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Preface 

The increasing demand of energy and scarcity of fossil fuel are major concerns today 
and have attracted much attention on utilizing renewable energy sources for better 
storage and conversion of energy. To meet the increasing demand of energy, most 
researches have focused on developing high-performance energy conversion and 
storage. The extensive studies have been carried out on catalysts used in different 
types of electrochemical reaction. The optimal design of catalysts is considered as 
one of the main routes to achieve high performance of the electrochemical energy 
conversion and storage. In this regard, carbon-based nanomaterials have been drawn 
considerable attention due to their special properties of high surface areas which 
providing large number of active sites for electrochemical reaction and ion/electron 
diffusion. Among various materials, carbon-based materials can be used as effective 
catalytic materials for different electrochemical reactions, from metal-free carbon-
based nanomaterials to metal-heteroatom-carbon-based nanomaterials, as well as 
metal nanoparticles supported or encapsulated to carbon-based materials with their 
unique properties, tailored sizes and morphologies and. With the flourishing devel-
opment of diverse carbon-based nanomaterials, further insights into the design and 
mechanisms of ideal electrocatalysts have been gained. 

This book aims to cover all these aspects and discuss recent achievements and 
various electrochemical reactions processes including energy conversion and storage, 
as well as the corresponding advanced electrocatalysts mechanism understanding. 
The book comprises four sections. The first section discusses the fundamental 
synthesis, characterization techniques, and catalytic effects related to the energy 
conversion and storage mechanism from different types of electrochemical reac-
tions. The next section elaborately reviews different types of electrocatalytic reac-
tions based on different carbon-based materials and their performance reported till 
date. The third section is focused on batteries based on different carbon-based mate-
rials with different storage mechanism and their performances as reported. Finally, 
the enlightenment in terms of theoretical development and experimental research 
will be provided to the general reader.
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vi Preface

It is anticipated that the content will further supply unambiguous understanding 
for all these components and the importance of the field and discuss current trends 
of different carbon-based materials for current ongoing works. 

Zhengzhou, China Prof. Jia-Nan Zhang



Acknowledgments 

This book was supported by the National Natural Science Foundation of China 
(No. 21875221, U1604123, 21571157, 21101141, 22102156, and 22109140), the 
Youth Talent Support Program of High-Level Talents Special Support Plan in Henan 
Province (No. ZYQR201810148), the Creative talents in the Education Department 
of Henan Province (No. 19HASTIT039), the Outstanding Young Talent Research 
Fund of Zhengzhou University (No. 1521320001), and Distinguished Young Scholars 
Innovation Team of Zhengzhou University (No. 32320275). 

Zhengzhou, China Prof. Jia-Nan Zhang

vii



Contents 

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
Siran Xu, Yajin Wang, Dongping Xue, Huicong Xia, 
and Jia-Nan Zhang 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 

2 Synthesis of Carbon-Based Nanomaterials . . . . . . . . . . . . . . . . . . . . . . . 15 
Yu Du, Su Jiang, Yuan Li, and Jia-Nan Zhang 
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 
2.2 Synthesis of Metal-Free Carbon-Based Nanomaterials . . . . . . . . . 18 

2.2.1 Intrinsic Defect Carbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 
2.2.2 Heteroatom-Doped Carbon . . . . . . . . . . . . . . . . . . . . . . . . . . 23 

2.3 Synthesis of Atomically Dispersed Metal Carbon-Based 
Nanomaterials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 
2.3.1 Single Metal-Heteroatom Doped Carbon-Based 

Nanomaterials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 
2.3.2 Double/Multi-Metal-Heteroatom Doped 

Carbon-Based Nanomaterials . . . . . . . . . . . . . . . . . . . . . . . . 30 
2.3.3 Atomically Dispersed Metal Multi-Heteroatom 

Co-doped Carbon-Based Nanomaterials . . . . . . . . . . . . . . . 32 
2.4 Synthesis of Metal Nanoparticles Encapsulated 

Carbon-Based Nanomaterials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 
2.4.1 Metal Hybrids Encapsulated Carbon-Based 

Nanomaterials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 
2.4.2 Alloys Encapsulated Carbon-Based Nanomaterials . . . . . 36 

2.5 Synthesis of Metal Nanoparticles Supported Carbon-Based 
Nanomaterials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 
2.5.1 Metal Hybrids Supported Carbon-Based 

Nanomaterials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 
2.5.2 Alloys Supported Carbon-Based Nanomaterials . . . . . . . . 40 

2.6 Conclusion and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

ix



x Contents

3 Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 
Miaoying Chen, Dongping Xue, and Bang-An Lu 
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 
3.2 Direct Visualization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 

3.2.1 Scanning Electron Microscope and Transmission 
Electron Microscope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 

3.2.2 Scanning Transmission Electron Microscopy . . . . . . . . . . 58 
3.2.3 Scanning Tunnel Microscope . . . . . . . . . . . . . . . . . . . . . . . . 61 
3.2.4 Energy Dispersive Spectrometer and Electron 

Energy Loss Spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . 62 
3.3 Indirect Verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 

3.3.1 X-ray Diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 
3.3.2 Raman Spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 
3.3.3 N2 Adsorption–Desorption Curve . . . . . . . . . . . . . . . . . . . . 66 
3.3.4 X-ray Photoelectron Spectroscopy . . . . . . . . . . . . . . . . . . . . 66 
3.3.5 X-ray Absorption Spectroscopy . . . . . . . . . . . . . . . . . . . . . . 69 
3.3.6 Electron Paramagnetic Resonance . . . . . . . . . . . . . . . . . . . . 71 
3.3.7 Other Advanced Techniques . . . . . . . . . . . . . . . . . . . . . . . . . 72 

3.4 Simulation and Calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 
3.5 Conclusion and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 

4 Catalytic Effect of Carbon-Based Nanomaterials 
in Electrochemical Catalysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 
Yajin Wang, Xiaoyu Zhang, Huicong Xia, and Jia-Nan Zhang 
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 
4.2 Confinement Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 

4.2.1 Chemical Coordination Confinement Effect . . . . . . . . . . . . 87 
4.2.2 Spatial Confinement Effect . . . . . . . . . . . . . . . . . . . . . . . . . . 89 

4.3 Interface Engineering Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 
4.4 Electric Field Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 
4.5 Conclusion and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 

5 Carbon-Based Nanomaterials for Oxygen Reduction Reaction . . . . . 103 
Xiaoyu Zhang, Dongping Xue, Siran Xu, Bang-An Lu, 
and Jia-Nan Zhang 
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 
5.2 Metal-Free Carbon-Based Electrocatalysts for ORR . . . . . . . . . . . 105 
5.3 Atomically Dispersed Metal Carbon-Based Electrocatalysts 

for ORR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 
5.4 Metal Nanoparticles Encapsulated Carbon-Based 

Electrocatalysts for ORR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 
5.5 Metal Nanoparticles Supported Carbon-Based 

Electrocatalysts for ORR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114



Contents xi

5.6 Conclusion and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 

6 Carbon-Based Nanomaterials for Hydrogen Evolution 
Reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 
Bin Zhao and Siran Xu 
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 
6.2 Metal-Free Carbon-Based Electrocatalysts for HER . . . . . . . . . . . 126 
6.3 Atomically Dispersed Metal Carbon-Based Electrocatalysts 

for HER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 
6.4 Metal Nanoparticles Supported Carbon-Based 

Electrocatalysts for HER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 
6.5 Metal Nanoparticles Encapsulated Carbon-Based 

Electrocatalysts for HER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137 
6.6 Conclusion and Prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 

7 Carbon-Based Nanomaterials for Oxygen Evolution Reaction . . . . . 147 
Mengli Liu, Siran Xu, and Bang-An Lu 
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147 
7.2 Metal-Free Carbon-Based Electrocatalysts for OER . . . . . . . . . . . 150 
7.3 Atomically Dispersed Metal Carbon-Based Electrocatalysts 

for OER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153 
7.4 Metal Nanoparticles Encapsulated Carbon-Based 

Electrocatalysts for OER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156 
7.5 Metal Nanoparticles Supported Carbon-Based 

Electrocatalysts for OER . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160 
7.6 Conclusion and Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163 

8 Carbon-Based Nanomaterials for Carbon Dioxide Reduction 
Reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169 
Dongping Xue and Yifan Wei 
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169 
8.2 Metal-Free Carbon-Based Electrocatalysts for CO2RR . . . . . . . . . 172 
8.3 Atomically Dispersed Metal Carbon-Based Electrocatalysts 

for CO2RR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176 
8.4 Metal Nanoparticles Encapsulated/Supported 

Carbon-Based Electrocatalysts for CO2RR . . . . . . . . . . . . . . . . . . . 179 
8.5 Conclusion and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182 

9 Carbon-Based Nanomaterials for Nitrogen Reduction 
Reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187 
Yajin Wang, Dongping Xue, Siran Xu, and Bang-An Lu 
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188 
9.2 Metal-Free Carbon-Based Electrocatalysts for NRR . . . . . . . . . . . 192



xii Contents

9.3 Atomically Dispersed Metal Carbon-Based Electrocatalysts 
for NRR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194 

9.4 Metal Nanoparticles Encapsulated Carbon-Based 
Electrocatalysts for NRR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195 

9.5 Metal Nanoparticles Supported Carbon-Based 
Electrocatalysts for NRR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199 

9.6 Conclusion and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203 

10 Carbon-Based Nanomaterials for Metal-Ion Batteries . . . . . . . . . . . . 209 
Yifan Wei, Huicong Xia, and Gan Qu 
10.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210 
10.2 Metal-Free Carbon-Based Materials for MIBs . . . . . . . . . . . . . . . . 212 
10.3 Atomically Dispersed Metal on Carbon Materials for MIBs . . . . 215 
10.4 Metal Nanoparticles Encapsulated Carbon-Based Materials 

for MIBs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217 
10.5 Metal Nanoparticles Supported Carbon-Based Materials 

for MIBs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219 
10.6 Conclusion and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224 

11 Carbon-Based Nanomaterials for Metal-Sulfur/Selenium 
Batteries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227 
Weijie Chen, Kai Guo, Huicong Xia, and Gan Qu 
11.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228 
11.2 Metal-Free Carbon-Based Materials for MSBs . . . . . . . . . . . . . . . . 232 
11.3 Atomically Dispersed Metal on Carbon-Based Materials 

for MSBs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235 
11.4 Metal Nanoparticles Encapsulated by Carbon-Based 

Materials for MSBs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238 
11.5 Metal Nanoparticles Supported Carbon-Based Materials 

for MSBs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238 
11.6 Conclusion and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243 

12 Carbon-Based Nanomaterials for Metal-Air Batteries . . . . . . . . . . . . 249 
Yue Yu and Huicong Xia 
12.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249 
12.2 Metal-Free Carbon-Based Materials for MABs . . . . . . . . . . . . . . . 253 
12.3 Atomically Dispersed Metal Carbon-Based Materials 

for MABs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257 
12.4 Metal Nanoparticles Encapsulated Carbon-Based Materials 

for MABs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259 
12.5 Metal Nanoparticles Supported Carbon-Based Materials . . . . . . . 263 
12.6 Conclusion and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 266 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267



Contents xiii

13 Summary and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271 
Huicong Xia, Dongping Xue, and Jia-Nan Zhang 

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273



Contributors 

Chen Miaoying College of Materials Science and Engineering, Zhengzhou Univer-
sity, Zhengzhou, P. R. China 

Chen Weijie College of Materials Science and Engineering, Zhengzhou University, 
Zhengzhou, P. R. China 

Du Yu College of Materials Science and Engineering, Zhengzhou University, 
Zhengzhou, P. R. China 

Guo Kai College of Materials Science and Engineering, Zhengzhou University, 
Zhengzhou, P. R. China 

Jiang Su College of Materials Science and Engineering, Zhengzhou University, 
Zhengzhou, P. R. China 

Li Yuan College of Materials Science and Engineering, Zhengzhou University, 
Zhengzhou, P. R. China 

Liu Mengli College of Materials Science and Engineering, Zhengzhou University, 
Zhengzhou, P. R. China 

Lu Bang-An College of Materials Science and Engineering, Zhengzhou University, 
Zhengzhou, P. R. China 

Qu Gan College of Materials Science and Engineering, Zhengzhou University, 
Zhengzhou, P. R. China 

Wang Yajin College of Materials Science and Engineering, Zhengzhou University, 
Zhengzhou, P. R. China 

Wei Yifan College of Materials Science and Engineering, Zhengzhou University, 
Zhengzhou, P. R. China 

Xia Huicong College of Materials Science and Engineering, Zhengzhou University, 
Zhengzhou, P. R. China

xv



xvi Contributors

Xu Siran College of Materials Science and Engineering, Zhengzhou University, 
Zhengzhou, P. R. China 

Xue Dongping College of Materials Science and Engineering, Zhengzhou Univer-
sity, Zhengzhou, P. R. China 

Yu Yue College of Materials Science and Engineering, Zhengzhou University, 
Zhengzhou, P. R. China 

Zhang Jia-Nan College of Materials Science and Engineering, Zhengzhou Univer-
sity, Zhengzhou, P. R. China 

Zhang Xiaoyu College of Materials Science and Engineering, Zhengzhou Univer-
sity, Zhengzhou, P. R. China 

Zhao Bin College of Materials Science and Engineering, Zhengzhou University, 
Zhengzhou, P.R. China



Chapter 1 
Introduction 

Siran Xu, Yajin Wang, Dongping Xue, Huicong Xia, and Jia-Nan Zhang 

Nanotechnology refers to the study of the properties and interactions of substances 
(including the manipulation of atoms and molecules) on the nanometer scale 
(between 1 and 100 nm), as well as the multidisciplinary science and technology that 
utilizes these properties, covering multiple fields such as physics, chemistry, mate-
rials, science, engineering, biology and medicine [1]. Its ultimate goal is to directly 
synthesis products with specific functions based on the novel physical, chemical, 
and biological properties of atoms, molecules, and nanoscale substances. Nanotech-
nology is another major technology that profoundly affects social development after 
information technology and biotechnology [2]. 

Nanomaterials are the core component of nanotechnology. When the substance 
reaches nanometer scale (about 1–100 nm), quantum effect, locality of substance, 
huge surface, and interface effects make many properties of the substance qualita-
tively change, showing lots of differences from macroscopic objects and the strange 
phenomenon of single atoms [2, 3]. However, if only the scale reaches nanometers 
without special properties, it cannot be called nanomaterials. After 1990, nanomate-
rials have developed rapidly. The most worth mentioning before this is the discovery 
of carbon nano-atom cluster—buckminsterfullerene (C60) in 1985 [3]. The successful
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development of this material has made people see that it has special properties that 
ordinary carbon material does not have. Pure C60 solid is an insulator, but it becomes 
a material with good conductivity after being doped with alkali metals, which can be 
compared with metals and even become superconductors [4]. With the development 
of nanotechnology, the classification of nanomaterials has become more detailed, 
including nano-particles, nano-blocks, nano-films, and nano-assembly systems [5]. 
At the beginning of the twenty-first century, people are more and more interested 
in the emerging fields of modern nanotechnology. With the help of various special 
properties of nanomaterials, which have a wide range of applications in the fields 
of catalytic, environmental protection, construction materials, [6] biomedical mate-
rials, [7] electromagnetic materials, [8] optical materials, [9] degradable materials 
[10] and so on. After decades of research and exploration on nanotechnology, it has 
been developed by leaps and bounds, and now scientists have been able to manipu-
late individual atoms in the laboratory, making nanomaterials the basis for preparing 
various required functional devices. 

Some people say that electricity has brought about human civilization; others say 
that it is a human civilization that has created electricity. Regardless of the judgment, 
we can be sure that the emergence of electricity has changed the history of mankind, 
and the energy that brings electricity is an important driving force for the progress 
of mankind, society, and civilization. Because of this, our huge social system still 
relies on fossil energy which has naturally penetrated all aspects of our lives until 
now. 85% of the energy used by human beings is fossil energy sources, such as coal, 
oil, and natural gas, and overuse of these fossil energy sources has caused them to be 
in a crisis of energy exhaustion [11]. Moreover, the excessive use of traditional fossil 
energy has brought about global warming, ecological system destruction, endan-
germent of rare species, frequent extreme weather events, sea-level rise crisis, air 
pollution, and other problems, which seriously threaten survival and development 
of human society. If there is clean, safe, efficient, inexhaustible energy for our use, 
the “energy crisis” will cease to exist. Therefore, it is urgent to find clean energy, 
get rid of fossil energy dependence, promote economic growth, eliminate energy 
inequality and poverty, and protect the environment, to realize the sustainable devel-
opment of all mankind [12]. Electrochemical energy storage and conversion systems, 
such as fuel cells, [13] metal-air batteries, [14] electrolytic water devices, [15] and 
carbon dioxide reduction technology [16] have become important means to deal with 
environmental and energy crises. In energy conversion equipment, catalyst design 
is an important link. Traditional electrocatalysts and energy storage materials still 
face technical problems such as complex preparation processes, low porosity, poor 
catalytic activity and stability, which severely restrict their commercial applications. 
Therefore, there is an urgent need to develop catalytic materials with high conver-
sion efficiency and excellent stability. In recent years, researchers have focused their 
attention on nanocatalysts. Because of their unique crystal structure and surface char-
acteristics, they have the advantages of large specific surface area, excellent stability, 
and high surface activity. Moreover, the bonding and electronic state on the surface 
of the nanocatalysts are different from the inside of the particle, and the incomplete 
coordination of surface atoms will also lead to an increase in surface active sites,
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Fig. 1.1 Timeline of the important breakthrough of the development of carbon nanomaterials 

and improve the catalytic performance [17]. Therefore, nanocatalysts show great 
application prospects in energy conversion and storage [18]. 

