reduction on 
oxide catalysts

3. Analysis of the performance and mechanisms 
of oxide-derived catalysts

4. Conclusions

The effect of oxygen, 
surface morphologies, 
and local pH gradients 
on the catalysis of CO2 

reduction

45
Tuning of CO2 reduction 

selectivity on metal 
electrocatalysts

1. Introduction
2. Option of electrolytes

3. Design of electrocatalysts
4. Conclusion and perspective

The rational selection of 
electrolytes and design 

of electrocatalysts

46 Metal‐free carbon materials for 
CO2 electrochemical reduction

1. Introduction
2. Mechanics of the CO2RR on metal-free carbon 

materials
3. Metal-free carbon electrocatalysts for the 

CO2RR
4. Conclusions and outlook

Carbon materials with 
heteroatom doping as 
metal-free catalysts

47
CO2 reduction: From the 

electrochemical to 
photochemical approach

1. Introduction
2. Fundamentals of electrocatalytic and 

photocatalytic CO2 reduction
3. Electrocatalytic materials for CO2 reduction
4. Photocatalytic materials for CO2 reduction

5. Conclusion and perspectives

Electrocatalysts and 
photocatalysts for CO2 

reduction

48

Fundamentals and challenges of 
electrochemical CO2 reduction 

using two-dimensional 
materials

1. Introduction
2. A perspective of electrochemical CO2 

reduction
3. 2D nanosheet catalysis of CO2 electroreduction
4. Strategies for improving CO2 electrocatalytic 

activity of 2D nanosheets
5. Summary and outlook

Strategies for tuning 
catalytic activities of 2D 

materials

49

Nanostructured materials for 
heterogeneous electrocatalytic 
CO2 reduction and their related 

1. Introduction
2. Crucial parameters for CO2 electroreduction 

tests
Material factors 
determining the 
performance for 
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reaction mechanisms 3. Reaction setup for CO2 electroreduction
4. Reaction mechanism and pathways

5. Summary and perspectives

electroreduction

50
Continuous-flow 

electroreduction of carbon 
dioxide

1. Introduction
2. Reactor designs

3. Materials
4. Operation

5. How to benchmark a CO2 electrolyzer 
correctly?

6. Photoelectrochemical reduction of CO2 in 
continuous-flow

7. Summary and outlook

The effects of cell 
design, employed 

materials and 
operational conditions

51

Recent progress on bismuth-
based nanomaterials for 

electrocatalytic carbon dioxide 
reduction

1. Introduction
2. Fundamentals for electrocatalytic CO2RR

3. Various Bi-based nanomaterials for 
electrocatalytic CO2RR
4. Summary and outlook

Bi-based 
electrocatalytic 

materials

52

Recent advances in atomic-level 
engineering of nanostructured 
catalysts for electrochemical 

CO2 reduction

1. Introduction
2. Measurement system and evaluation 

parameters for ECR
3. Reaction mechanism

4. Advanced characterization techniques for 
verifying structural information at atomic scale

5. Modifying the nanostructured electrocatalysts 
at atomic scale toward ECR

6. Summary and outlook

Design strategies of 
nanostructured 

electrocatalysts at the 
atomic level

53

Mechanistic understanding of 
the electrocatalytic CO2 
reduction reaction - New 
developments based on 
advanced instrumental 

techniques

1. Introduction
2. Reaction pathways

3. Commonly used theoretical methods for 
mechanistic investigations

4. Advanced instrumental techniques for 
mechanistic investigations
5. Conclusions and outlook

Instrumental techniques 
for the mechanistic 

study of the 
electrochemical CO2 

reduction

54

In-situ spectroscopic techniques 
as critical evaluation tools for 

electrochemical carbon dioxide 
reduction: A mini review

1. Introduction
2. Reaction mechanism of CO2RR

3. In-situ techniques for electrochemical CO2 
reduction

4. Summary and outlook

Electrochemical and 
non-electrochemical 
techniques as critical 
evaluation tools for 

electrocatalysts

55

Heterostructured catalysts for 
electrocatalytic and 

photocatalytic carbon dioxide 
reduction

1. Introduction
2. CO2 reduction pathways

3. Heterostructures in electrocatalytic CO2 
reduction

4. Heterostructures in photocatalytic CO2 
reduction

5. Mechanisms of photocatalysis: Type II, Z-
Scheme, p-n heterojunctions
6. Conclusions and outlook

Heterostructured 
catalysts pertaining to 
electrocatalytic and 

photocatalytic carbon 
dioxide reduction

56

Current progress in 
electrocatalytic carbon dioxide 

reduction to fuels on 
heterogeneous catalysts

1. Introduction
2. Research progress

3. Conclusions and perspectives

The design of effective 
catalysts with lower 

overpotential, high FE, 
and product selectivity

57
Transition metal-nitrogen sites 

for electrochemical carbon 
dioxide reduction reaction

1. Introduction
2. Metal-nitrogen containing macrocyclic 

complexes
3. Metal organic frameworks (MOFs)