Carbon nanomaterials (CNMs) stand out to be one of the highly efficient nano-
materials due to it is vast availability and lower cost compared to other nanomate-
rials [19, 20]. The development history of carbon-based nanomaterials is shown in 
Fig. 1.1. Meanwhile, CNMs, benefiting from their unique properties in exceptional 
electrical, thermal, chemical, and mechanical fields, have occupied a unique position 
in nanoscience [20–22]. Indeed, CNMs, thanks to the various allotropes (graphite, 
diamond, fullerenes), as well as the abundant dimensions from zero-dimensional 
(0D) to three-dimensional (3D) and variable forms of existence (powders, fibers, 
films, foams, fabrics, and hybrids) have captured immense attention as attractive 
materials with great potential and promising applications in massive fields [23]. In 
recent years, fullerenes, expanded graphite (EG), carbon nanotubes (CNTs), carbon 
nanofibers (CNFs), graphene, reduced graphene oxide (rGO), and other CNMs have 
been extensively applied in energy storage, electronics, catalysis, biomaterials, and 
medical fields [24–26]. CNMs are widely popular because of their low cost, abundant 
resources, various morphologies, excellent electrical and thermal conductivity, large 
surface areas, highly tunable electronic structures, and mechanical/chemical strength 
[24, 27]. These properties are all advantageous for advanced development in catal-
ysis. The diversification of carbon nanostructures also provides more possibilities and 
directions for further exploration of electrochemical properties, mainly involving 0D 
fullerenes, carbon dots, one-dimensional (1D) CNTs, nanofibres, two-dimensional 
(2D) graphene, and 3D nanocrystal or self-assembled carbon [28]. Fullerenes, as 
typical 0D CNMs, usually exhibit hollow spheres or ellipsoidal shapes [29]. Among
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them, C60 as an allotrope of carbon with an ideal spherical structure has been consid-
ered as the most representative 0D carbon material [30]. Subsequently, fullerenes 
have been studied extensively since 1990, when Kratschmer et al. [4] successfully 
achieved scalable production of C60 by evaporating graphite electrodes in a helium 
atmosphere. Numerous studies have reported that fullerene C60, with its precise struc-
ture and abundant unsaturated bonds, can be easily functionalized to produce various 
derivatives, which can effectively reduce the structural/combinatorial heterogeneity 
problems that plague many CNMs [29, 31, 32]. Fullerenes also exhibit excellent 
redox properties, endowing them unique research properties in batteries and catal-
ysis [31, 33]. 1D CNMs have shown extensive potential for energy conversion and 
storage as well as for commercial industrial production due to their low-cost, large 
specific surface areas, and controlled synthesis [23, 25, 34]. CNTs, as the most 
studied 1D carbon material, exhibit a tubular structure rolled by graphene sheets with 
a high length-to-diameter ratio [35, 36]. CNTs are usually divided into single-walled 
carbon nanotube (SWCNTs) and multi-walled carbon nanotube (MWCNTs) [21]. 
SWCNTs consists of a single layer graphene sheet, while MWCNTs are composed 
of multiple layers of graphene nanosheet, both of which have hollow lamellar struc-
ture, ultra-high electrical conductivity, significant charge transport mobility, good 
thermal stability, and large specific surface areas [37, 38]. Since the discovery of 
2D graphene as a new member of the carbon family by Novoselov et al. in 2004, a 
new chapter in the development of graphene in materials science has been opened 
[39]. 2D graphene, a single layer of carbon atoms with a hexagonal lattice, consists 
of sp2 carbon atoms bonded to adjacent carbon atoms in 3σ bonds [8, 40, 41]. The 
unique structural advantages of graphene endow the large theoretical specific surface 
areas with numerous mass transfer channels to fast deliver electrolyte to the active 
centers, high electrical conductivity to fast catalytic reaction kinetics, and strong 
corrosion resistance and chemical stability [40, 42, 43]. In addition, 2D graphene 
is an ideal carrier for dispersed active materials; graphene can not only modulate 
the morphology and microstructure of active materials and expose more electro-
chemical active sites, but also induce strong synergistic coupling effects [44, 45]. 
3D nanocarbon material represents the growth in all dimensions, unlike 1D and 2D 
CNMs that expand only along one and two directions [25, 41]. Apart from the tradi-
tional activated carbon, mesoporous carbon and nanocrystals, more reports have 
focused on the self-assembly of low-dimensional CNMs, and flexible and highly 
selective assembly materials make it possible to design 3D CNMs in a controlled 
manner [25]. Thus, they not only inherit the characteristics of individual components, 
but also obtain some new features endowed by the assembly of all the components. 

In 2009, Dai and his colleagues successfully fabricated nitrogen (N)-doped verti-
cally aligned carbon nanotubes as metal-free catalysts to replace Pt for oxygen reduc-
tion reaction (ORR) in alkaline fuel cells, which exhibit extremely high catalytic 
activity, ultra-high long-term stability [46]. Since then, metal-free carbon-based 
materials have been widely explored as a new class of potential catalysts and have 
shown excellent catalytic performance in energy conversion and storage, green catal-
ysis, and industrial production [47]. Various CNMs, including heteroatom doping (B, 
O, P, S, N, F), edge doping, defect doping, and charge transfer doping, have attracted



1 Introduction 5

immense attention as high-efficient metal-free catalysts for various key reactions in 
energy conversion and storage processes [16, 48, 49]. Although metal-based mate-
rials often suffer from some shortcomings, such as high cost, low utilization, easy 
deactivation, and poor stability, the outstanding electrochemical activity decided 
that metal-based materials occupy the dominant status during nanomaterials [47, 
50]. Therefore, the use of CNMs as a carrier to support or encapsulate metal-based 
carbon catalysts can effectively solve the above challenges. In addition, there are 
multiple advantages for diverse CNMs as a carrier to construct carbon-based mate-
rials: (1) Numerous researches imply that loading the active phases into the carbon 
skeleton not only improves the overall electrical conductivity and accelerates the 
electron transfer rate, but also modulates the electronic density of states of carbon 
and generates new active sites [51]. (2) The introduction of defects or heteroatoms 
can cause a positive impact on the charge state of the carbon skeleton, resulting 
in an increase in the variety and density of potential active sites [48, 52, 53]. (3) 
Metal-support interaction, confinement effect, and other catalytic effects can induce 
rapid charge transfer between metal site and carbon matrix, modulate the electronic 
structure of the loaded metal, and thus significantly enhance the electrochemical 
performance of carbon-based electrocatalysts [54, 55]. It is worth mentioning that 
the highly agglomerative nature of metal nanoparticles greatly limits the atomic 
utilization of metal sites and reduces the number of accessible active sites. In 2011, 
Zhang et al. [56] reported the preparation and performance of single-atom cata-
lysts consisting of isolated single Pt atoms supported on the surface of iron oxide 
(Pt1/FeOx) for the first time, which exhibited outstanding activity and strong stability 
for CO oxidation and proposed the concept of “single-atom catalysis” on this basis. 
It is not difficult to speculate that the uniform dispersion of single metal atoms on 
CNMs can maximize the utilization of metal atoms and expose a large number of 
active sites [57, 58]. Single-atom catalysis is now a foreword and a hot object in the 
field of nanomaterials. 

Previously, 0D metal nanoparticles have been the focus of materials research due 
to their high surface-to-volume ratio, better exposure of metal sites compared with 
their bulk counterparts, and their excellent electrical, magnetic, optical, and catalytic 
properties [59, 60]. However, due to the high surface energy of metal nanoparti-
cles, migration and agglomeration of nanoparticles are very likely to occur during 
the catalytic process, and these structural and morphological changes often have a 
great negative impact on catalytic activity, selectivity, and stability, resulting in a 
dramatic decrease in catalytic performance, which greatly limits the further explo-
ration of metal nanoparticles in energy conversion and storage [61–63]. Since 1994, 
when Planeix et al. [64] first reported the synthesis and application of nanohybrids 
consisting of Ru nanoparticles supported on carbon nanotube, the development of 
carbon-based nanomaterials has entered a new phase, with the exponential growth of 
a large amount of literature about metal nanoparticles supported on CNMs. Although 
the stability of conventional carbon-based supported metal nanoparticles can be 
improved by strong metal-support interactions, they may still undergo migration 
and agglomeration under harsh conditions. Fortunately, with the continuous innova-
tion and development of carbon-based nanomaterials, a class of encapsulated metal
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nanoparticles has emerged. Since CNMs are ideal carriers for metal nanoparticles 
due to their large surface areas, good thermal stability, tunable electronic structure, 
rich structural variety, good electrical conductivity, and acid and base resistance, 
encapsulating metal nanoparticles into CNMs have become a mainstream trend [65]. 
Numerous researches imply that encapsulated metal nanoparticles into CNMs can 
endow dramatically enhanced stability (due to the combination of spatial constraints 
and metal-support interactions) and recyclability, improved catalytic selectivity, 
strong electronic transfer, and interfacial catalysis between metal nanoparticles and 
carbon matrix [61, 66, 67]. In recent years, a great deal of research has focused on 
the development of low-cost, high-abundance, highly active and stable nanomate-
rials for energy conversion and storage applications. The emergence of carbon-based 
nanomaterials has brought a new light to the advanced development in this field. 

To address the global energy crisis and the growing environmental pollution 
problem, various advanced electrochemical energy conversion devices (e.g., fuel 
cells, metal-air batteries, electrochemical water splitting, etc.) has been intensively 
studied to develop a green, economical, sustainable, and reliable alternative to tradi-
tional fossil fuel [68, 69]. However, their in-depth development is limited by the 
lack of ideal electrocatalysts to drive key electrode reactions, such as the cathode 
ORR reaction in proton exchange membrane fuel cells (PMFC), the oxygen evolu-
tion reaction (OER) and ORR processes in rechargeable Zn-air batteries, and the 
two half-reactions of hydrogen evolution reaction (HER) and OER in water splitting 
[15, 70, 71]. In addition, converting the greenhouse gas CO2 into valuable chem-
ical fuels using renewable electricity (CO2 reduction reaction (CO2RR)) offers new 
opportunities to reduce resource extraction and achieve a carbon–neutral [16, 19]. 
In addition, the conversion of airborne N2 to NH3 by electrochemical reduction 
(Nitrogen reduction reaction (NRR)) is considered to be a sustainable alternative 
process [72]. Although the specific mechanisms involved in each of the catalytic 
reactions mentioned above are different, they all undergo sluggish electron transfer 
kinetics and all require low-cost, highly active, and strong stable electrochemical 
catalysts to speed up the reaction process. Currently, carbon-based nanomaterials 
have emerged as the most promising candidates to replace precious metal cata-
lysts due to the complex catalytic effects between active phase and carbon matrix, 
and CNMs’ unique properties: (1) Natural reserves are abundant and cost-effective; 
(2) Excellent acid and alkali resistance and chemical stability; (3) High theoretical 
specific surface area; (4) Strong electric conductivity; (5) Various structures avail-
able. Meanwhile, with the advanced development of carbon-based nanomaterials, 
numerous studies were reported about various key reactions of energy conversion, 
such as ORR, HER, OER, CO2RR, and NRR, as shown in Fig. 1.2 [19, 26, 71, 
73–76]. 

Electrochemical energy storage (EES) devices, especially lithium-ion batteries 
(LIBs), have become the most commonly used power source due to their high 
energy density, safety, long cycle life, and environmental friendliness, as well as 
being the most widely used rechargeable battery today [77, 78]. In addition to these, 
the other electrochemical energy storage devices such as metal-sulfur (selenium) 
batteries (especially Li–S(Se) batteries) and metal-air batteries are also receiving
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Fig. 1.2 Illustration of carbon-based nanomaterials for electrochemical catalysis

increasing attention due to their unique characteristics [77, 79, 80]. However, all these 
EES devices are facing the defects of low energy density and need to be recharged 
frequently, so it is crucial to develop a lightweight, large volume EES device that can 
be recharged quickly and has a long life, which has become an inevitable trend for 
future development [77]. Therefore, the development of suitable battery electrode 
materials to limit their energy density and specific density is essential for the develop-
ment of EES devices. CNMs exhibit high electrical conductivity, high specific surface 
area, and good stability with low volume expansion during charging and discharging. 
The high conductivity facilitates charge transfer, and the high specific surface area 
provides a channel for the diffusion of electrolytes and oxygen. The adjustable pore 
structure with a high specific surface area enables rapid diffusion and charge transfer 
of electrolyte, which is conducive to rapid charging and discharging (Fig. 1.3) [81, 
82]. These properties of carbon materials make them show great potential in the EES 
field. 
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Fig. 1.3 Challenges and perspectives of catalytic processes for energy storage devices 

In this chapter, first of all, according to the current environment and energy devel-
opment status, we propose that an electrochemical-based energy conversion and 
storage system is one of the cleanest and renewable ways to alleviate energy and envi-
ronmental problems. Secondly, based on the application of electrochemical energy 
conversion and storage, we propose that the key to these applications is the catalyst 
and electrode materials. Among the catalytic materials, carbon-based nanomaterials 
have been widely studied in energy conversion and storage applications due to their 
rich sources, low price, large specific surface area, adjustable morphology, and elec-
tronic structure. Finally, we propose that this book will comprehensively and deeply 
reveal the regulation rules and catalytic mechanism of carbon-based catalyst surface 
and interface defect structures by combining the current synthesis design principles 
of carbon-based nanomaterials and advanced characterization techniques, hoping 
to help scientific researchers, especially new researchers, quickly get in touch with 
cutting-edge science. 

This book aims to systematically summarize the advanced development of carbon-
based nanomaterials for electrochemical catalysis. It is our sincere hope that this book 
will provide researchers with further knowledge about carbon-based nanomaterials 
and that researchers interested in carbon-based nanomaterials will explore new ideas 
or answers in this book, which is the real meaning of this book. We also hope that 
new researchers will develop a stronger scientific interest through the interpretation 
of this book. We apologize to the authors of many outstanding research papers that 
we have missed due to the large amount of literature produced in this field over time.
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Chapter 2 
Synthesis of Carbon-Based 
Nanomaterials 

Yu Du, Su Jiang, Yuan Li, and Jia-Nan Zhang 

Abstract Carbon-based catalytic materials have the advantage of structural stability, 
adjustable morphology, and high tolerance to acid/alkaline media, for which they 
have always been a research hotspot in the field of catalysis. However, the original 
carbon material is inert to electrochemical reactions, so the activation and enhance-
ment of its catalytic performance is very important. In addition to improving the 
carbon materials themselves, more and more researchers are devoted to promoting 
the development of metal carbon-based catalysts. Recently, based on the relationship 
between structure and performance, synthetic strategies such as defect engineering, 
surface engineering, and confinement effects have been proposed to modify and ratio-
nally design the morphology and structure of carbon-based nanomaterials. At the 
same time, with the continuous in-depth understanding of the catalytic mechanism, 
the carbon-based materials are doped with metal atoms, doped with heteroatoms, 
metal particles and hybrids are loaded, in order to obtain more excellent catalytic 
performance is feasible. In this chapter, the synthesis of carbon-based catalytic nano-
materials with different catalytic sites is firstly summarized. Based on the synthesis 
strategies and methods proposed in recent years as well as the understanding of the 
catalytic mechanism of the catalytic active center, the composition and the modified 
rational design of carbon-based catalysts have also reviewed. Hope it would provide 
reference and guidance for the application of carbon-based nanomaterials in the field 
of energy conversion.
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2.1 Introduction 

According to the demand for an ideal catalyst with high performance, various 
structures, and compositions of the catalyst can have been numerous researched. 
Carbon-based nanomaterials have received extensive attention due to their multiple 
advantages, such as earth abundance, low cost, and high conductivity [1]. 

Many types of carbon nanomaterials, such as activated carbon, fullerene, carbon 
nanotube (CNT), graphene, diamond, and carbon nitride (C3N4), have been studied 
as chemical substances of potential catalysts due to their rich structure, electronic 
properties, and low cost [2]. Although they show great potential in the catalytic 
field, pure carbon is generally inert in chemistry. Therefore, adjusting the structure 
and electronic properties of pure carbon materials through physical or chemical 
modification to improve the catalytic activity of carbon nanomaterials is necessary 
[3]. 

Generally speaking, defect engineering and heteroatom doping are considered as 
effective strategies to modify the properties of metal-free carbon materials. Graphene, 
as typical carbon nanomaterials, often perform as active at defects and edges. Defect 
engineering is proposed to modify the structure and morphology of carbon mate-
rials by constructing inherent pores, edge sites, vacancies, etc. In 2009, Hiroto et al. 
[4] used density functional theory and direct molecular orbital-molecular dynamics 
(MO–MD) methods for the first time to clarify the effect of defects on the electronic 
state of graphene through evaluating normal graphene and defective graphene (one 
carbon atom was removed from the normal graphene), defective graphene anions 
(defective graphene plus an excess electron), and defective graphene cations (defec-
tive graphene plus one hole). In addition, Jia et al. [5] developed defective two-
dimensional graphene by removing nitrogen from intentionally doped precursors, 
and introduced various types of graphene edges such as pentagons, heptagons, and 
octagons structural defects. Theoretical calculation results showed that edge defects 
can significantly improve the catalytic activity of oxygen reduction reaction (ORR), 
oxygen evolution reaction (OER), and hydrogen evolution reaction (HER). A series 
of characterizations have confirmed that the defect level of graphite was greatly 
increased after ball milling. Therefore, designing abundant defect sites in carbon-
based materials has broad prospects in future research. In addition to defects, the 
formation of vacancies can also effectively tune the electronic structure of carbon-
based catalysts and promote their electrochemical performance. For vacancies, espe-
cially the presence of oxygen vacancies, the band gap of the semiconductor can be 
effectively adjusted, and the distribution of electrons on the surface of the material 
can be changed. The carbon materials synthesized under the guidance of these strate-
gies will make the carbon atoms at the defect as active sites exhibit better activity. 
However, the in-plane atoms of graphene show poor chemical activity when used as 
catalytic sites. Therefore, in order to trigger the activity of carbon atoms, it is feasible 
to introduce different heteroatoms such as O, N, B, S, P and their corresponding func-
tional groups to enhance the activity of in-plane structures. In this way, the structure of 
carbon atoms around the electrons can be changed, which can promote the adsorption
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of catalytic reaction intermediates, thereby improving the catalytic activity of carbon 
atoms. Studies have shown that the introduction of N atoms induces the redistribution 
of the charges between N atoms and adjacent C atoms, thereby obtaining excellent 
catalytic performance [6]. Since then, heteroatom-doped carbon materials have been 
intensively studied, and the types and doping methods of doped heteroatoms have 
also been continuously developed and studied [7]. 

In addition to the carbon material itself as catalyst material, due to its incredibly 
high surface area, excellent electrical conductivity, and chemical stability, carbon-
based substrates as catalyst support attached to other active substances have also 
been extensively studied. The substrate material can firmly fix metal nanoparticles 
to prevent them from further agglomeration and improve catalytic activity [8]. This 
metal-support interaction has been the focus of researches on carbon-based material 
catalysts in recent years [9]. Based on this effect, a series of carbon-based metal cata-
lyst are designed and synthesized, including metal nanoparticles supported carbon-
based nanomaterials and atomically dispersed metal carbon-based nanomaterials. 
Previous reports indicated that the size and morphology of the metal particles and 
the surface structure of the substrate greatly affect the metal supporting structure, 
which has a great influence on promoting the catalytic reaction that occurs at the 
interface. Therefore, the rational design of the metal-support interface structure is 
very important. In addition, the intrinsic property of metal nanoparticles or their 
hybrids and the interaction between metals are also critical to catalytic performance. 
The factors mentioned above all need to be considered clearly when designing and 
synthesizing such catalysts. 

Substrates such as carbon materials not only provide anchor points for single 
metal atoms, but also change the charge density and electronic structure of metal 
atoms due to the strong interfacial interaction between metal atoms and adjacent 
carbon atoms. When the size of the nanoparticle is reduced to the single-atom level, 
the metal-support interaction will be maximized, resulting in the generation of new 
catalytically active sites, new reaction pathways, and ultimately improved catalytic 
performance [10]. In this case, metal atoms are often regarded as catalytically active 
centers. Therefore, for the synthesis of atomically dispersed metal carbon-based 
nanomaterials, researchers not only pay attention to the selection of metal atoms, but 
also lay emphasis on the regulation of the microenvironment of metal atoms [11]. 
Choosing an appropriate central metal atom is the most direct and effective strategy 
for synthesizing high-activity atom-dispersed metal carbon-based catalysts [12]. For 
the case where multiple metal atoms are loaded, the mutual influence and synergy 
between different metal atoms are also one of the research hotspots [13, 14]. When 
the active metal center is definite, the doping of heteroatoms is a common effective 
method to improve the activity of the catalytic active sites. Heteroatom doping of 
metal-loaded carbon-based materials can not only affect the electronic structure of 
the carbon material, but also anchor the metal center or adjust the charge density 
distribution and change its bond formation [15]. The doped heteroatoms usually form 
coordination with the metal center and/or carbon atoms [16]. Therefore, adjusting 
the type and structure of coordination atoms will effectively adjust the electronic 
structure of the metal–carbon site (especially the d electron of the central metal atom)
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to obtain better electrocatalytic activity. In addition, the types of coordination atoms 
and the chemical environment can be adjusted. Therefore, the study of heteroatom 
doping here not only involves the doping of monometallic, bimetallic, and even multi-
metal materials, but also includes the effect of co-doping of different heteroatoms 
[17]. 

As mentioned above, particle size, defects and heteroatom doping are important 
factors that affect the electrocatalytic activity of the catalyst. There are still huge 
challenges in the precise control of the active structure of carbon materials and the 
design and synthesis of a definite catalytic center structure. The existing synthesis 
methods, such as pyrolysis, wet chemical methods, physical and chemical depo-
sition methods, ball milling, and graphene vacancies oriented synthesis have been 
extensively studied in the field of synthesizing heterogeneous catalyst [18]. With the 
in-depth understanding of the catalytic mechanism and the relationship between 
the structure and performance of the catalytic center, the research on synthesis 
methods has been continuously explored and developed. In this chapter, the design 
and synthesis strategies of several carbon-based catalysts from the perspective of 
structure–activity relationship according to different catalytic active sites have been 
summarized (Fig. 2.1). The synthesis strategies and development trends of carbon-
based materials are also reviewed, hoping to provide methodological references for 
future research. 

2.2 Synthesis of Metal-Free Carbon-Based Nanomaterials 

Carbon nanomaterials have high reserves in nature, which are easily obtainable. 
Original carbon materials have structural stability, adjustable morphology, and show 
high tolerance to acid/alkaline media. Therefore, they have been regarded as potential 
candidates of catalytic materials used in energy conversion reactions. However, since 
the original carbon materials are inert to electrochemical reactions, the activation 
and enhancement of their catalytic performance is of great importance. In recent 
years, researchers have mainly started from two aspects to improve the performance 
of metal-free carbon-based materials. On the one hand, for the synthesis of intrinsic 
defect carbon, the introduction of defects will interfere with the electron symmetry of 
the active sites, so as to provide non-uniform components and catalytic active centers 
by adjusting the charge density and spin density of the carbon atoms. In fact, there 
are inherent defects in carbon materials, but their density is too low to obtain high 
electrocatalytic performance on a macroscopic scale. Therefore, the production of 
high-density uniform defects in carbon materials is the key to improving the catalytic 
performance of carbon-based materials through defect engineering strategies. On 
the other hand, the charge transfer that can also be induced by doping heteroatoms 
in the carbon material can effectively adjust the electronic characteristics of the 
carbon near the doping site, which can provide the carbon matrix with an optimized 
charge carrier concentration and create new active sites, which can further optimize
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Fig. 2.1 Types of carbon-based nanomaterials and their synthesis methods 

the performance of carbon nanomaterials in energy conversion by improving the 
electronic arrangement. 

2.2.1 Intrinsic Defect Carbon 

Defect engineering is an effective strategy to control the surface physical and chem-
ical properties of catalytic materials. In recent years, plenty of efforts have been made 
to increase the defect density of carbon materials to increase the catalytically active 
sites of carbon materials. At the same time, researchers are constantly exploring 
the influence of different defect structures on catalytic performance. At present, the 
most studied carbon defect structures mainly include edge defects, surface defects, 
vacancy defects, and topological defects.
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Edge sites versus basal plane defect. Constructing controllable defects with 
different structures and positions is a hot spot in defect engineering research. The 
exploration and comparison of defect types mainly focus on edge defects and internal 
defects. A large number of studies have shown that edge defects have a stronger ability 
to redistribute electrons, so they can provide more catalytic sites than defects inside 
the plane. The synthesis methods of edge defects mainly include edge engineering, 
[19, 20] electrochemical reduction-reoxidation, [21] ultrasonic-assisted liquid phase 
exfoliation, [22] molten salt-assisted acid exfoliation, [23] spontaneous gas foaming, 
[24] biomass synthesis, [25] etc. Wang et al. [19] developed a general edge engi-
neering method to transform the corresponding specific nitrogen doping sites to 
produce carbon defect configurations. Three corresponding configurations were 
mainly synthesized, graphite-N with vacancies in place (C585), pyridine-N to sepa-
rated pentagons (S–C5), and pyrrole-N to adjacent pentagons (A–C5). It shows good 
intrinsic activity in both oxygen reduction reaction (ORR) and hydrogen evolution 
reaction (HER). Among them, A-C5 has the highest ORR activity, and C585 has the 
highest HER activity. This work provides insights for the design of high-performance 
carbon-based catalysts based on the principle of defect formation (Fig. 2.2a). Yao 
et al. [5] reported the assembly of a two-dimensional graphene (DG) material with 
carbon defects, prepared from an N-doped precursor through a simple denitrification 
procedure. Experimental results show that the material has triple functions of ORR, 
OER, and HER, and its half-wave potential has good performance in the three reac-
tions, and its activity is better than that of N-doped graphene. Zinc-air battery shows 
that DG has very stable charge and discharge voltage, high current and power density, 
comparable to Pt/C catalyst. This is the first reported three-function metal-free cata-
lyst based on defect mechanism, which provides a new idea for the application of 
defect mechanism in electrocatalysts (Fig. 2.2b–e). 

Vacancy/hole. As a kind of lattice defects, the introduction of vacancy defects can 
promote the electron conduction of carbon-based catalytic materials and improve 
the conductivity of carbon materials. According to research, vacancy defects can 
be obtained by fast flame method, [26] heteroatom doping, [27] thermally induced 
defects, [28] co-precipitation, [29] irradiation, [30] KOH activation [31] and other 
methods. Among them, oxygen holes supported by oxides are the focus of the study 
of vacancy defects. Zheng et al. [32] proposed a simple solution reduction method 
for the synthesis of mesoporous Co3O4 nanowires with high specific surface area. 
The oxygen vacancies on the surface of the reduced Co3O4 nanowires are greatly 
increased, and the current density and electrochemical supercapacitor capacitance 
are also increased. Density functional theory calculations show that the generation of 
oxygen vacancies leads to the formation of new energy gap states, in which the elec-
trons originally associated with the Co–O bond tend to delocalize, resulting in higher 
conductivity and electrocatalytic activity (Fig. 2.3a–c). Hu et al. [33] reported a series 
of Co3O4/rGO (reduced graphene oxide) nanocomposites with adjustable oxygen 
vacancy defect concentration, synthesized by simple alkali etching. The synergistic 
effect of the thermal assist effect of the reduced graphene oxide and the oxygen 
vacancy defect provides the composite material with excellent catalytic activity.
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Fig. 2.2 Synthesis of carbon nanotubes with edge site and basal plane defects. a Schematic 
illustration of fabricating three types of carbon materials, edge-deficient carbon nanofibers (CNFs), 
edge-rich porous CNFs (P-CNFs), highly porous carbon monolith (P-CM). Reproduced with permis-
sion [19]. Copyright 2020, Elsevier. b The schematic of the formation of DG. c The TEM, d HAADF 
and e AFM image of DG. Hexagons, pentagons, heptagons, and octagons were labeled in orange, 
green, blue, and red, respectively. Reproduced with permission [5]. Copyright 2016, WILEY–VCH

Deng et al. [34] reported a molybdenum disulfide as a catalyst for the hydrogenation 
of carbon dioxide to methanol. Experiments have shown that the sulfur vacancies 
generated on the surface drive the selective hydrogenation of CO2 to methanol. The 
catalyst has superior conversion efficiency and long-term stability, and is a strong 
candidate for industrial applications. 
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Fig. 2.3 Synthesis of topologically defective carbon nanomaterials. a Schematic of the NaBH4 
reduction for in situ creation of oxygen vacancies in Co3O4 NWs. b SEM and c TEM images of 
the reduced Co3O4 NWs. Reproduced with permission [32]. Copyright 2014, WILEY–VCH. d 
Illustration of the synthetic method of PD–C; e ac-STEM image of PD–C; f cropped image of (b). 
Reproduced with permission [40]. Copyright 2019, WILEY–VCH
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Topological defect. Mismatches and/or missing atoms of lattice units often lead 
to in-plane topological defects in the framework of graphene-based carbon mate-
rials. They can significantly redistribute electrons on the surface of carbon mate-
rials and improve the electron transport capacity on the surface of carbon mate-
rials. Based on the above understanding, various methods have been demonstrated to 
successfully synthesize defective carbon materials with topological structures, such 
as direct carbonization, [35] doping evaporation, [36] surface coupling reaction, [37] 
synthesis of intramolecular defect formers [38] and low temperature thermal solu-
tion method [39]. However, due to the high formation energy, deliberately creating 
high-density uniform topological defects in the carbon network is still challenging. 
Mu et al. [40] constructed a carbon nanomaterial rich in pentagonal defects by in-
situ etching of fullerene molecules (C60). The experiment verified that the intrinsic 
pentagonal shape of the basal plane contributes to the local redistribution of elec-
trons in the carbon matrix. And energy band gap contraction can improve electro-
chemical activity, which corresponds to the calculation result of density functional 
theory. It shows that the intrinsic pentagonal defects have far-reaching significance 
for the development of carbon-based nanomaterials in the field of energy storage and 
conversion (Fig. 2.3d–f). 

2.2.2 Heteroatom-Doped Carbon 

In addition to the effect of intrinsic defects on the catalyst, the doping of heteroatoms 
with different electronegativity (such as B, N, P, and F) into the carbon network 
can introduce asymmetric charges and redistribute the spin density. The electrical 
neutrality of the matrix optimizes the electrical properties of the carbon material and 
induces the generation of charged active sites. The three main methods for preparing 
heteroatom-doped carbon-based catalysts are pyrolysis, chemical vapor deposition 
(CVD) and solvothermal process. Pyrolysis is a synthetic material obtained by 
heating heteroatom precursors and matrix materials in a crucible within a certain 
temperature range. In the process of synthesizing heteroatom-doped carbon nanoma-
terials by CVD, the doping sites are formed mainly by the deposition of heteroatoms 
on the surface of carbon-based materials. The solvothermal method is a simple 
thermal reaction that achieves the successful introduction of heteroatoms through 
the synergistic interaction of polymers and ionic liquids as structure directing agents 
and carbon sources [41]. 

Nitrogen doping. The combination of electron-accepting nitrogen atoms and carbon 
materials can supply adjacent carbon atoms with a relatively high positive charge 
density. It is the earliest and most widely studied type of heteroatom doping in 
carbon materials. N-doped carbon materials are mostly synthesized by pyrolysis. 
Frequently selected nitrogen sources are urea, amine compounds, such as hexam-
ethylenetetramine, 1,6-hexanediamine, etc. The main product of the pyrolysis of 
amines is the imine group, which is doped in the carbon source through a coupling
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reaction [43]. After pyrolysis, urea mostly exists in the material in the form of pyri-
dine nitrogen [44]. The introduction of nitrogen can form different structural sites 
on the surface of carbon materials, which can be studied as potential catalytic sites. 
And nitrogen doping in carbon-based nanomaterials also induces changes in elec-
tronic structure, thus providing more binding options for the introduction of other 
metals [43]. Yao et al.[42] synthesized a three-dimensional (3D) carbon aerogel with 
a novel N-S-C coordination active site constructed using N-modified S defects, where 
the active sites originated from the integrity of edge thiophene S, graphite N, and 
pentagonal defects. This catalyst exhibited excellent ORR activity, stability and high 
current density under acidic conditions. It provided new insights for the application 
of nano-carbon structural defects in carbon-based ORR catalysts (Fig. 2.4). 

Fig. 2.4 Synthesis of N-doped carbon materials. a The Synthesis Process and Morphology of 
N-Modified S-Defect Carbon Aerogel. b, c Low-resolution and high-resolution FESEM images of 
NSCA-700-1000. d TEM image and the corresponding EDS mapping for C, N, and S elements of 
NSCA-700-1000. Reproduced with permission [42]. Copyright 2018, Elsevier
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Boron doping. The B-C bond produced by introducing boron atoms into the carbon 
substrate can have a beneficial effect on the adsorption or fixation of gases or 
intermediates in the energy conversion reaction. The typical methods for boron 
doping include liquid-phase electrodeposition, [45] high-temperature annealing, [46] 
and one-pot solvent evaporation-induced self-assembly [47]. Mu et al. [14] devel-
oped a metal-free and controllable strategy to prepare B and Cl dual-doped CNTs 
(BClCNTs) by chemically tailoring two-dimensional (2D) boron carbide (B4C) with 
Cl2. Among them, Cl2 partially extracts B atoms in B4C, and the remaining B and 
C atoms combine with Cl atoms to form a nanotube microstructure. Experimental 
results showed that as a metal-free ORR catalyst, it had a higher half-wave potential 
and stability than commercial Pt/C catalysts. And the doping configuration of B and 
Cl can be controlled by choosing different chlorine-carbide molar ratios (Fig. 2.5). 

Phosphorus doping. Phosphorus atom doping can usually be combined with 
template method to prepare heteroatom-doped porous carbon-based catalytic mate-
rials, so as to obtain unique pore structure and large specific surface area while 
regulating the electronic structure of catalytic sites. The materials obtained by the 
template method are generally easier to obtain more regular nanoporous structures 
and suitable sizes. Yuan et al. [48] used F127 as the soft template, organic phosphoric 
acid as the P source, and phenolic resin as the C source to synthesize a P-doped meso-
porous carbon material with good pore structure and high specific surface area. In the 
synthesis process, a small amount of iron was introduced as a catalyst to optimize the 
texture properties and graphitization degree of carbon materials. The experimental 
result showed that the synthesized material had excellent catalytic activity and dura-
bility for ORR, highlighting the possibility of its application in electrode materials 
and electronic nanodevices for metal-air batteries and fuel cells. 

Sulfur doping. Similar to the effect of other heteroatom doping, sulfur atom doping 
can improve the surface reactivity of inert carbon materials, leading to the enrich-
ment of surface charges and promoting the transfer of electrons during the reac-
tion. Annealing and template methods can easily introduce sulfur atoms. Different 
pyrolysis temperatures will have different effects on the specific surface area, pore 
size and sulfur doping content of the material. Yang et al. [49] prepared S-doped 
graphene with high specific surface area. The synthesis method was to heat ultra-
thin graphene oxide-porous silica sheet through graphene oxide and guest gas H2S 
under high temperature conditions. The study proved for the first time that sulfur 
can be doped into graphene flakes through the main form of thiophene-like S, which 
exhibited excellent electrocatalytic activity, long durability and high selectivity as 
an ORR catalyst. 

Oxygen doping. Researchers usually dope carbon materials with oxygen atoms 
in the form of oxygen-containing functional groups. The introduction of oxygen-
containing functional groups can improve the gas adsorption strength and the binding 
strength of intermediates during the catalytic reaction. At the same time, its electron-
withdrawing ability can also rearrange the electrons of the surrounding carbon atoms.
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Fig. 2.5 Synthesis of B-doped carbon nanotubes. a Schematic illumination of one-step evolution 
from B4C to BClCNTs. b Possible locations for B and Cl co-incorporation into CNTs. c–e SEM 
images of the pristine B4C nanoflakes (c), transitional hybrid carbon structure (d), and the resultant 
BClCNTs e. Low-magnified and f high-magnified TEM g and its intercepted part h and SAED 
images i of the as-synthesized BClCNTs. j STEM-HAADF images of the typical BClCNTs. (k-
m) HAADF intensity mapping: boron mapping k, chlorine mapping l, and carbon mapping(m). 
Reproduced with permission [14]. Copyright 2019, ACS Energy Letters

Simple pyrolytic synthesis methods and microwave-assisted synthesis are also appli-
cable to oxygen-doped carbon-based materials [50]. Sun et al. [51] synthesized 
O-doped graphene derived from sodium gluconate using sodium gluconate argon 
annealing method as an excellent 2D NRR catalyst, which exhibited excellent elec-
trochemical activity and structural stability in an acidic environment, due to the 
O-doped graphene can more effectively adsorb N2. Density functional theory calcu-
lations showed that C = O and O–C = O groups had a greater contribution to NRR, 
which was higher than that of C–O groups. 
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Co-doping. A large number of studies have confirmed the effectiveness of single 
heteroatom doping as a strategy to improve the catalytic performance of carbon 
materials. Further studies have shown that the co-doping of two or more heteroatoms 
(such as N–S, N–P, N–B, etc.) brings about a more complex and attractive electronic 
interaction that produces a synergistic effect in enhancing the catalysis of carbon 
materials. Its performance also has a high potential for improvement. Compared with 
single heteroatom doping, the synthesis of co-doping is more restricted and compli-
cated to control. In the existing reports, the methods of template method, carboniza-
tion and freeze-drying activation, [52] flame synthesis, [53] post-treatment synthesis 
[54] and hydrothermal synthesis [55] are all feasible. Yuan et al. [56] reported an 
in-situ self-sacrifice and self-template strategy, which used in-situ nanostructures 
and catalytically active site engineering to synthesize N and S co-doped hierar-
chical porous carbon electrocatalyst during the carbonization of a single polymer 
precursor. The research results showed that the N, S-doped porous network provided 
abundant active sites and transport channels for efficient charge transport, and the 
catalyst exhibited excellent ORR activity in both alkaline and acidic electrolytes 
(Fig. 2.6). The combination of N doping and other heteroatoms doping is mainly 
considered when designing to introduction multiple heteroatoms. Xie et al. [57] 
developed a simple strategy to directly synthesize natural N/O-doped ultra-thin few-
layer carbon nanosheets by pyrolyzing three-dimensional guanine without using any 
template. Its catalytic performance was excellent, the half-wave potential can reach 
0.84 V, which was better than most graphene-based electrocatalysts. The combina-
tion of heteroatom doping, high specific surface area and abundant structural defects 
enhances the ORR activity of the catalyst. 

Both the defect structure and the doping of heteroatoms are based on the adjust-
ment of the electronic structure of the active sites of non-metallic carbon materials to 
improve the shortcomings of the inertness of the catalytic performance of the carbon 
materials. Research based on these two synthesis strategies has provided a favorable 
basis for its effectiveness. However, the precise control of defect positions and types, 
and the effective doping of heteroatoms require further exploration by researchers. 

2.3 Synthesis of Atomically Dispersed Metal Carbon-Based 
Nanomaterials 

The effective synthesis and application of single-atom catalysts (SACs) or atomically 
dispersed metal carbon-based catalysts is a very important research direction in the 
field of catalytic materials research in recent years. Due to the high dispersion of 
active components, the almost 100% metal utilization efficiency and the interaction 
between the active center and the adjacent coordination atoms, compared with metal 
nanoparticles, clusters, blocks, etc., atomically dispersed metal catalysts show supe-
rior activity, stability, and selectivity in many energy conversion reactions. Bimetals 
and even multiple metals may have a synergistic effect of metal sites, resulting in
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Fig. 2.6 Synthesis of co-doped carbon nanomaterials. a Schematic of the fabrication process of 
N, S co-doped porous carbon materials. Morphology and microstructure characterizations. b SEM, 
c TEM (inset is the SAED pattern), and d HR-TEM images of NSC-1000. e HAADF-STEM image 
of NSC-1000 and the corresponding element mapping images for C, N, and S. Reproduced with 
permission [56]. Copyright 2019, Elsevier
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better performance than single-metal catalysts. It is very important for the synthesis 
of well-dispersed carbon-based catalysts to make the metal uniformly dispersed on 
the carbon substrate in the form of atoms.

Among them, a common type of research is the anchoring of metal atoms by 
introducing heteroatoms into the carbon support. The introduction of heteroatoms 
can form bonds with single metal atoms and/or carbon substrates, generate elec-
tron transfer, prevent metal atoms from agglomerating through unique electronic 
structures and coordination environments, and form atomically dispersed metal– 
carbon-based nanomaterials as catalysts [58]. The synthesis methods of single-atom 
catalysts mainly include pyrolysis, [59] hydrothermal, [60] electrodeposition, [61] 
impregnation, [62] etc., and metal atoms are introduced into the nanocarbon matrix. 
In the following, various synthetic methods will be introduced from the dispersion 
methods of different metal atoms. 