4. Carbon-based metal-nitrogen materials
5. Reaction parameters and proposed mechanisms

6. Conclusion and outlooks

M–Nx sites-containing 
transition metal-

centered macrocyclic 
complexes, metal 

organic frameworks, 
and  M–Nx-doped 
carbon materials

58

Metal-nitrogen-carbon 
electrocatalysts for CO2 

reduction towards syngas 
generation

1. CO2 valorization and syngas generation
2. Metal-nitrogen-carbon electrocatalysts for 

syngas generation, a selectivity and economical 
perspective M-N-C electrocatalysts 

and cell design for 
syngas generation
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3. The active sites of metal-nitrogen-carbon 
electrocatalysts for CO2RR

4. Toward syngas generation at an industrial scale
5. Summary and outlook

59
An overview of Cu-based 

heterogeneous electrocatalysts 
for CO2 reduction

1. Introduction
2. A note for conducting EC CO2 reduction

3. Significant progress in the study of Cu-based 
heterogeneous for EC CO2 reduction

4. A brief review for Cu-based heterogeneous 
catalysts for EC CO2 reduction

5. Electrolyte effect on CO2 reduction with Cu-
based heterogeneous electrocatalysts

6. EC/PEC CO2 reduction and H2O oxidation as 
an overall reaction system for Cu-based 

electrocatalysts
7. Summary and outlook

Cu-based heterogeneous 
electrocatalysts and 
electrolyte effects

60
Electrochemical CO2 reduction: 

from nanoclusters to single 
atom catalysts

1. Introduction
2. Fundamentals of electrochemical CO2 

reduction
3. ECR applications of NCs catalysts

4. ECR applications of SACs
5. Summary and perspectives

Electrocatalytic 
properties of 

nanoclusters and single 
atom catalysts

61

Transforming the carbon 
economy: challenges and 

opportunities in the 
convergence of low-cost 

electricity and reductive CO2 
utilization

1. Introduction
2. Direct electrochemical
3. Non-thermal plasma

4. Direct bioelectrochemical
5. Indirect bioelectrochemical

6. Indirect thermochemical
7. Summary and cross-comparison of CO2R 

pathways
8. General considerations for CO2R

9. Evaluation of CO2R products
10. Conclusions

Technical barriers and 
economic viability of 

electrochemical, 
thermocatalytic and 

biological CO2 
utilization

62

Electrocatalytic reduction of 
carbon dioxide: opportunities 
with heterogeneous molecular 

catalysts

1. Introduction
2. Fundamentals of heterogeneous molecular 

catalysts for CO2 reduction
3. Non-covalent immobilization technique

4. Covalent immobilization technique
5. Periodic immobilization technique

6. The stability of heterogeneous molecular 
catalysts

7. The influence of catalysts’ utilization on the 
CO2 conversion

8. The influence of the supports on the CO2 
conversion

9. Designing suitable catalysts for CO2 
conversion

10. Conclusions and perspectives

Methods for 
heterogeneous 

immobilization of 
homogeneous molecular 

catalysts for CO2 
reduction

63
Electrochemical CO2 reduction 

to CO catalyzed by 2D 
nanostructures

1. Introduction
2. Fundamentals of electrochemical CO2 

reduction
3. 2D electrocatalysts

4. Conclusions

Two‐dimensional 
graphene and transition 
metal chalcogenides for 

CO2 reduction

64
Electrochemical CO2 reduction 

on nanostructured metal 
electrodes: fact or defect?

1. Introduction
2. Onset potential

3. Selectivity and stability
4. Activity and current density

5. Mass transport effects
6. Conclusions

The effects of active 
surface area and 
thickness of the 

catalytic layer on 
activity, selectivity, 
stability and mass 

transfer

65

Strategies in catalysts and 
electrolyzer design for 

electrochemical CO2 reduction 

1. Introduction
2. Multicarbon hydrocarbons 
3. Multicarbon oxygenates 

Electrocatalysts, 
electrode/reactor design 

and corresponding 
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toward C2+ products 4. Design of the electroreduction cell 
5. Summary and outlook

mechanisms for C-C 
coupling

66
Recent progress in self-

supported catalysts for CO2 
electrochemical reduction

1. Introduction
2. Self-supported catalysts for electrochemical 

CO2 reduction
3. Organically doped metal electrocatalysts
4. Nanostructured materials on metal foils

5. Metal nanoarrays on conductive substrate
6. Heteroatom-doped carbon materials

7. Conclusions

Synthesis methods, 
chemical compositions, 

nanostructures, and 
catalytic efficiencies of 
self-supported catalysts

67

Mechanistic understanding of 
CO2 reduction reaction 

(CO2RR) toward multicarbon 
products by heterogeneous 

copper-based catalysts

1. Introduction
2. CO2RR and CORR: DFT insights

3. Summary and perspectives

Mechanistic reaction 
pathways for 

multicarbon products

68

Durable cathodes and 
electrolyzers for the efficient 

aqueous electrochemical 
reduction of CO2

1. Introduction
2. Recent durability and stability studies of 

cathodes for CO2RR
3. Failure modes of CO2 electrolyzer components

4. CO2RR durability and degradation 
characterization protocols
5. Summary and outlook

Reported durability 
studies and degradation 

mechanisms

69
CO2 reduction: From 

homogeneous to heterogeneous 
electrocatalysis

1. Introduction
2. Homogeneous catalysis

3. Surface catalysis
4. Surface nanocatalysis

5. Conclusions and outlook

Homogeneous and 
heterogeneous catalysis 

of transition-metal 
complex catalysts for 

CO2 reduction

70

Promises of main group metal-
based nanostructured materials 

for electrochemical CO2 
reduction to formate

1. Introduction
2. Fundamentals of electrochemical CO2 

reduction
3. Main group metal–based electrocatalysts for 

selective CO2RR to formate
4. Flow cells or membrane electrode assembly 

cells
5. Mechanistic studies using in situ 

characterization techniques
6. Summary and outlook

Main group metal-based 
(Sn, Bi, In, Pb, Sb) 
electrocatalysts, cell 

design and mechanistic 
studies for selective 

CO2 reduction to formic 
acid

71

Carbon-rich nonprecious metal 
single atom electrocatalysts for 
CO2 reduction and hydrogen 

evolution

1. Introduction
2. Characterization and evaluation of carbon-rich 

NPMSACs for CRR and HER
3. Carbon-rich NPMSACs for CRR and HER

4. Conclusion

Structure-activity 
relationship of 

nonprecious metal 
single atom catalysts

72
Two-dimensional 

electrocatalysts for efficient 
reduction of carbon dioxide

1. Introduction
2. Overview of the structure and properties of 2D 

materials
3. Synthesis of 2D materials

4. Applications of 2D materials in the eCO2RR
5. Challenges and outlook

Structures and catalytic 
properties of 2D 

catalysts

73

A review on photochemical, 
biochemical and 

electrochemical transformation 
of CO2 into value-added 

products

1. Introduction
2. Carbon cycle and CO2 emission
3. CO2 capture and methodologies

4. Products obtained from CO2 transformation
5. Photochemical transformation of CO2
6. Biochemical transformation of CO2

7. Electrochemical transformation of CO2
8. Future research

9. Conclusion

Overview of CO2 
reduction using 
photochemical, 
biochemical and 
electrochemical 

methods

74
Strategies for 

bioelectrochemical CO2 
reduction

1. Introduction
2. Electrochemical CO2 reduction by enzymes

3. Electrochemical CO2 reduction by cells
4. Conclusion and outlooks

CO2 reduction catalyzed 
by electroactive 

enzymes and whole 
cells

75

Rational design of novel 

1. Introduction
The application of ALD 



10

catalysts with atomic layer 
deposition for the reduction of 

carbon dioxide

2. Atomic layer deposition designed catalysts
3. The applications of the ALD-designed novel 

catalyst materials for CO2 reduction
4. The significance of ALD-prepared materials in 

CO2 reduction
5. Summary and outlook

for the designs of the 
efficient catalyst 

nanomaterials in CO2 
reduction

76

Electrocatalytic water splitting 
and CO2 reduction: Sustainable 

solutions via single-atom 
catalysts supported on 2D 

materials

1. Introduction
2. SACs supported on 2D materials

3. Energy harvesting applications with 2D 
materials

4. Conclusion and perspectives

Single-atom catalysts 
supported on 2D 

materials

77
Heterogeneous molecular 

catalysts for electrocatalytic 
CO2 reduction

1. Introduction
2. Metal center

3. Extrinsic and intrinsic activity
4. Mechanism of CO2 reduction

5. Ligand effects
6. Electrode support effects

7. Catalyst stability
8. 3D and extended structures
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