2.3.1 Single Metal-Heteroatom Doped Carbon-Based 
Nanomaterials 

Due to the small specific surface area and high surface energy, isolated metal single 
atoms are prone to aggregate and form metal nanoparticles during the synthesis 
process, especially under harsh pretreatment or catalytic conditions [63]. Studies have 
found that heteroatoms can act as coordination sites to fix metal atoms by forming M-
H bonds (H represents heteroatoms including N, O, S, etc., and M represents metals 
including Zn, Fe, Co, Ni, Mn, etc.) [64, 65]. Because the electronegativity of N atoms 
is relatively high and the size of atoms is similar to that of C, the N-doped M–H–C 
structured metal single-atom catalyst is the most widely studied. The resulting M– 
Nx–C structure not only fixes the metal atom through M–N coordination, but also 
changes the electronic structure of the metal atom through the binding effect of C 
and N. On the other hand, the defect effects and porous channels brought about by 
the introduction of nitrogen bring more favorable bonding for the anchoring of metal 
atoms [66]. Different types of N (such as pyrrole, pyridine, graphite nitrogen, etc.) 
also have different effects on the catalytic performance of the catalyst [67]. 

The design and research of the synthesis process have been extensively explored 
to accurately control the N in the catalyst according to the application prospects. Li 
et al. [68] reported a synthesis strategy for stabilizing single cobalt atoms on nitrogen-
doped porous carbon under metal loadings as high as 4 wt%. By pyrolyzing the 
pre-designed Zn/Co metal–organic framework, Zn has been selectively evaporated 
above 800 °C, and Co has been carbonized and reduced by the organic linker. Co–N 
unit point had excellent ORR activity with the half-wave potential of 0.881 V, and 
exhibited the strong chemical stability and thermal stability. 

The introduction of various heteroatoms has formed different coordination struc-
tures and coordination numbers, which may differently influence the electron cloud 
density of the carbon substrate and self-spin of the metal center. Compared with
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electrocatalysts without heteroatoms, the synergistic effect of heteroatoms such as 
O, S, P, and B will make the prepared materials have unique structural characteristics 
and higher electrocatalytic activity [69]. The general synthesis method is similar to 
that of the M–Nx–C material, which requires precise control of multiple steps to 
obtain the product with the desired structure, such as high temperature annealing, 
[70] bottom-up stepwise synthesis methods, [71] in situ template synthesis, [72] etc.  

Zhang et al. [10] introduced two methods to achieve atomic dispersion of metal 
species on the stent. The mass-selective soft landing technology can use mass-
selected molecular or atomic beams to precisely control the size of the metal species 
and precisely adjust the surface structure of the carrier. The use of wet chemical 
methods can chemically fix the metal species on the bracket (Fig. 2.7a–c). Zhang 
et al. [73] reported a simple and scalable way to produce thermally stable single-
atom catalysts, using commercial RuO2 as a raw material, by physically mixing 
submicron RuO2 aggregates with MgAl1.2Fe0.8O4 spinel. Studies have shown that 
the diffusion process is caused by strong covalent carrier interaction. This simple and 
easy-to-obtain synthesis strategy provides a direction for large-scale manufacturing 
of single-atom catalysts for industrial applications. 

2.3.2 Double/Multi-Metal-Heteroatom Doped Carbon-Based 
Nanomaterials 

The introduction of multiple metals not only reduces the demand for precious metals, 
but also optimizes the geometry and electronic structure of the metal sites, which 
is conducive to improving activity and selectivity. The synergistic effect brought by 
multiple metal centers is often the key to its superior performance to single metal 
catalysts. The synergy between the bimetallic atoms either changes the availability 
of active surface sites or modulates the binding energy to achieve a suitable metal 
state between the catalytic site and the reactants, intermediates and products [75]. 
The synergistic effect of carbon-supported multi-metal SACs is similar to that of 
metal alloy catalysts. Bimetallic atom pairs with dual catalytic sites are beneficial to 
adjust the activity and selectivity of the electrocatalysts. 

Common synthetic methods of bimetallic atom-dispersed carbon-based nanoma-
terials include template method, [76] solution processing, [77] one-pot method, [78] 
high temperature treatment, [79] and electrospinning method [80]. As a porous mate-
rial with high porosity, low density, large specific surface area, regular pore channels, 
and adjustable pore size, metal–organic frameworks (MOFs) are also commonly 
used to restrict the introduction of metal atoms into carbon sources. Kern et al. 
[81] proposed a metal–organic network, which promoted the production of oxygen 
from water by heterogeneous bimetallic catalysts by appropriately inserting Co and 
Fe metal centers in an organic environment. Compared with homogeneous metal 
catalysts, the catalytic activity had a nonlinear increase. Due to the weak electron 
coupling between the two metal centers of the π-electron system of the porphyrin
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Fig. 2.7 Synthesis of single-metal heteroatom-doped carbon-based nanomaterials. a Methods 
for preparing SACs: mass-selected soft-landing and wet chemistry. b HAADF-STEM image and 
c Density functional modeling of Pt1/FeOx. Reproduced with permission [10]. Copyright 2013, 
American Chemical Society. d Synthesis scheme of the FeNC–S–FexC/Fe catalyst. Reproduced 
with permission [74]. Copyright 2018, WILEY–VCH 

macrocycle, which promoted the improvement of OER activity. The proposal of this 
metal–organic network embodied the reliable prospect of bimetallic electrocatalysts 
as OER electrocatalysts. 

Besides the above synthetic methods, there are many other effective methods 
to synthesize bimetallic atomic catalysts. Liu et al. [82] developed a Fenton-like 
catalyst with a single cobalt atom anchored on porous nitrogen-doped graphene. The 
content of pyrrole N in N-doped graphene was adjusted by Fe doping and changing
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the calcination temperature. This catalyst had dual active sites, high activity and 
stability, and can efficiently catalyze and oxidize refractory organics by activating 
peroxymonosulfate (PMS). Density functional theory calculations showed that the 
Co–N4 position was the best binding site for PMS activation (Fig. 2.8a). Zhang et al. 
[83] designed and synthesized Fe, Mn/N–C catalysts dispersed with bimetallic atoms, 
revealing the true reaction mechanism in the electrocatalytic process. This catalyst 
had a Fe–N4/C system with an intermediate spin state, and oxygen reduction will 
occur preferentially on ferric iron. Theoretical calculations showed that the divalent 
iron sites were activated by the spin state transition of the Mn–N part dispersed 
by adjacent atoms, thereby improving the ORR performance and durability of this 
electrocatalyst (Fig. 2.8b–e). 

2.3.3 Atomically Dispersed Metal Multi-Heteroatom 
Co-doped Carbon-Based Nanomaterials 

Since different heteroatoms have different regulatory effects on the metal catalytic 
center, people try to further optimize the electronic structure of carbon-based mate-
rials by designing doping a variety of heteroatoms. Different heteroatom doping may 
bring more complex forms of M-H bonds. The bonding mode of atoms, the interac-
tion between metal and heteroatoms and the interaction between heteroatoms may 
have a significant impact on the charge transfer and the adsorption of intermediates, 
thereby promoting mass transfer and electron transfer in the catalytic process, which 
allow the catalyst with excellent catalytic activity and stability [84]. 

Because the introduced heteroatoms are more complex, the requirements for the 
corresponding synthesis steps are also higher. Appropriate methods are required to 
tune the corresponding doping sites and the adsorption of metal atoms. A commonly 
used synthesis strategy is thermal decomposition, in which the introduction of 
heteroatoms is regulated by controlling the temperature and atmosphere. 

Xu et al. [74] proposed an improved system to increase the activity of FexC/Fe 
through sulfidation, and synthesized FeNC–S–FexC/Fe catalyst. Experimental results 
showed that this catalyst exhibited excellent activity with higher ORR activity and 
better durability in acidic media. Its half-wave potential is 0.821 V, which was better 
than commercial Pt/C catalysts, and had a certain OER activity, which can be used as a 
high-performance dual-function catalyst for zinc-air batteries. It can be found through 
theoretical calculations that the introduction of sulfur has a certain effect on the 
enhancement of the active center (Fig. 2.7d). Lu et al. [17] developed a mesoporous 
carbon composite material with co-coordination of nitrogen and phosphorus with 
manganese atoms, which was prepared by polymerization of o-phenylenediamine 
and high-temperature calcination. This electrocatalyst exhibited high ORR activity 
in alkaline media, with a half-wave potential of 0.84 V, which was comparable to 
the Pt/C catalyst. The research results showed that the introduction of phosphorus 
promoted the formation of mesopores during the pyrolysis process and the mass
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Fig. 2.8 Synthesis of polymetallic heteroatom-doped carbon-based nanomaterials. a Prepa-
ration route and model of single-Co-atom catalyst. Scale bars: (left) 50 nm, (middle) 4 nm, and 
(right) 2 nm. Reproduced with permission [82]. Copyright 2018, American Chemical Society. b 
Schematic illustration of synthesis procedure for Fe, Mn/N–C catalysts. c Aberration-corrected 
HAADF-STEM image and some of bimetallic Fe/Mn sites are highlighted by larger red circles. 
d HR-TEM of Fe, Mn/N–C, in which some lattice distortions are highlighted by red circles. e 
HAADF-STEM image of Mn, Fe/N–C with mappings of individual elements. Reproduced with 
permission [83]. Copyright 2021, Springer Nature
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transfer process. On the other hand, the atomic-scale co-coordination between N, P, 
and Mn changed the configuration of Mn, thereby improving ORR activity. Wu et al. 
[85] synthesized a sulfur-doped Mn–N–C catalyst (Mn–N–C–S) through effective 
adsorption and pyrolysis. In acidic medium, Mn–N–C–S exhibited excellent ORR 
activity, high current density, and good stability. Theoretical calculations showed that 
there was a repulsion between the ORR intermediate and the adjacent sulfur dopants, 
which caused a steric effect and leads to an increase in ORR activity.

Although the research on atom-dispersed metal–carbon-based nanomaterials has 
achieved vigorous development so far, this type of catalyst still has some limita-
tions that need to be resolved. First of all, the content of atomically dispersed metals 
is often very low. Despite the maximum atom utilization, the number of effective 
catalytic sites is small, making it impossible to optimize the catalytic performance 
[86]. Secondly, the low amount of heteroatoms and the difficult-to-control doping 
type make it impossible to obtain an ideal catalyst structure according to the exper-
imental design [87]. Catalysts with complex structures, such as multi-heteroatom-
doped catalysts with multiple metal catalytic sites, often inevitably occur agglomera-
tion of metal atoms, which has a negative impact on catalytic performance. Therefore, 
precisely control the type and content of heteroatom doping and increase the loading 
of single metal atoms will become the main issue of research in this field for a long 
time in the future. 

2.4 Synthesis of Metal Nanoparticles Encapsulated 
Carbon-Based Nanomaterials 

At present, the most advanced catalysts are still based on precious metals, but the 
high cost, limited resources and general durability limit their large-scale application 
in industry. Therefore, the development of non-precious metal electrocatalysts with 
economic benefits has become a major research topic in the current field. More and 
more studies have shown that, compared with metal nanoparticles deposited on the 
surface of carbon-based nanomaterials, encapsulating the same metal or metal oxide 
in carbon-based nanomaterials can exhibit different catalytic activities. It mainly 
includes various oxides, [88] sulfides, [89] phosphides, [90] nitrides, [91] carbides, 
[92] selenide metal nanoparticles, [93] etc., wrapped in carbon shells, as well as 
alloy nanoparticles wrapped in carbon shells: CoNi, FeNi, etc. Meanwhile, different 
coating structures will show different morphology, structure, and chemical compo-
sition. More importantly, the unique shape, structure, and chemical composition will 
lead to superior performance. For example, the core–shell structure is generally made 
of a graphite layer as the outer shell, and metal hybrids or alloys are wrapped in it to 
form a nano-scale ordered assembly structure [94]. 

The main synthesis methods for synthesizing metal nanoparticles encapsulated 
carbon-based nanomaterials include continuous reduction method, co-reduction 
method, microemulsion synthesis method, solvated metal atom dispersion method,
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and other liquid phase synthesis methods. The advantage of the liquid phase synthesis 
method is that the reactants and precursors can be uniformly dispersed in the liquid 
phase, making the reaction more complete. The carbon nanotube packaging struc-
ture is mainly synthesized by filling carbon nanotubes with metal hybrids or alloy 
nanoparticles through pyrolysis [95] and wet chemical methods [96]. These assem-
bled structures can effectively limit the volume change and polymerization of metal 
particles during charging and discharging, and provide better support conditions for 
the stability of catalytic performance. The related synthetic methods will be described 
in detail below. 

2.4.1 Metal Hybrids Encapsulated Carbon-Based 
Nanomaterials 

During the electrochemical reaction process, metal agglomeration often occurs and 
thus resulting in low ion transmission efficiency of the system, and causes poor 
performance. In this case, the structure of carbon-based nanomaterials coated with 
metal hybrids provides an effective solution to improve electron transfer efficiency. 
The outer carbon shell provides a conductive path for efficient transmission and can 
protect the internal metal structure stability. 

Pyrolysis is a common synthetic method in encapsulating metal compounds. 
Under space-constrained conditions, metal compounds can be facilely encapsulated 
in carbon-based nanoshell structures by a high temperature of 1000 °C. Xu et al. [97] 
reported that a simple self-assembly and pyrolysis strategy can be used to expand the 
preparation of cobalt phosphide (Co2P)-cobalt nitride (CoN) core–shell nanoparticles 
with dual active sites. This non-noble metal electrocatalyst was coated in nitrogen-
doped carbon nanotubes. Density functional theory calculations showed that Co–N-
C was the site with the highest OER and ORR activity, and the active nitrogen site 
coupled with Co2P was the main source of HER activity. The experimental results 
confirmed the above conclusions and reflected the excellent electrochemical perfor-
mance of the electrocatalyst (Fig. 2.9). Lin et al. [98] successfully prepared a new pea-
like Co@C and Co3O4@C composite nanostructure for the first time. Co and Co3O4 

nanoparticles were encapsulated in a carbon coating with good graphitization. In 
lithium-ion battery tests, the unique nanostructure of this material exhibits excellent 
stability, cyclability, and high charge–discharge rate, making it a promising candi-
date for lithium-ion battery anodes. In addition, this study showed that the excellent 
electrochemical performance was significantly related to the unique structure of the 
sample, which proved that it was possible to change the corresponding electrochem-
ical performance by rationally designing the layered structure of the material. Guo 
et al. [99] developed a one-step in-situ nano-space confinement pyrolysis strategy 
to solve the problem of large volume changes and dissolution of Fe3O4 nanomate-
rials during insertion/extraction of lithium ions. This material had an egg-yolk shell 
nano-spindle structure with sufficient internal void space, which can well limit the
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Fig. 2.9 Synthesis of alloy-encapsulated carbon-based nanomaterials. a The synthetic route 
for Co2P/CoN-in-NCNTs. b Crystal structures and c molecular Structures of Co2P/CoN-in-NCNTs 
core/shell models. Reproduced with permission [97]. Copyright 2018, WILEY–VCH 

change of Fe3O4 nanomaterials and adapt to it. Therefore, the Fe3O4@Fe3C core– 
shell structure material had high reversible capacity, high rate, and excellent cycle 
life, and was currently reported as an excellent Fe3O4-based anode material. 

2.4.2 Alloys Encapsulated Carbon-Based Nanomaterials 

Compared with metal hybrids, alloy nanoparticles contain more metal species, which 
can provide more abundant active sites. The relative quantity of each component 
phase in the alloy, the volume size of the different phase metal particles and the 
different structure will all have an impact on the properties of the material. More 
optimized reactivity and stability by adjusting the different components in these 
alloys can be obtained. Bao et al. [100] introduced a synthetic strategy to uniformly 
disperse metal nanoparticles in carbon nanotubes. The focus was on homogeneous 
dispersion of metal particles in multi-walled carbon nanotubes (MWCNTs) with an 
inner diameter of less than 10 nm and double-walled carbon nanotubes with an inner 
diameter of 1.0–1.5 nm. The research results showed that the size of metal particles 
can be adjusted by changing the channel diameter, thereby affecting the adsorption 
activity and catalytic performance of the catalyst. The confinement effect can also 
be further adjusted by controlling the electronic structure of the curved graphene 
wall. Therefore, the possibility of carbon nanotube electrocatalysts in commercial 
applications was enhanced (Fig. 2.10a, b).
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Fig. 2.10 Synthesis of alloy-encapsulated carbon-based nanomaterials. a Scheme for intro-
ducing nanoparticles inside MWCNTs (i.d. 4–8 nm) by a wet chemistry method. b The TEM image 
displays Ru nanoparticles confined in MWCNTs with the inset showing their particle size distribu-
tion. Reproduced with permission [97]. Copyright 2011, American Chemical Society. c Synthesis of 
Fe3C/C hollow spheres. d SEM image of Fe3C/C-700. e TEM image of one typical hollow catalyst 
sphere of Fe3C/C-700. f TEM image of bamboo-like carbon nanotubes grown on the surface of the 
hollow spheres. g HRTEM image of a Fe3C nanoparticle in Fe3C/C-700 and the index crystal plane 
shown in the inset. Reproduced with permission [104] Copyright 2014, WILEY–VCH 

The current main research direction is the synthesis method of Fe, Co, Ni, Cu and 
other transition metal elements mixed and encapsulated in carbon-based nanoma-
terials. More in-depth mechanism research is also needed to obtain more excellent 
catalytic performance. Common synthesis methods of existing alloy-encapsulated 
carbon-based nanomaterials include CVD method, [101] pyrolysis method, [102] and 
hydrothermal method [103]. Li et al. [104] reported a hollow spherical high-pressure 
pyrolysis catalyst composed of uniformly coated iron carbide (Fe3C) nanoparticles 
with a graphite layer. The surface had only a few nitrogen and metal functions. In 
acidic media, the outer graphite shell can play a stabilizing role and reduce the loss 
of ORR performance of metal particles. Therefore, this electrocatalyst had good 
activity and stability, which provides new insights for the development of ORR cata-
lysts (Fig. 2.10c–g). Xi et al. [105] used the atmospheric pressure chemical vapor 
deposition method to successfully encapsulate nickel copper (NiCu) alloy nanopar-
ticles into a graphite shell. Through research, it was found that the synthesized
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material has obvious core–shell structure and adjustable shell thickness, which can 
be used as HER electrocatalyst. Electrochemical measurement results showed that 
the catalytic activity of carbon-coated Ni-Cu nanoalloy particles (NiCu@C) was 
related to the thickness of the shell, and the nickel-copper nanoparticles coated with 
a single-layer graphite shell showed good HER activity and durability. Density func-
tional theory (DFT) calculations showed that NiCu@C had ideal hydrogen adsorption 
performance, which corresponds to the higher HER activity. 

Although in the past research, encapsulated carbon-based nanomaterials have 
made some progress in the study of electrocatalytic activity, it still has a long way to 
go before commercial applications. First, the active sites between metals and carbon-
based materials cannot be eliminated and the interactions between metals and metals 
cannot be eliminated. They influence each other and restrict each other, and the 
effect on the performance of the material is still unclear. Second, the durability of 
metal nanoparticles coated carbon-based nanomaterials still needs to be improved. 
Compared with precious metal-based catalysts, many performance aspects still need 
to be improved. In short, in the future, it is necessary to combine experimental 
results and theoretical calculations to explore the synthesis of more high-performance 
electrocatalysts. 

2.5 Synthesis of Metal Nanoparticles Supported 
Carbon-Based Nanomaterials 

Among heterogeneous catalysts, supported catalysts occupy a large proportion. So 
far, there have been many research examples of carbon-based nanomaterials loaded 
with metal nanoparticles. The surface ligands of nanomaterials will largely affect 
their molecular properties [106]. This means that regulating the interaction between 
carbon-based nanomaterials and the metal particles supported by them will play a 
crucial role in the construction of suitable catalysts. Different substrate materials 
and different load materials will have a huge impact on the performance and internal 
interaction of the composite material. This chapter mainly introduces metal hybrid-
supported carbon-based nanomaterials and alloy-supported carbon-based nanoma-
terials, such as self-supporting materials, materials using carbon substrates for 
secondary growth, and some of their synthesis methods and properties. 

In the traditional synthesis process, the raw materials needed as the catalyst elec-
trode are often in powder form, and some inactive binders need to be used to bond 
them together. These substances can easily lead to the uncontrollable microstructure 
of the material and the reduction of the active surface area, which greatly affects the 
performance of the catalyst. The self-supporting material is a material that directly 
grows in situ on the substrate without adding an adhesive [107]. This material has a 
variety of forms, due to the strong interaction between the substrate and the supported 
material, the active sites will be evenly dispersed. In addition, self-supporting cata-
lysts usually have the characteristics of high specific surface area, high conductivity,
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and long-term durability. This material is considered a favorable choice for the further 
development of electrochemical catalysis. 

The typical synthesis method is mainly high-temperature annealing, and metal 
precursors are supported on carbon-based nanomaterials by calcination. The desired 
metals are mostly obtained by impregnation, co-precipitation or direct chemical 
reduction of metal precursors on carbon sources [108]. Several synthetic methods of 
supported metal nanoparticles will be introduced in detail below. 

2.5.1 Metal Hybrids Supported Carbon-Based Nanomaterials 

The synthesis methods of metal hybrid supported carbon-based nanomaterials are 
relatively abundant, and their applications are also relatively wide. A simple one-
pot heat treatment method can be applied to this material synthesis. The metal 
hybrids can be fully supported on the carbon substrate through the process of heating, 
heat preservation and cooling of the uniform mixture, and their uniform dispersion 
can be controlled. In electrochemical reactions, the efficiency of water splitting is 
closely related to the production of O2 and H2. Wang et al. [109] used a one-pot 
method to synthesize N-doped carbon hybrids loaded with Co, CoO, Co3O4, etc., 
in order to improve the overall efficiency and use it as a dual-function electrocata-
lyst. The synergistic effect between metallic cobalt and its hybrids provided superior 
activity for HER, and the introduction of electron-rich nitrogen also played a role. 
The high conductivity of carbon and the structural characteristics of nanocomposite 
materials also made the material exhibit excellent reactivity when used as an OER 
electrocatalyst. 

Solvothermal reactions are also commonly used here. This method has a rela-
tively simple process, the process is easy to control, and the experiment can be 
carried out slowly. The closed reaction space will make the substrate react more 
fully and uniformly, avoiding contamination. For example, Ding et al. [110] success-
fully prepared a Ni3N/graphene nanocomposite material for use as a supercapacitor. 
The material was synthesized by anchoring Ni3N nanoparticles on redox graphene 
nanosheets. The smaller size of the hybrid metal significantly increased the Faraday 
redox reaction of the pseudocapacitor material. 

In order to suppress the shuttle effect in lithium-sulfur batteries, Sun et al. [111] 
designed and synthesized a Co2B-loaded carbon nanotube composite material coated 
on a commercial polypropylene separator as an effective barrier layer for inhibiting 
polysulfide in lithium sulfur batteries (LSBs). The calculation results of density 
functional theory showed that the empty orbital in the boride can not only absorb 
polysulfides, but also had a cobalt-sulfur absorption effect, which was stronger than 
other barrier materials. Zhang et al. [112] reported a HER electrocatalyst synthesized 
by diruthenium triboride (Ru2B3) dispersed in B, N-doped carbon nanofibers (BNC). 
The material was obtained by self-assembly and connection of ruthenium complexes 
on BNC and melamine through an in-situ pyrolysis method. Experimental results 
showed that it had excellent performance in terms of HER, which was better than
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Fig. 2.11 Metal hybrids support the synthesis of carbon-based nanomaterials. a Synthetic 
illustration of the Ru2B3@BNC electrocatalyst. b XRD pattern of Ru2B3@BNC. C low- and d 
high-magnification TEM, e HAADF-STEM, f EDS elemental mapping of Ru, B, N, and C for 
Ru2B3@BNC. g EELS spectrum of Ru2B3@BNC. Reproduced with permission [112]. Copyright 
2020, Elsevier 

other HER electrocatalysts on the market at that time, and its durability was also 
excellent (Fig. 2.11). 

2.5.2 Alloys Supported Carbon-Based Nanomaterials 

Alloy-supported carbon-based nanomaterials have unique physicochemical proper-
ties. It not only has the good stability and durability of self-supporting materials, 
but also has various metal properties of alloy materials. The two or more metals 
mix with each other, the electronic structure changes, and the internally generated 
electron transfer interacts with the carbon-based material. At the same time, when
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exposed on the surface of the substrate, it is easier to contact the reactant for acti-
vation, so the catalytic activity can be greatly improved. Existing reports have intro-
duced various synthesis methods, such as thermal treatment, microwave dielectric 
loss heating, pore volume impregnation, in situ growth, solvothermal methods, etc. 
These synthetic strategies are described in detail below. 

Baker et al. [113] proposed for the first time that carbon nanofibers were used 
to support alloy particles as a catalyst. They loaded Fe and Cu nanoparticles on 
carbon nanoparticles by thermal treatment and found that their catalytic activity and 
stability for hydrogenation reactions were significantly superior to that of similar 
metals adsorbed on carbon-based materials. The research results showed that the 
epitaxial growth of metal particles on carbon nanofibers occurs, and the special 
crystalline form leaded to the excellent catalytic performance of this catalyst. 

Lukehart et al. [68] synthesized an electrocatalyst material with Pt/Ru nano-alloy 
particles supported on a powdered carbon carrier by microwave dielectric loss heating 
method. And they also reported the catalytic performance of this nanocomposite 
in the direct methanol fuel cell (DMFC) anode catalyst, which was more stable 
and catalytically active than previously known unsupported catalysts for commer-
cial applications. This pointed out the direction for the future research prospects of 
supported electrocatalysts, and opened a variety of potential research roads. 

Wei et al. [114] prepared electrocatalysts with transition metal elements such as 
Mo and Co supported on carbon nanotubes, and prepared a corresponding control 
group to measure its effective catalytic efficiency. Transmission Electron Microscope 
(TEM) images showed that the synthesized carbon nanotubes have a higher specific 
surface area, which facilitates the adsorption of reactants in the catalytic reaction. It 
can be seen from the diffraction of X-rays (XRD) image that the supported active 
phase was more uniformly dispersed on the surface of the carbon nanotubes, which 
laid the foundation for the improvement of catalytic activity. 

Wang et al. [115] developed a self-made graphite carbon nanocage supported Pr-
Ir nanoalloy composite catalyst to improve the catalytic activity and durability of 
polymer electrolyte membrane electrolysis cell (PEMEC). This catalyst was synthe-
sized by pore volume impregnation in aqueous solution. It was verified through 
experiments that the excellent performance of this graphite carbon nanocage when 
loaded with Pr-Ir alloy was even better than when loaded with pure platinum, so that 
the amount of platinum can be reduced by 50% in the application of platinum catalyst. 
This provided an effective method for the wider use of platinum-based catalysts. 

Ji et al. [116] reported a simple MOF in-situ growth strategy to synthesize an 
electrocatalyst with dual functions of HER/OER. They used carbonization and heat 
treatment to graft Co–N–C nanosheets loaded with MoS2 on carbon nanofibers. The 
material did not use a binder, and showed a unique hierarchical structure. The carbon 
nanofibers were connected to each other and have excellent electrical conductivity. 
They can be directly used as electrodes and were a typical self-supporting catalyst 
material (Fig. 2.12a–e). 

Hu et al. [117] reported a solvothermal synthesized heterogeneous bimetallic 
cobalt diselenide nanoparticle (CoSe2/FeSe2@C) composite supported by carbon 
nanorods as a high-efficiency OER electrocatalyst. It had abundant holes and strong
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electron couplings to increase the active sites of the catalyst and adjust the electronic 
structure, which greatly improved the electrocatalytic activity. At the same time, its 
unique heterostructure also provided the material with vacancy defects and strong 
electronic interaction, which made the material exhibit excellent OER performance 
(Fig. 2.12f).

In summary, these different synthesis methods have brought more excellent elec-
trochemical performance for the metal nanoparticles loaded with carbon-based nano-
materials by adjusting the physical and chemical interaction between the metal 
particles and the carbon-based materials. 

2.6 Conclusion and Perspectives 

In this chapter, the synthesis of various carbon-based nanomaterials, including metal 
defect-free carbon and carbon-doped nanomaterials, atom-dispersed metal carbon-
based nanomaterials, metal nanoparticles coated carbon-based nanomaterials, and 
metal nanoparticles support carbon-based nanomaterials have been systematically 
introduced. The application of carbon-based nanomaterials in the field of electro-
catalysis continues to develop, and there are more and more synthesis schemes. In 
metal-free carbon, several synthesis methods of carbon defects are mainly intro-
duced, including the introduction of edge defects, vacancies and topological struc-
ture. There are many kinds of heteroatoms that can be incorporated in heteroatom-
doped carbon. The currently known synthesis methods are mainly N, B, P, S, and 
O introduced in this chapter, and the incorporation of other heteroatoms needs to 
be explored in the future. It is necessary to optimize the synthesis method to obtain 
higher catalytic activity. Research on atomically dispersed metal carbon-based nano-
materials, metal nanoparticle-coated metal carbon-based nanomaterials, and metal 
nanoparticle-supported metal carbon-based nanomaterials still needs to be devel-
oped. Metals and carbon-based materials can be combined in a variety of ways 
through different synthesis methods, resulting in different electrochemical properties. 

In general, there are still many synthesis methods to be developed for carbon-
based nanomaterials used in catalysis. The various properties of the catalyst can be 
optimized by adjusting their coordination structure and electronic effects. Compared 
with the noble metal-based catalysts in commercial applications, although carbon-
based materials have good electrical conductivity, they still have great shortcom-
ings in catalytic performance. If they are put into application, they still need a high 
amount to reach the same level as Pt-based catalysts. The activity indicates that its 
intrinsic activity is still low. Therefore, the catalytic activity, stability and durability 
of carbon-based nanomaterials electrocatalysts need to be improved by more suitable 
synthesis methods. It is necessary to further study the various synthesis methods and 
mechanisms of carbon-based nanomaterials.
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Chapter 3 
Characterization 

Miaoying Chen, Dongping Xue, and Bang-An Lu 

Abstract The characterization approach is one of the most challenging aspects of 
researching carbon-based nanomaterials, particularly carbon-based catalysts with 
defects and atomically dispersion. It’s difficult to precisely identify the active sites 
of catalysts using early characterization approaches, which makes disclosing the 
catalytic mechanism and constructing high-efficiency catalysts challenging. High-
efficiency carbon-based catalysts have improved in recent years, thanks to exten-
sive use of current characterization techniques (e.g., ex-situ, in-situ, and operando) 
and simulation calculation approaches (e.g., first-principles and molecular dynamics 
simulation calculations). This chapter emphasizes the characterization methodolo-
gies that reveal the true active sites, catalytic processes, and structure–activity rela-
tionships of carbon-based nanomaterials from three perspectives: direct visualization, 
indirect validation, and simulation calculations. 

3.1 Introduction 

Carbon-based nanomaterials utilized for energy storage and transformation must be 
described and studied in terms of shape, size, surface structure, stability, and the 
interaction between materials and their environment [1–3]. Defects and heteroatoms 
can be used to effectively control the electronic structure of catalyst active sites and 
stimulate the production and transition of reaction intermediates, which is helpful to 
specific electrochemical reactions [4–6]. However, the current characterization tech-
niques for the electronic structure of defects and heteroatoms are not comprehensive
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enough, and more research is still needed to explore the relationship between defects, 
heteroatoms and electrocatalytic activity. Carbon electrons can hybridize with one of 
three different electronic orbitals: sp, sp2, and sp3, and carbon-based entities display 
nanomaterial properties such as surface and interface effects and quantum size effects. 
Because of these numerous complex effects, studies on the characterization methods 
of carbon-based nanomaterials, specifically defects and atomic dispersion carbon-
based catalysts, are complicated. It is difficult to use early characterization methods to 
accurately identify catalytic active sites in different electrocatalytic reactions to fully 
understand the experimental role of different active site types in different electrocat-
alytic reactions, posing significant challenges in uncovering the catalytic mechanism 
and designing efficient catalysts [7–9]. 

With the widespread use of modern nanomaterial characterization techniques 
(such as ex-situ, in-situ, and operando) and simulation calculation methods in recent 
years (such as first-principles and molecular dynamics simulation calculation), [10– 
12] especially the establishment and development of various in-situ spectroscopy 
methods, high-efficiency carbon-based catalysts have developed rapidly. Under-
standing materials at the atomic and molecular levels have two critical implications 
for nanomaterials development [13, 14]. As a result, research on carbon-based cata-
lysts shifts from the traditional mode of material synthesis and performance testing 
to the mode of rational design and performance management based on the structure– 
activity connection. For example, Wu et al. [15] used scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) to determine the interaction 
force (covalent bond, van der Waals force, and hydrogen bond) between host and 
guest in carbon materials, and determined the structure–activity relationship by 
combining electrochemical properties, thus improving electrocatalytic performance. 
Liu et al. [16] compared diamond graphite core–shell structure supported Pd catalysts 
(1% Pd/ND@G), onion-like carbon (OLC) supported Pd catalysts (1% Pd/OLC), 
traditional carbon nanotubes (CNTs) supported Pd catalysts (1% Pd/CNTs), and 
commercial carbon-supported Pd catalysts (commercial Pd/C) and discovered that 
the strong metal-support interaction (SMSI) between Pd nanoclusters and defective 
graphene shells. 

The characterization of material is important to identify the active sites, under-
stand the reaction mechanism, and further improve the electrocatalytic performance 
of carbon-based nanomaterials by using in-situ and operando characterization tech-
niques that can monitor catalyst surface evolution and atomic structure changes 
in real time [17, 18]. For example, using in-situ infrared detection (also known 
as surface-enhanced infrared absorption spectroscopy, SEIRAS), the Seh’s group 
discovered that the intermediates of the CO2 reduction reaction differed depending 
on the presence of other catalysts, thereby determining the reaction pathway [19]. 
Using operando X-ray absorption spectroscopy, Wang et al. discovered that during 
CO2 reduction, the structure and oxidation state of the catalyst surface changed from 
Cu(ii) phthalocyanine to Cu nanoclusters [9].
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For carbon-based nanomaterials, this chapter describes the characterization 
approaches for revealing the true active sites, catalytic mechanism, and structure– 
activity relationship. SEM, TEM, aberration correction-scanning transmission elec-
tron microscopy (AC-STEM), and similar techniques can provide a clear picture 
of a material’s structure and element distribution. All these techniques can be used 
to gain information about the structure of individual elements in a material; this 
information can then be used to infer the overall structure. Using simulation and 
computation, one may confirm current carbon-based material forms and changes in 
their catalytic process. Carbon-based nanomaterials can now be used in practical 
applications thanks to a mathematical model and results that are in agreement with 
those obtained in the lab [20–22] (Fig. 3.1). 

Fig. 3.1 Classification of characterization techniques for carbon-based nanomaterials. Repro-
duced with permission [20]. Copyright 2018, WILEY–VCH. Reproduced with permission [21]. 
Copyright 2021, WILEY–VCH. Reproduced with permission [22]. Copyright 2019, WILEY–VCH
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3.2 Direct Visualization 

It refers to the use of computer image processing to directly visualize collected signal 
data without additional processing. With the use of SEM, TEM, scanning tunneling 
microscope (STM), energy dispersive spectrometer (EDS), electron energy loss spec-
trum (EELS) and other methods of characterization, it is possible to see details about 
carbon-based nanomaterials, such as their surface morphology, structure, element 
distribution, and atomic coordination state. This chapter summarizes and analyzes 
the most commonly used methods for detecting carbon-based materials in order to 
provide readers with more in-depth study on related topics. 

3.2.1 Scanning Electron Microscope and Transmission 
Electron Microscope 

SEM can visually observe the surface morphology of samples [23, 24]. However, 
due to the low resolution of SEM, it is difficult to capture signals at the atomic or 
molecular scale [25, 26], which hinders understanding the catalytic mechanism of 
carbon-based catalysts at the atomic level. TEM has a higher resolution compared 
with SEM, so it plays a vital role in the direct imaging of the catalytic center (the 
size and morphology of the catalytic metal species) of the atomic-level heteroge-
neous carbon-based catalyst [25], especially the resolution of the AC-TEM has been 
significantly improved [23]. It can achieve high-quality imaging with single-atom 
resolution, which can deepen the understanding of the catalytic mechanism of carbon-
based catalysts at the atomic level. As an additional feature, selected area electron 
diffraction (SAED) can be used to determine the crystal structure of carbon-based 
nanomaterials. 

The support and surface morphology of electrocatalysts will affect various phys-
ical properties (such as particle size, dispersion, and specific surface area) and their 
electrochemical properties (such as activity and stability) [30]. It also affects the 
electron conduction and mass transfer of catalysts. Carbon-based nanomaterials are 
often used as ideal catalyst supports because of their high specific surface area, high 
thermal stability, and good electrical conductivity [30, 31]. SEM can directly observe 
the surface morphology of carbon support, which plays a vital role in studying the 
relationship between the structure (such as mass transfer channel, pore size, and distri-
bution, etc.) and electrochemical performance of carbon-based nanomaterials. For 
example, Lee et al. [27] formed LbL-MWNT/MnO2 (Layer-by-layer-multi-walled 
carbon nanotubes/MnO2) electrodes by using an electrochemical deposition method, 
utilizing the high electrical conductivity of MWNTs and the porous structure of 
LbL-MWNT films to effectively promote MnO2 energy storage. In Fig. 3.2a, b, 
the assembled LbL-MWNT films have a porous network structure, and the MWNT 
surface is covered with a uniform thickness of porous MnO2 film with the progress 
of electrochemical deposition. The interface between the ITO glass substrate and the
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Fig. 3.2 SEM, TEM, and EDS images. a SEM images of pristine LbL-MWNT electrode. b 
SEM images and c cross-section view of LbL-MWNT/MnO2 electrodes prepared by dipping LbL-
MWNT electrodes into 0.1 M KMnO4/0.1 M K2SO4 solution at a deposition of 60 min. Reproduced 
with permission [27]. Copyright 2010, American Chemical Society. d SEM images of N–C. e 
SEM images of Fe–N–C. Reproduced with permission [20]. Copyright 2018, WILEY–VCH. f 
Cross-section SEM image and elemental mapping of Mn for an LbL-MWNT/MnO2 electrode 
(60 min dipping). Reproduced with permission [27]. Copyright 2010, American Chemical Society. 
g TEM image with selected-area diffraction pattern (SAED) of an LbL-MWNT. h TEM of an 
LbL-MWNT/MnO2 electrode (10 bilayers, 60 min dipping). i High-magnification image of an 
LbL-MWNT/MnO2 electrode (60 min dipping). Reproduced with permission [27]. Copyright 2010, 
American Chemical Society. j AC HAADF-STEM image of ISAS-Co/HNCS. k HAADF-STEM 
image and corresponding EDS of ISAS-Co/HNCS. Reproduced with permission [28]. Copyright 
2017, American Chemical Society. l EDS of the CoSA–N–C. Reproduced with permission [29]. 
Copyright 2020, Elsevier
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electrode is shown in the cross-sectional view (Fig. 3.2c), indicating the formation of 
a nanocomposite electrode of uniform thickness, and the cross-sectional view and the 
elemental mapping of Mn (Fig. 3.2f) show a uniform distribution of Mn on the elec-
trodes, further confirming that MnO2 is uniformly distributed on the LbL-MWNT 
films. Wang et al. [20] used ZIF-8 as the catalytic carbon precursor, due to the unique 
cavity structure (pore size 3.4 Å, cavity diameter 11 Å) of ZIF-8, to prepare Fe–N–C 
monatomic catalyst, in which the network of ZIF-8 can not only prevent the agglom-
eration of Fe atoms, but also protect and fix the position of Fe atoms. Figure 3.2d, 
e show that N–C and Fe–N–C after pyrolysis both retain the rhombic dodecahedron 
porous structure of ZIF-8 with a high specific surface area. TEM with atomic reso-
lution can obtain the internal structure information of carbon-based nanomaterials, 
visualize the specific position details of the physical state of carbon-based catalysts, 
and identify the existing forms of metals (the existing forms of atoms or clusters) 
and the positions of metals on carbon supports [26]. Choi et al. [32] reported a 
sulfur-doped zeolite template carbon. The TEM image shows that with the increase 
of doped sulfur content, Pt clusters change from 4 nm to 1–2 nm and finally are 
highly dispersed. Lee et al. [27] used TEM and SAED to analyze the crystallinity of 
MnO2 and the microstructure of the electrodes prepared by experiments. As shown 
in Fig. 3.2g, the multi-walled carbon nanotubes in LbL-MWNT films are randomly 
oriented and form a porous network structure. The SAED illustrations correspond to 
the (002), (100), and (110) crystal planes of graphite. Figure 3.2h is the TEM picture 
of LbL-MWNT/MnO2 electrode formed after 10 bilayers of LbL-MWNT film were 
immersed in KMnO4 solution for 60 min, which shows that MnO2 with uniform 
thickness was formed on the film surface, and the unchanged SAED picture shows 
that the carbon support is stable before and after immersion, and MnO2 deposited on 
LBL-MWNT film is amorphous. The white arrows in Fig. 3.2i indicate that MnO2 

nanoparticles are uniformly distributed on MWNT.
However, TEM is insensitive to distinguishing the different oxidation states of 

the same elements. Fortunately, this can be overcome by combining scanning trans-
mission electron microscopy of the high-angle annular dark-field with spectrometers 
sensitive to elements and electronic states. 

3.2.2 Scanning Transmission Electron Microscopy 

STEM imaging is a raster scanning on the sample surface by a small probe formed 
by highly converging electron beams. Electrons pass through the sample surface and 
interact with atoms in the sample, causing elastic and inelastic scattering. An elec-
tronic detector collects the scattered electrons to form an image. Electrons with large 
scattering angle are collected by a high-angle annular dark-field (HAADF) detector. 
Similar to SEM, the number of scattered electrons increases with the increase of 
atomic number, which is used to show atomic number contrast [33]. Electrons 
with small scattering angles (mainly coherently scattered electrons) collected by the 
annular bright-field (ABF) detector show low atomic number contrast. Therefore,
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HAADF images are more conducive to observing the distribution of active sites in 
carbon-based metal electrocatalysts and identifying defect types on carbon-based 
surfaces [33, 34]. 

Generally speaking, STEM has a higher resolution than SEM and TEM and it can 
directly judge metal atoms’ position and coordination structure in carbon-based mate-
rials [26, 35]. It can also be connected with EDS, EELS and other auxiliary devices 
to further achieve sub-Ångstrom resolution [23]. For SACs, the atomic numbers of 
heavy metal sites (such as transition metals) and lighter element support materials 
(such as carbon supports) are quite different, and heavy metal elements are clearly 
visible [36]. Therefore, HAADF-STEM diagram can be used as direct evidence of 
monatomic catalysts. For example, Chen et al. [37] prepared fully exposed Pt3 clusters 
on the defective graphene-coated nano-diamond (ND@G) core–shell structure by 
means of atomic dispersed Sn with dilution effect. HAADF-STEM is used to explore 
the metal atom distribution of the prepared Pt–Sn co-doped catalyst (Fig. 3.3a–f). Pt 
and Sn are easily distinguished due to the difference in atomic number contrast. In 
the picture, the green circle represents the atomically distributed Sn species, whereas 
the red circle represents the Pt cluster. Figure 3.3a–e shows that Pt atoms are highly 
dispersed and exist in the form of irregular fine Pt clusters. Atomic dispersed Sn 
surrounds Pt clusters. the particle size distribution diagram in Fig. 3.3a shows that the 
average size of nanoparticles is about 0.83 nm, and Fig. 3.3f corresponds to the inten-
sity diagram of red line extraction contour in Fig. 3.3e, in which the intensity of Pt 
atoms does not reach the intensity of Pt monatomic layer, indicating that all Pt atoms 
are exposed on the carbon support and there is no mutual covering phenomenon. 
Zhang et al. [34] proposed to fill Ni species in graphene defects (Ni@DG) to form 
a whole with excellent oxygen evolution reaction (OER) and hydrogen evolution 
reaction (HER) activity. No obvious nanoparticles were found in TEM images, but 
Ni was found in its corresponding EDS, indicating that some minor Ni was invis-
ible in TEM. Therefore, HAADF-STEM was used to observe the surface defects of 
Ni@DG and the distribution of Ni. Figure 3.3g shows that there are obvious depres-
sions and peaks in the defect-rich graphene grid, which are respectively attributed to 
Di vacancy (Fig. 3.3h) and Di vacancy with defect Ni (Fig. 3.3i). 

In addition, in-situ STEM can directly visualize the dynamic surface and subsur-
face structure of the catalyst as well as monitor the formation of the catalyst during 
the synthesis process and the reconstruction and degradation of active sites under the 
reaction conditions in real-time, thus providing great inspiration for further research 
into the formation mechanism and reaction mechanism of the catalyst. For example, 
Gai et al.  [38] showed the sequence of small particles undergoing structural rearrange-
ment through STEM which controlled the monatomic dynamics in the environment 
(Fig. 3.3j–l). The yellow arrow in Fig. 3.3j shows that a single atom migrates from the 
cluster or particle P to the white spot on the amorphous carbon support in Fig. 3.3k, 
and finally forms a new small cluster (Fig. 3.3l). 

Therefore, STEM is essential for visualizing carbon-based nanomaterials, espe-
cially carbon-based monatomic electrocatalysts [33]. HAADF-STEM can distin-
guish different elements in carbon-based materials and judge the aggregation state 
of heavy atoms. AC-STEM can reach sub-Ångstrom spatial resolution, which can
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Fig. 3.3 STEM, STM, and EELS images. a–e HAADF-STEM images of Pt6.8Sn/ND@G. f are 
the extracted line profiles along with red directions in e. Reproduced with permission [37]. Copyright 
2017, Royal Society of Chemistry. g HADDF-STEM image of Ni–SAC. The Zoomed-in image of 
vacancy h without single Ni atom trapped and i with single Ni atom trapped. Reproduced with 
permission [30]. Copyright 2017, Elsevier. j–l In-situ ESTEM images of Pt/C. Migration of single 
atoms j–k leading to increased faceting of the particle and the formation of clusters l. Reproduced 
with permission [38]. Copyright 2014, IOP Publishing. m STM image NG-2 with defects arranged 
measured at a Bias = 0.9 V versus RHE and I = 104 pA. Reproduced with permission [40]. 
Copyright 2011, American Chemical Society. n–o STM images of the Fe–N–C catalyst at different 
bias conditions. n Us = −1.0 V versus RHE, I = 0.3 nA. o Us = 1.0 V versus RHE, I = 0.2 nA. 
Reproduced with permission [41]. Copyright 2017, Elsevier. p EELS spectra from pristine graphene 
and atoms C1, C2, and C3. Reproduced with permission [42]. Copyright 2013, American Chemical 
Society. q EELS spectra of the N K-edge (Nk) and Fe L-edge (FeL) acquired from single atoms 
1 and 2 and few-layer graphene 3. Reproduced with permission [36]. Copyright 2017, American 
Association for the Advancement of Science. r EELS spectrum of Ru2B3@BNC. Reproduced with 
permission [43]. Copyright 2020, Elsevier
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Fig. 3.3 (continued) 

confirm the existence of single-atom in carbon-based monatomic catalysts and even 
make more complex characterization [23, 39].

3.2.3 Scanning Tunnel Microscope 

In carbon-based nanomaterials, STM can directly study the nano-scale surface 
morphology, reveal the electronic characteristics of carbon-based monatomic cata-
lyst surface atoms, and indirectly distinguish elements with similar atomic numbers. 
For example, Deng et al. [40] synthesized N-doped graphene by a new synthesis 
method, and studied the structure and electronic characteristics of surface atoms 
of N-doped graphene by STM. Figure 3.3m shows a graphene layer with a defi-
nite honeycomb structure. It can be seen that there are bright spots on the graphene 
network (the diameter of the bright area is less than 0.5 nm), which indicates that 
the existence of defects interferes with the electronic structure of graphene. After 
the density functional theory (DFT) calculation, it is determined that the doping of 
N atoms leads to the increase of electron density of adjacent C atoms. Liu et al. [41] 
characterized the local electronic properties of iron atom sites in Fe–N–C catalyst, 
and found that the bright spot remained stable and had no obvious difference under 
different bias voltages (Fig. 3.3n, o), which indicated that the electronic structure of 
the bright spot was strongly hybridized with the electronic structure of its adjacent
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atoms. After DFT calculation, it is confirmed that Fe in FePc exists in the form of 
Fe–N4. 

In addition, STM can identify reaction intermediates on the surface of carbon-
based catalysts under ultra-high vacuum or ultra-low temperature conditions. Electro-
chemical scanning tunneling microscopy (ECSTM) can observe the reaction process 
of carbon electrode in situ at constant potential, which broadens the scope of STM 
for exploring the solid surface of carbon-based catalysts. 

3.2.4 Energy Dispersive Spectrometer and Electron Energy 
Loss Spectrometer 

EDS and EELS are auxiliary devices equipped with electron microscopes, and EELS 
can be used as a complementary technique to EDS. EDS uses the characteristic X-rays 
generated by the interaction of electrons and matter to identify the element types, 
and EELS can obtain more details related to the electronic structure. Combined 
with HAADF-STEM, the spatial distribution, relative content, and coordination of 
each element on carbon-based electrocatalysts are explained. In turn, it reflects the 
influence of heteroatoms or defects in the carbon matrix on the electronic structure 
of the carbon matrix. For example, Han et al. [28] obtained nitrogen-doped hollow 
carbon spheres containing isolated Co single atoms by means of assisted pyrolysis. 
They characterized the carbon-based catalyst with AC-HAADF-STEM and clarified 
that Co exists in the form of atoms (Fig. 3.2j), and the elemental map shows that 
Co, C and N are uniformly distributed on the hollow substrate (Fig. 3.2k). Similarly, 
in Fig. 3.2l, Co, C and N are uniformly distributed in the star-shaped carbon-based 
nanostructures [29]. Nicholls et al. [42] simulated three different C atom sites in 
N-doped graphene in order to determine the coordination of N-doped graphene (C1, 
C2 and C3 represent the adjacent carbon, the next adjacent carbon and the farthest 
carbon from the nitrogen atom after N-doping in a six-membered ring) and the 
original graphene structure. EELS spectrum (Fig. 3.3p) showed that the electronic 
distribution and energy band structure of C1, C2 and C3 changed after N-doping, and 
C1 was 4.6 at.%. Chung et al. [36] used EELS to explain the coordination on carbon 
matrix, and compared with mark 3 (multilayer graphene), it showed that there were 
n atoms around Fe (Fig. 3.3q). Similarly, Qiao et al. [43] used EELS to illustrate the 
existence of C, N, B, and Ru (Fig. 3.3r). 

3.3 Indirect Verification 

SEM for observing surface morphology, X-ray diffractometer (XRD) for analyzing 
phase, and X-ray photoelectron spectroscopy (XPS) for determining coordination 
structure are all indispensable means for characterizing carbon-based nanomaterials.
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However, each characterization technique has its own advantages and disadvantages, 
so it is impossible to use a single characterization means to characterize a certain 
material completely, and the structure information inferred by any characterization 
means should be verified more effectively by other characterization means. In this 
chapter, XRD, Raman spectrometer (Raman), XPS, and X-ray absorption spectrom-
eter (XAS) are taken as examples to illustrate the importance of indirectly verifying 
the structure, atomic chemical characteristics and coordination state of carbon-based 
materials for the characterization of carbon-based nanomaterials. 

3.3.1 X-ray Diffraction 

XRD is the result of diffraction of X-ray with specific wavelength interacting with 
specific crystal. Among them, the position of X-ray diffraction line determines the 
cell parameters, the relative intensity of diffraction line determines the type, number 
and arrangement of atoms in the crystal lattice, and the shape of the characteristic peak 
can judge the crystallization state of the crystal. For carbon-based nanomaterials, it 
can be used for conventional qualitative and quantitative phase analysis, but this is 
only applicable to materials with definite crystal structure, not to amorphous nano-
catalysts, monatomic catalysts and molecular catalysts [44, 45]. 

Huang et al. [46] reported an electrocatalyst supported on carbon nanotubes and 
characterized the structural evolution of the catalyst in the preparation process in 
detail. It can be seen from Fig. 3.4a that ethylene diamine tetra acetic acid/carbon 
nanotubes (EDTA/CNT) can be regarded as a physical mixture of Na2EDTA and 
CNT, and the XRD images of EDTA/CNT are similar to Na2EDTA/CNT, indicating 
that this synthesis step has not changed the original crystal structure. Similarly, 
Han et al. [44] XRD to explore carbon-based catalysts’ structural changes during 
each synthesis process. The (211) and (220) faces of N-doped ordered mesoporous 
carbon (N–OMC) skeleton are clearly shown in Fig. 3.4b, indicating that Fe–N– 
C/N–OMC produced a mesoporous structure very similar to porous silicon (KIT-6) 
after removing the ordered mesoporous silica template. 

In addition, in-situ and operando XRD can monitor the structural changes and 
phase transition process of carbon-based nanomaterials under different electrochem-
ical conditions, and track the evolution of the crystal structure and composition 
of carbon-based electrode materials during the cell cycle in specific environments, 
which is helpful to explore the reaction mechanism and degradation mechanism of 
carbon-based catalysts. For example, Liu et al. [47] determined by in-situ XRD that 
during CO2 reduction reaction (CO2RR), the potential ranged from 0.4 V to −0.8 V 
versus RHE, which was beneficial to the generation of active PdH species for CO 
desorption (Fig. 3.4c). At 0.4  to  −0.2 V versus RHE, only Pd exists on Pd/C samples. 
With the further decrease of potential, the XRD peak of Pd/C gradually shifts nega-
tively, which is due to lattice expansion caused by PdH formation. At −0.4 V versus 
RHE, Pd and PdH coexist in Pd/C catalyst. At −0.6 V and −0.8 V versus RHE, only
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PcH species existed. This provides support for exploring the reaction mechanism in 
CO2RR process.

However, due to its surface insensitivity. Therefore, operando XRD is not suitable 
for studying the electrochemical reaction process of carbon-based catalysts. Still, it 
can be used as a supplement to other characterization methods. 

3.3.2 Raman Spectrum 

Because nonpolar groups (such as C–C, C = C, etc.) have vigorous Raman activity, 
Raman spectra can be used to analyze the carbon matrix of carbon-based catalysts, 
and usually show the characteristic peaks of D band and G band (D peak represents 
the defects of C atom lattice and G peak represents the in-plane stretching vibration 
of sp2 hybridization of C atom). The two peaks’ intensity ratio (ID/IG) can evaluate 
the degree of defects and graphitization [50–52] in the carbon matrix. For example, 
Jia et al. [48] improved the catalytic activity of atom-dispersed Ni–N–C by doping S 
atoms, and determined that the catalyst doped with S had higher ID/IG by Raman tech-
nique (Fig. 3.4d), which indicated that S doping led to an increase in defect density in 
graphene, which was beneficial to adsorption of more active sites and improvement 
of catalytic performance. Liang et al. [49] inhibited the aggregation of Pt atoms in 
the reaction process by introducing Ni atoms. In Raman spectrum (Fig. 3.4e), the 
ID/IG of Pt@Ni ZIF–NC was 1.02, which was higher than that of Pt@ZIF–NC, indi-
cating that the defects of carbon matrix increased during the formation of Ni sites on 
ZIF–NC, which was beneficial to the dispersion of Pt atoms. 

In addition, Raman spectroscopy is very sensitive to adsorption and bonding on 
the catalyst surface [12]. Therefore, it is often used to detect the adsorption species 
on the catalyst surface and the coordination structure of the catalytic metal center, 
so as to determine the changes on the catalyst surface during the catalytic process 
and infer the catalytic mechanism [53]. Moreover, due to the extremely low Raman 
scattering of water, Raman spectroscopy has become an essential tool to study the 
catalytic mechanism of electrocatalysts in an aqueous solution [54]. For example, 
Jin et al. [12] used electrochemical surface-enhanced Raman spectroscopy (SERS) 
to characterize the ORR process on Pt surface to deeply understand the mechanism 
of ORR on Pt surface, and found that with the decrease of potential, an increasing 
HO2 

* peak appeared at the wave number of 732 cm−1, indicating the formation of 
intermediate HO2 

* (Fig. 3.4f). 
In short, Raman technology can judge the defect degree of the carbon matrix, 

and operando Raman is helpful to identify the active species in the electrochemical 
reaction, judge the adsorbed species on the catalyst surface, and even verify the 
oxidation state of metal atoms at the active sites.
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3.3.3 N2 Adsorption–Desorption Curve 

The specific surface area of carbon-based catalyst calculated by the Brunner-Emmet-
Teller (BET)) measurements is generally proportional to the density of active sites 
adsorbed on the carbon-based surface, and its size can be related to the activity of 
carbon-based catalyst. The shape and pore size distribution of mesopores in carbon 
materials (such as molecular sieves and microporous activated carbon) can be prelim-
inarily determined by the shape of hysteresis loops, which is instructive for uniformly 
dispersed catalytic sites. In the analysis of pore size or pore volume, the total pore 
volume of carbon material is calculated by the single point method, and the micropore 
volume of carbon material is calculated by t-plot method. The mesopore and macro-
pore volume can be obtained by subtracting the micropore volume from the total 
pore volume. In carbon materials, micropores are beneficial to increase the density 
of active sites, and mesopores are beneficial to mass transfer. The existence of these 
two kinds of pores is beneficial to the improvement of catalytic activity, while the 
existence of macropores makes the carbon matrix collapse during electrochemical 
cycle, which is extremely unfavorable to the stability of the catalyst. 

Xie et al. [55] explored a new synthetic method in order to improve the utilization 
rate of metal Co atoms and inhibit the agglomeration of Co atoms or the formation 
of nanoparticles. According to the particle size distribution diagram (Fig. 3.5b), it 
is judged that Co(acac)3 and Co(mlm)4 occupy micropores filled with ZIF-8, and 
ZIF-8 structure hinders the movement of Co atoms, forming a relatively stable Co 
monatomic catalyst. the N2 isothermal adsorption–desorption curves of catalysts 
with different co contents (Fig. 3.5a) show that all the Co(mlm)-NC synthesized in 
this paper have similar pore structures. Similarly, in order to enhance the stability of 
perovskite quantum dots, Qiao et al. [56] encapsulated them in an organic framework 
(MOF). By comparing the BET specific surface area and particle size distribution 
of perovskite before and after encapsulation, it was confirmed that perovskite was 
encapsulated in the air of MOF (Fig. 3.5c, d). 

In a word, N2 isothermal adsorption–desorption test is a powerful characterization 
method for measuring specific surface area, pore size distribution, pore volume or 
pore volume of carbon materials and analyzing pore structure. 

3.3.4 X-ray Photoelectron Spectroscopy 

The most outstanding advantage of XPS in electrocatalysis research is its high sensi-
tivity to the material surface [24]. XPS is widely used in carbon-based nanomaterials 
to study the surface element species and electronic structure of specific elements 
(such as C, N, etc.) [33] and to measure the binding energy of electrons in the 
inner layer of specific elements. Zhang et al. [6] simulated the distribution of various 
nitrogen species in nitrogen-doped graphite carbon (Fig. 3.6f), and used XPS to show 
the binding energy of various nitrogen species on graphite carbon support, indicating
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Fig. 3.5 N2 adsorption–desorption curve and pore size distribution. a N2 isothermal adsorp-
tion/desorption of Co(mIm)-NC with different Co content. b Pore size distribution for the bare 
ZIF-8, Co(acac)3@ZIF-8(1.27) and Co(mIm)4@ZIF-8(1.27) precursors determined from non-local 
density functional theory (NLDFT) model of the N2 adsorption data. Reproduced with permis-
sion [55]. Copyright 2020, Springer Nature. c N2 adsorption/desorption of PCN-333(Fe) and 
CsPbBr3@PCN-333(Fe) at 77 K and 1 atm. d DFT pore size distributions before and after encap-
sulating the perovskite. Reproduced with permission [56]. Copyright 2021, American Chemical 
Society

that different N configurations can change the electronic structure of adjacent carbon 
atoms, thus affecting the electrocatalytic activity. Guo et al. [14] doped Mn–N–C 
with s to improve the intrinsic activity of Mn–N–C catalyst. XPS was used to char-
acterize the composition and chemical state of Mn–N–C–S catalyst surface layer 
(Fig. 3.6a–c). Figure 3.6a shows the broad spectrum of NC, NCS, Mn–N–C and 
Mn–N–C–S catalysts, which shows that Mn, N, C and S exist in Mn–N–C–S at the 
same time, and the atomic percentage of s is about 2.7 times that of Mn. Figure 3.6b 
shows that the chemical state of Mn atoms in the two catalysts is the same, both of 
which are +2 valence, indicating that s element has no substantial influence on Mn 
atoms in Mn–N–C–S catalysts. In Fig. 3.5c, compared with other samples, the peak 
at 399.2 eV is the peak of Mn–N coordination, which confirms the existence of Mn– 
N coordination in the catalyst. Similarly, in order to improve the intrinsic activity 
of Mn–N–C catalyst, Chen et al. [57] developed an acid-assisted step-by-step pyrol-
ysis synthesis strategy. The valence of the Mn atom in Mn–N–C–HCl-–00/1100 was
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+2 (Fig. 3.6d), and the existence of Mn–N coordination was confirmed by XPS 
characterization (Fig. 3.6e).

However, XPS needs to probe the surface of carbon-based catalyst in an ultra-high 
vacuum environment. At present, the quasi-operando research is to carefully move 
the electrocatalytic catalyst into the vacuum chamber of XPS, and then probe, which 
limits the application and development of in-situ/operando XPS at the electrode– 
electrolyte interface. 

3.3.5 X-ray Absorption Spectroscopy 

XAS can obtain the regional structure information and electronic state of target atoms 
in carbon-based nanomaterials on the atomic scale. According to the spectral region 
division, it can be divided into two types of spectra. One is X-ray absorption near-
edge structure spectrum (XANES), and the threshold is in the low-energy region 
of 30–50 eV. Because the shell electrons of target atoms absorb photons, it can be 
used to detect the valence state and coordination charge of atoms in carbon-based 
materials [33, 58]. The other is extended X-ray absorption fine structure spectroscopy 
(EXAFS), with a spectral range of 50–1000 eV, which can be used to detect atomic 
coordination geometry, such as atomic proximity structure, coordination number and 
bond length [58]. It is worth noting that when XAS is used to characterize carbon-
based catalysts with dispersed atoms, its relatively uniform structure is helpful to 
extract the local coordination structure of heavy atoms in carbon-based catalysts 
from the average structure information obtained by XAS. 

As shown in Fig. 3.7a–f, Wang et al. [21] adjusted the spin state of Fe in adjacent 
Fe–N4 through Mo–N4, thus producing FeMoPPc catalyst with high catalytic activity 
for nitrogen reduction reaction (NRR). XAS analysis was used to judge the coor-
dination environment and electronic state of Fe atoms and Mo atoms in FeMoPPc. 
XANES spectra of the Fe K-edge show that the chemical valence state of Fe in 
FeMoPPc and FePPc is almost the same, but the peak intensity of the front edge of 
FeMoPPc is lower than that of FePPc, which indicates that the introduction of Mo 
atoms has changed the coordination environment of Fe (Fig. 3.7a). In FT-EXAFS 
spectrum of Fe K-edge, the existence of Fe–N coordination in FeMoPPc is confirmed 
by comparing with other standard spectra, and there is no peak corresponding to Fe– 
Fe coordination, which further confirms the previous characterization results of Fe 
existing forms (Fig. 3.7b). The wavelet transform (WT) of Fe K-edge EXAFS is used 
to further study the state of iron atoms (Fig. 3.7c). By EXAFS fitting, it is determined 
that the coordination number (CN) of Fe–Nx in FeMoPPc is 4, the bond length of 
Fe–N is 1.96 Å, and finally the structure of Fe–N4 is determined. In the same way, 
Fig. 3.7d–f shows that Mo in FeMoPPc has very close chemical valence, and Mo in 
FeMoPPc exists in Mo–N4 structure. 

However, for dimer with long bond length, EXAFS is a great challenge for dimer 
detection because of weak signal with long bond length or being blocked by scattering 
path with destructive interference. However, the existence of dimer can be determined
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Fig. 3.7 XAS and EPR. a Fe K-edge XANES and b EXAFS for the catalyst FeMoPPc and other 
standard samples. c Wavelet transform of Fourier-transformed EXAFS data of Fe foil, FeMoPPc. 
d Mo K-edge XANES and e EXAFS for the catalyst FeMoPPc and other standard samples. R is 
the distance in Ångströms (1 Å = 10–10 m); k is the wave number. f Wavelet transform of Fourier-
transformed EXAFS data of Mo foil, FeMoPPc. Reproduced with permission [21]. Copyright 2021, 
WILEY-VCH. g, h Operando XANES and i, j Δ µ-XANES (µE − µ0.3V) of Mn-SAS/CN catalyst 
collected ex situ and g, i at the open circuit from 0.9 to 0.3 V versus RHE and h, j from 0.3 to 0.9 V 
versus RHE in O2-saturated KOH. Reproduced with permission [59]. Copyright 2020, WILEY-
VCH. k EPR spectra of A-Ni-NG measured at room temperature (RT) and 77 K. Reproduced with 
permission [60]. Copyright 2018, Springer Nature. l EPR spectra of DMPO-trapped FeNx/C–5–T 
and an H2O2-aqueous system under light irradiation. Reproduced with permission [61]. Copyright 
2021, WILEY-VCH
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by high-resolution HAADF-STEM imaging. There may be different coordination 
structures in carbon-based materials with complex structures, because the coordi-
nation structure information obtained by EXAFS is often the result of the average 
coordination of elements. For example, when there are equal four-coordination and 
six-coordination structures in the materials at the same time, the spectrum shows 
that the average coordination number is 5, which will lead to misleading structural 
information. Therefore, the accurate discrimination of atomic coordination geometry 
should be combined with other characterization methods.

In addition, in-situ and operando XAS can monitor the changes of electronic envi-
ronment and geometric structure of catalytic sites in carbon-based nanomaterials on 
an atomic scale in real-time. [62, 63] For example, Han et al. [59] judged the influence 
of hydroxyl radical (OH*) on the electronic environment of Mn in Mn–N–C catalyst 
using operando XAS characterization, thus inferring the relationship between the 
desorption of reaction intermediates and the reaction mechanism. Figure 3.7 g and 
h show that when the applied potential decreases from 0.9 V to 0.3 V versus RHE, 
the spectral lines of XANES gradually move towards low energy. When the applied 
potential is reversed, the spectral lines also change in the opposite direction. This 
indicates that with the increase of overpotential, the chemical valence of Mn atom 
decreases, which leads to the decrease of its adsorption capacity for OH, thus acceler-
ating the desorption of OH−, that is, the applied potential can adjust the valence state 
of Mn, thus regulating the adsorption/desorption capacity for reaction intermediate 
(OH*). Figure 3.7i, j show the results of µ-XANES sensitive to the surface, which 
can be used to evaluate the coverage of OHads at Mn site quantitatively. It can be 
seen from the figures that the coverage rate of OHads decreases with the decrease of 
potential, which indicates that Mn–N4 site is gradually released during ORR under 
the action of Mn–N–C, indicating that this is a process mediated by surface oxida-
tion. Although the analysis of in-situ/operando spectral changes is very complicated, 
it is quite beneficial to further study the reaction mechanism and electrochemical 
reaction process. 

3.3.6 Electron Paramagnetic Resonance 

The unpaired electrons in the molecules of paramagnetic substances produce energy 
level splits under the action of a DC magnetic field. The electrons in the lower energy 
levels will absorb the electromagnetic wave energy and jump to the higher energy 
levels. This is the electron paramagnetic resonance (EPR) effect. The EPR spectrom-
eter records the absorption signal generated by electromagnetic wave stimulation to 
obtain the first-order differential spectrum of the absorption signal, which can be 
used to directly judge the existence of stable paramagnetic substances. For example, 
Yang et al. [60] obtained by EPR spectroscopy that the number of unpaired elec-
trons of Ni(i) 3dx 2-y 2 orbitals were 2.215 and 2.285 at room temperature and 77 K, 
respectively, and determined that the monovalent Ni(i) with higher reactivity is the 
catalyst. The active sites are prone to change under the influence of heat (Fig. 3.7k).
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In the electrochemical reaction process, for high-activity and short-lived intermedi-
ates, EPR-spin trap technology is generally used, which uses a spin trap (ST, such as 
coumarin) to react with active free radicals in the reaction. To generate a relatively 
stable spin adduct, which can qualitatively and quantitatively determine the short-
lived intermediate product in the electrochemical reaction process. Xing et al. [61] 
used EPR to confirm further the formation of hydroxyl radicals (·OH) in the catalytic 
process, corresponding to the intensity ratio in the spectrum of 1:2:2:1 (Fig. 3.7l). 

In sum, EPR can determine the presence of paramagnetic substances and activity 
reflecting intermediates in carbon-based nanomaterials, especially carbon-based 
materials containing unpaired electronic substances. In addition, in catalysis, the 
capture of free radicals can also clarify the electron transfer reaction so that the 
surface properties of the catalyst can be inferred. 

3.3.7 Other Advanced Techniques 

Infrared absorption spectrum (IR). Since the characteristic absorption peak of the 
group corresponds to the change of the dipole moment caused by the vibration of each 
group, the infrared absorption (IR) spectrum of the substance can be used to deter-
mine the chemical group. During the electrochemical reaction of carbon materials, 
it can be used to determine the chemical groups and bonds adsorbed on the surface 
of carbon-based catalysts [64]. Fig. 3.8a is a Fourier transform infrared spectrum 
(FT-IR) of an electrocatalyst based on carbon nanotubes (CNTs) [46]. The figure 
shows the ethylenediaminetetraacetic acid/carbon nanotubes before and after the 
electrochemical cycle test. (EDTA/CNT) The surface contains CN, COO−, COOH 
and OH, which confirms the stability of the carbon matrix. In order to prevent the 
oxidation and agglomeration of metal halide perovskite quantum dots, Qiao et al. 
[56] encapsulated CsPbBr3 into an iron-based metal–organic framework (MOF), 
and used TEM, EDS, IR and other means to verify the successful synthesis of the 
composite material. The one-to-one correspondence of the characteristic peaks in 
Fig. 3.8b illustrates this point. In order to improve the selectivity of CO2 hydro-
genation to methanol, Chen et al. [65] prepared a single-atom platinum catalyst 
coordinated with oxygen (denoted as Pt1@MIL, and the platinum nanocrystal cata-
lyst corresponding to oxygen-free coordination is Ptn@MIL). They used in-situ 
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) technology 
to dynamically monitor the changes in the catalyst surface bond during the reaction 
process, thereby judging the different reaction paths under the action of Pt1@MIL 
and Ptn@MIL, and confirming that the two are calculated based on DFT The differ-
ence in the judged response path. Figure 3.8c shows that after Pt1@MIL is treated 
with H2 at 150 °C for 0.5 h, the 3197 cm−1 corresponds to the OH bond, and there is 
no Pt–H peak, while the Ptn@MIL1949 cm−1 corresponds to the Pt–H bond, no OH 
peak. This result is consistent with the DFT result. Similarly, when the catalyst is 
used for CO2 reaction and hydrogenation, the reaction intermediates corresponding 
to Pt1@MIL and Ptn@MIL are HCOO* and COOH*, respectively. Therefore, the
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Fig. 3.8 IR, Mössbauer spectroscopy, and magnetization curve. a FT-IR spectra of CNT, 
Na2EDTA/CNT, EDTA/CNT and EDTA/CNT-cv. Reproduced with permission [46]. Copyright 
2021, WILEY–VCH. b IR spectra of CsPbBr3@PCN-333(Fe), CsPbBr3 and PCN-333(Fe). Repro-
duced with permission [56]. Copyright 2021, American Chemical Society. c In-situ DRIFTS spectra 
of Pt1@MIL and Ptn@MIL after the treatment with H2, aswell asH2 and CO2 in sequence at 150 °C. 
Reproduced with permission [65]. Copyright 2019, Springer Nature. d Magnetization curves and e 
magnetization curves at low magnetic field of bare MNPs, MPL, MSPB, and MSPB-Pt observed by 
VSM at room temperature. Reproduced with permission [66]. Copyright 2012, American Chem-
ical Society. f Mössbauer spectrum of Fe(mIm)-NC(1.0) catalyst. Reproduced with permission 
[55]. Copyright 2020, Springer Nature. g, h VSM spectra of (g) Fe, Mn/N–C and (h)Fe/N–C. i 
Room-temperature 57Fe Mossbauer spectrum of Fe, Mn/N–C. Reproduced with permission [67]. 
Copyright 2021, Springer Nature 

single Pt atom in Pt1@MIL can activate its coordinated oxygen atom and change the 
reaction path of catalytic hydrogenation. 

In addition, IR technology can also detect the interaction between the probe 
molecules and the catalyst center to reflect their dispersion state and oxidation state; 
the change in the vibration frequency of the probe molecule can distinguish the carbon 
base during the electrochemical reaction. Changes in the coordination environment 
of the catalytic center of the catalyst. 

Vibrating sample magnetometer (VSM). VSM is one of the important means 
to measure the magnetic properties of materials, which can be used to detect the 
intrinsic magnetic properties of various materials, such as magnetization, coercivity,
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magnetic moment, etc. In carbon-based nanomaterials, VSM can measure hysteresis 
loops or magnetization curves of ferromagnetic, paramagnetic or diamagnetic parts 
on carbon-based catalysts. For example, Wu et al. [66] synthesized platinum nano 
catalyst immobilized on magnetic supports, and used the magnetic properties of 
the catalysts to recover the substances after catalytic reaction, so as to reduce the 
cost. Through VSM test, it is determined that the synthesized composite catalyst is 
super paramagnetic material, and the residual magnetization and coercivity under 
low magnetic field are in the super paramagnetism range (Fig. 3.8d, e). Therefore, 
after the catalyst participates in the reaction and its catalytic performance is degraded, 
the catalyst is separated by using external permanent magnets. 

In addition, the information about valence electrons of specific atoms can be 
obtained through the effective magnetic moment, which is beneficial to judge the 
relationship between the spin states of atoms in active sites and catalytic performance. 
For example, Yang et al. [67] synthesized a bimetallic atom-dispersed Fe, Mn/N– 
C catalyst, and found that atom-dispersed Mn(III) can interact with neighboring 
Fe(III), resulting in redistribution of valence layer electrons of neighboring Fe, which 
changed from low spin state to medium spin state (Fig. 3.8 g, h). The activity and 
stability of this bimetallic catalyst were improved. 

Mössbauer Spectroscopy. Mössbauer spectroscopy is a science that studies the 
behavior of extranuclear electrons by observing the resonance and absorption of 
gamma rays by nuclei. In the field of heterogeneous catalysis of carbon-based mate-
rials, Mössbauer spectroscopy is one of the most effective methods to characterize the 
structure, valence, spin state and electronic environment of metal species in carbon-
based catalysts, especially 57Fe and 119Sn. At present, Mössbauer spectroscopy has 
been widely used to distinguish the structure, coordination state and valence of Fe 
species in Fe–N–C catalysts, and the relative content of each species. For Fe cata-
lysts, it is helpful to discuss the structure–activity relationship between active sites 
and catalytic properties, and the possible activation or deactivation process of surface 
materials in the electrochemical reaction process. For example, Xie et al. [55] deter-
mined that the synthesized Fe(mlm)-NC catalyst mainly exists in the form of FeN4C12 

similar to porphyrin structure (corresponding to the D1 part of Fig. 3.8f), and there 
is very little FeN2+2C4+4 with pyridine structure (corresponding to the D3 part of 
Fig. 3.8f) in order to determine the structural form of Fe. Yang et al. [67] in order to 
distinguish different Fe species and their relative contents, determined Fe with large 
isomer shift (IS) and quadrupole split (QS) by Mossbauer spectrum, and Mn/N–C 
has high content of D4 in medium spin state and low content of D3 in high spin state. 
according to the is value used to describe the valence state of Mossbauer absorption 
atom, it is determined that Fe mainly exists in the form of + 3 valence. Therefore, 
Mössbauer spectroscopy is indispensable for the analysis of carbon-based catalysts 
with Fe and/or Sn atoms as active sites.
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3.4 Simulation and Calculation 

In the aspect of energy storage and transformation of carbon-based nanomaterials, 
molecular dynamics simulation and calculation are seldom used, and first-principles 
simulation and calculation are often used [68–70]. Before the experiment begins, 
simulation and calculation can judge the feasibility of the experimental method. 
After the experiment, it can verify the experimental results and further illustrate the 
correctness of the conclusion. In carbon-based catalysts, the DFT calculation can 
infer the possible crystal structure of substances, and DFT-optimized structure can 
determine the coordination structure and electronic characteristics (Bader charge, 
density of states (DOS), energy band, etc.) of metal atoms in carbon-based catalysts. 
Moreover, DFT calculation can calculate Gibbs free energy of reaction in electro-
chemical reaction, infer the possibility of reaction and determine the reaction path 
[71, 72]. When evaluating the catalytic performance, the geometric configuration and 
electronic structure of active sites in the catalyst are beneficial to evaluate the activity 
of carbon-based catalysts, and the adsorption energy of reactants and reaction inter-
mediates, decomposition potential of substances or reaction potential of reactions 
calculated by DFT are beneficial to evaluate the activity or stability of carbon-based 
catalysts. 

For example, Chen et al. [22] developed Ir monatomic catalyst and Ir19 cluster 
catalyst, and the simulation of charge density difference diagram shows that the metal 
states of Ir atoms in these two catalysts are significantly different (Fig. 3.9a), showing 
different catalytic activities in catalytic performance. Gibbs free energy diagram of 
Ir19 cluster determines the path of oxygen reduction reaction (ORR), which shows 
that the rate determination step (RDS) of Ir19 cluster catalyst is the resolution of 
hydroxyl radical when U = 0 V  vs. RHE (Fig. 3.9b), and the adsorption of ORR 
intermediate *OH by the catalyst can help to understand the catalytic mechanism 
[22]. Li et al. [73] simulated DOS of Fe 3d orbitals in two FeN4 structures (planar 
structure and non-planar structure) (Fig. 3.9c), and judged that with the shortening 
of Fe–N bond length, Fe 3d electron orbitals moved forward, which was beneficial 
for FeN4 site to absorb oxygen, thus explaining the relationship between Fe–N bond 
length and catalytic activity. Figure 3.9d [74] shows the difference of charge density 
and Bader charge of ZnB2N2. it is determined that the Bader charge of Zn is 0.75 and 
that of b is 3.00, and the electrons of B are more easily obtained by adjacent N atoms, 
thus retaining the 3d10 configuration of Zn. Figure 3.9f is the volcano map of ORR 
corresponding to various carbon-based catalysts (the starting electrode potential of 
RDS calculated by DFT on the left side and the current measured by rotating disk 
ring electrode on the right side) [1]. The reliability of the data is illustrated according 
to the consistency between DFT calculation and experimental results. Choi et al. [75] 
simulated and calculated the surface oxidized Fe–N–C by DFT in order to deeply 
understand the fatal weakness of Fe–N–C in acidic medium. Figure 3.9e shows  the  
calculated binding energy and electron work function of O2 at different positions, 
and Fig. 3.9h shows that after the carbon surface is oxidized (there are electron-
withdrawing groups on the surface), the d orbital of Fe decreases, which reduces
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the ability of absorbing oxygen at the Fe site and exhausts the p electrons of C, 
thus improving the electron work function (corresponding to the green column in 
Fig. 3.9e). Figure 3.9g depicts the ORR path of FeN4. 

In addition, DFT simulation can be combined with other characterization methods 
to characterize samples together. For example, people often use EXAFS fitting curve 
combined with DFT to judge the local coordination configuration of synthesized 
samples. Combining STM with DFT to judge the existing forms of light atoms on 
the surface of carbon-based monatomic catalysts. 

In a word, in carbon-based nanomaterials, simulation and calculation are powerful 
tools to explore the coordination structure and electronic structure of active sites in

Fig. 3.9 Simulation and calculation. a Charge density difference for Ir19 cluster on graphene. b 
Gibbs free energy diagram for ORR on Ir19 cluster. Reproduced with permission [22]. Copyright 
2019, WILEY-VCH. c DOS of the 3d orbitals of the central Fe ion in the two modeled FeN4 sites. 
Reproduced with permission [73]. Copyright 2019, WILEY-VCH. d Charge density difference 
and Bader charge. Reproduced with permission [74]. Copyright 2020, WILEY-VCH. e O2-binding 
energy of FeN4 and electron work function. Reproduced with permission [75]. Copyright 2018, 
Royal Society of Chemistry. f The ORR volcano activity plot. Reproduced with permission [1]. 
Copyright 2020, Springer Nature. g ORR pathways at FeN4. Single and double asterisks denote 
reaction intermediates adsorbed on the Fe-center and nearest C-center, respectively. h Scheme of 
electron depletion at the FeN4center induced by surface oxidation. Reproduced with permission 
[75]. Copyright 2018, Royal Society of Chemistry
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carbon-based catalysts, and are very important to verify the relationship between 
atomic coordination configuration and catalyst activity and selectivity. If the 
calculation model and results are consistent with the experimental results, it can 
provide powerful theoretical guidance for the practical application of carbon-based 
nanomaterials.

3.5 Conclusion and Perspectives 

This chapter describes in detail the methodologies for characterization of carbon-
based nanomaterials for energy storage and conversion from three perspectives: direct 
visualization, indirect verification, simulation, and computation. The characteriza-
tion of carbon-based nanomaterials is critical for carbon-based material research 
and development. Using early characterization methodologies, it is challenging to 
precisely identify the active sites of the catalysts and monitor the changes in the 
electronic structure and coordination state of the catalytic sites during the reac-
tion process in carbon-based nano-catalysts. From an experimental standpoint, this 
makes it difficult to completely comprehend the true functions of the active site 
types in various electrocatalytic reactions, unveil the catalytic mechanism and build 
efficient catalysts. The development and widespread application of advanced charac-
terization techniques, particularly the establishment of various in-situ spectroscopy 
methods, have deepened the understanding of the catalytic mechanism of carbon-
based nano-catalysts, and facilitated the rational design the catalysts. However, each 
characterization technique has its advantages and disadvantages, so the information 
derived by any characterization tool should be better validated by other techniques. 
Meanwhile, to precisely reveal the catalytic mechanism of carbon-based catalysts, 
as many reliable characterizations as possible of the reaction behavior of substrates 
or intermediates on the active site are required. Undoubtedly, further refinement and 
development of reliable characterization techniques are needed to precisely reveal the 
catalytic reaction mechanism and efficiently guide high-performance carbon-based 
catalysts. 
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Chapter 4 
Catalytic Effect of Carbon-Based 
Nanomaterials in Electrochemical 
Catalysis 

Yajin Wang, Xiaoyu Zhang, Huicong Xia, and Jia-Nan Zhang 

Abstract Carbon materials have been widely studied and applied as electrocatalysts 
in recent years due to their advantages of good stability, adjustable pores, high specific 
surface area, and excellent electrical conductivity. Graphene, carbon nanotubes, and 
mesoporous carbon are commonly used in the preparation of electrocatalysts, which 
are good composite matrix materials. Load different active species on the carbon 
nanomaterial to increase the electron asymmetry density of carbon nanomaterials 
or break the electrical neutrality of the carbon surface to form more adsorption 
active sites, which is also more conducive to the free movement of sp2 hybridized π 
electrons on the carbon surface, so that the electronic distribution and spatial struc-
ture of the composite material are changed. In the process of synthesizing carbon-
based nanomaterials, these changes will cause different catalytic effects between the 
substrates and the supported materials. The catalytic effect can not only change the 
size of supported-materials and the coordination of the chemical environment, but 
also use the interaction between supported-materials and the substrates as a bridge 
for the electrons theoretical study of heterogeneous catalytic, and can also use the 
structural characteristics to form a local electric field to promote transmission. There-
fore, the electrocatalytic activity of carbon-based nanomaterials can be effectively 
improved. In this chapter, several catalytic effects of carbon-based nanomaterials 
have been reviewed, including confinement effect, interface engineering effect, and 
electric field effect, and mechanisms of different catalytic effects and electrocatalytic 
applications have also been systematically discussed.
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4.1 Introduction 

Carbon nanomaterials have good electrocatalytic properties as electrocatalytic cata-
lysts due to their controllable electronic structure, excellent electrical/thermal 
conductivity, and abundant surface active sites [1, 2]. Meanwhile, a large number 
of studies have shown that precise control of the structure and morphology of the 
electrocatalyst can improve its catalytic performance for important reactions such 
as oxygen reduction/hydrogen evolution reaction (ORR/OER), hydroxide/hydrogen 
evolution reaction (HOR/HER), and carbon dioxide/nitrogen reduction reaction 
(CO2RR/NRR), etc. [3]. In the process of preparing carbon-based nanomaterials 
and adjusting their structure and morphology, different catalytic effects will occur 
between the carbon support and active species, including confinement effect, [4] 
interface engineering effect, [5] and electric field effect, [6] which can improve the 
electrochemical performance of carbon-based nanomaterials (Fig. 4.1). 

Interface 
engineering 

effect 

Catalytic 
effect 

Fig. 4.1 Catalytic effect of carbon-based nanomaterials in electrochemical catalysis. Repro-
duced with permission [7]. Copyright 2019, WILEY–VCH. Reproduced with permission [8]. Copy-
right 2021, Springer Nature. Reproduced with permission [9]. Copyright 2020, WILEY-VCH. 
Reproduced with permission [10]. Copyright 2018, American Association for the Advancement of 
Science (AAAS). Reproduced with permission [11]. Copyright 2018, Springer Nature
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Because of their large surface area, ordered pore size, and high porosity, porous 
carbon-based materials have a significant confinement effect when used as electro-
catalysts: (1) The confinement engineering can disperse and stabilize single atoms, 
clusters, and nanoparticles (NPs) through space confinement to prevent agglomera-
tion and improve the durability of the catalyst. The reactants are usually confined in 
nano-spaces such as micro/nanopores in 0D microporous carbon, one-dimensional 
(1D) channels in carbon nanotubes (CNTs), two-dimensional (2D) spaces in layered 
materials (e.g., 2D layered graphite, etc.), and three-dimensional (3D) spaces in 
metal–organic frameworks (MOF), etc. [4, 12]. Such materials hold uniform and 
limited nano-spaces to confine the growth of desired catalysts in certain dimen-
sions. (2) The metal dimensions are controlled at the atomic level by means of 
coordination confinement. The chemical coordination confinement is an effective 
strategy for the synthesis of catalysts when the size further goes down to the atomic 
level. Anchoring the active atom on a substrate with the specific chemical coor-
dination interaction from surface functional heteroatom, coordinative unsaturated 
atoms, defects, etc. enables to precisely prepare uniform atomic sites, giving various 
single-atom catalysts (SACs) or metal clusters [13]. 

Recently, improving the interface effect of transition-metal carbon-based catalysts 
to promote the interaction of metal carriers has been regarded as an effective strategy 
to improve the catalytic performance and stability [14]. The electronic metal-support 
interaction (EMSI) intensely affect electrocatalysts’ performance in terms of intrinsic 
activity, active site density, and durability [15]. To date, constructing transition-metal 
carbon-based electrocatalysts with abundant engineered interfaces has been regarded 
as an effective strategy to facilitate the reaction rate [16]. Interface engineering to 
design composite can combine the merits of different materials, which is benefi-
cial for exploring active catalysts [17]. The interplay at the interface can achieve 
simultaneous exposure of electron-rich and electron-deficient regions within a cata-
lyst, which can facilitate both reduction and oxidation reactions. Benefiting from the 
significant interfacial interaction, which is unattainable for conventional catalysts, 
some transition-metal carbon-based catalysts even show high activity and stability 
that is comparable to noble-metal-based catalysts [14]. On the one hand, active 
species are encapsulated into the stable carbon layer to protect the inner metal core 
from the destructive reaction environment. Electron transfer from the active metal 
core to the carbon layer stimulates unique catalytic activity on the carbon surface 
which has been extensively utilized in a variety of catalytic reaction systems [18]. 
On the other hand, doping heteroatoms into carbon material (e.g., nitrogen-doped) 
is a practical strategy to regulate the electronic state of C atoms in doped area and 
thus adjust the performance [19]. Beyond that, the N-doped carbon material with the 
high affinity of nitrogen can also be combined with metal atoms [20]. The specific 
coordination structure participates in constructing the efficient active site [21]. Addi-
tionally, the formed interfacial chemical bonding can also alter the coordination state 
and valence state of metal atoms [22]. 

The design of carbon-based nanomaterials and the improvement of catalytic effi-
ciency depend not only on the number of active sites in the catalyst, but also on 
the diffusion rate of the reactants. The typical pathway of the electrolysis reaction
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mainly includes three steps: charge transfer and surface conversion (such as chemical 
adsorption of reactants and desorption of products from the electrode surface), charge 
transport and mass transfer [23]. After many efforts, it was found that the adsorp-
tion and desorption of intermediates can be balanced by increasing the density of 
catalyst active sites and adjusting the binding energy [24]. Adjusting the catalyst 
components [25] and introducing defects [26] are feasible methods to adjust the 
binding energy. For charge transport, specific materials can be used to reduce resis-
tance [27]. However, slow mass transfer often becomes the bottleneck of the entire 
electrochemical reaction kinetics at high current densities [28]. According to reports, 
by increasing the wettability of the electrode surface, promoting the adsorption of 
polar reactants on the electrode surface, or forming a gas repellent surface through 
surface roughening and functionalization, the bubbles quickly dissipate to accelerate 
the mass transfer of the electrode reactants [29]. Numerous researches show that the 
corners and edges of the catalyst usually have good activity [30]. Researchers have 
also found that metal-containing materials with sharp tips [31] or high-curvature 
structures [32] will generate local electric fields, because this high-curvature struc-
ture will cause electrons to gather around the metal area. After a local electric field is 
formed, more metal cations will be attracted to the catalytic tip, thereby increasing 
the concentration of reactants around the catalytic site, thereby improving electrocat-
alytic performance [33]. The enhanced local field is also believed to lower the reaction 
barrier. For carbon-based nanomaterials, when metal sites are grown on a carbon-
based substrate, a local electric field may be generated at the interface between the 
load and the substrate. For example, Yang et al. [23] synthesized the NiFe nanocone 
array, which had a sharp cone tip and optimized alloy composition, the generated local 
electric field enhanced the transfer of reactants and improved the catalytic activity of 
OER. And when a single metal atom embedded in the matrix to form a high-curvature 
surface may also generate a local electric field at the single-atom site of the metal. 
Song et al. [32] synthesized onion-like nanospheres of carbon (OLC) anchored atom-
dispersed Pt structure (Pt1/OLC) as the HER electrocatalyst. In an acidic medium, the 
Pt1/OLC catalyst (0.27 wt% Pt) had a low overpotential (38 mV at 10 mA cm−2) and 
a high flipping frequency (40.78 H2 s−1 at 100 mV). It was better than the graphene-
supported single-atom catalyst under the same Pt loading condition. The Nyquist 
diagram showed that Pt1/OLC had an ultra-low charge transfer resistance (Rct), indi-
cating that there was a rapid mass transfer process between the catalyst and the 
electrolyte interface. First-principles calculations showed that an in-situ strong local 
electric field was formed around the Pt site on the curved carrier and protruded from 
the curved OLC surface like a tip. There was significant proton enrichment around Pt, 
which promotes electrochemical reaction kinetics. In this chapter, several catalytic 
effects of carbon-based nanomaterials have been reviewed, including confinement 
effect, interface engineering effect, electric field effect, and systematically discussed 
the mechanism of different catalytic effects and electrocatalytic applications.
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4.2 Confinement Effect 

In general, confinement effect includes the following two aspects: Firstly, carbon 
nanomaterials disperse and stabilize single atoms or nanoparticles through space 
confinement to prevent agglomeration and improve the long-term stability of the 
catalyst [34–36]. Secondly, carbon nanomaterials alter the electronic structure of the 
active center and the chemical environment neighboring the active center through 
chemical coordination to improve the activity of the catalyst. Porous carbon nano-
materials with their unique characteristics: (1) excellent chemical and mechan-
ical stability, (2) adjustable porosity and surface chemistry, (3) good electrical and 
thermal conductivity, (4) high specific surface area, (5) and excellent structural diver-
sity [37–40]. Therefore, porous carbon-based materials have a good confinement 
effect when used as electrocatalysts. In this part, the confinement effect of porous 
carbon-based materials in electrochemical catalysis applications was discussed from 
two aspects of chemical coordination and spatial confinement. 

4.2.1 Chemical Coordination Confinement Effect 

The introduction of rich coordination atoms (such as N and O atoms) into porous 
carbon-based materials can provide rich anchoring sites to stabilize the target single 
metal atoms [38]. Porous carbon as a promising supporting material for single atoms 
due to its excellent physicochemical properties has been widely studied in recent 
years. 

Yin et al. [41] developed a practical and controllable general strategy for the 
synthesis of porous carbon loaded with single atoms resulting from the pyrolysis of 
MOFs and the mixing of Zn as a “fence” (Fig. 4.2a). It has been shown that the atomic 
dispersion of Co atoms was stabilized by the generated N-doped porous carbon. The 
obtained Co SAs/N–C catalyst showed superior ORR performance. Wang et al. [42] 
developed a host–guest strategy for constructing N-doped porous carbon loaded with 
Fe-Co double sites. The synthesis was based on the bonding between the control 
Co node (host) and adsorbed Fe3+ ion (guest) within the confined space of MOFs. 
The catalyst exhibited excellent ORR performance under acidic conditions. Zhang 
et al. [43] utilized sulfur to boost the ORR and OER performance of a Fe–N–C 
catalytic system with embedded FexC/Fe species. Based on high-angle annular dark 
field scanning transmission electron microscope (HAADF-STEM), X-ray absorption 
near edge structure (XANES), and extended X-ray absorption fine structure (EXAFS) 
analysis, the Fe–S bonds formed at the interface between the FexC/Fe clusters can 
be observed and S-containing Fe–N–C matrix result in new types of active sites 
that can increase the activity of bifunctional catalysts for oxygen reactions. Density 
functional theory (DFT) calculations further confirmed that the atomically dispersed 
FeNx sites of the Fe–N–C system, the FexC clusters, and the S-containing sites were 
the active species and that their interactions played a significant role in catalytic
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Fig. 4.2 Confinement effect of carbon-based nanomaterials in electrochemical catalysis. a 
The formation of Co SAs/N–C. Reproduced with permission [41]. Copyright 2016, WILEY–VCH. 
b Synthesis scheme of the FeNC-S-FexC/Fe catalyst Reproduced with permission [43]. Copy-
right 2018, WILEY–VCH. c Schematic illustration for the preparation of PtRu@cMOF. Repro-
duced with permission [46]. Copyright 2021, WILEY–VCH. d Illustration of the synthesis process 
of FeAC@FeSA–N–C. Reproduced with permission [47]. Copyright 2019, American Chemical 
Society. e Synthetic procedure for the preparation of Co@N–CNTs@rGO hybrid composites. 
Reproduced with permission [49]. Copyright 2018, WILEY–VCH

activity (Fig. 4.2b). Based on the pyrolysis of hollow MOF spheres, Yang et al. [44] 
rationally prepared a series of hollow porous carbons catalysts with uniform nitrogen 
doping and ultra-high load of single nitrogen atoms for epoxide catalysis of carbon 
dioxide cycloaddition. The ultra-high content of a single Zn atom was stabilized by 
surrounding N atoms, resulting in Zn–N4 units, where Zn and N represented Lewis 
acid sites and Lewis base sites, respectively. This Zn–N4 structure promoted the 
catalytic process under synergistic effect. Hu et al. [28] reported a dispersed single 
atomic Fe site catalyst with high carbon dioxide reduction activity. The active site 
was the discrete Fe3+ ion, which was compatible with the N-doped carbon carrier 
pyrrolidene (N) atom. Compared with the traditional FeII site, FeIII site had a stronger 
carbon dioxide absorption capacity and a weaker CO absorption capacity, and thus 
leading to a better activity. Through the chemical coordination confinement, the 
abundant metal nodes and abundant ligands of MOFs made the metal single atom 
dispersed and stable, thus improving the activity and stability of the catalyst. Li et al. 
[8] reported an effective ORR catalyst consisting of graphite carbon with restricted 
Mn single atom. Using the unique characteristics of ZIF-8 precursors to obtain the 
doping and adsorption process, the density of the active sites can be effectively 
significantly increased. The catalyst exhibited excellent ORR activity, stability, and 
corrosion resistance under acidic conditions. In addition to single metal atom, MOF-
derived metal nanoparticles carbon-based materials also exhibit excellent activity in 
confined catalysis. However, there are few examples of stabilization of nanoparticles 
by coordination confinement. Therefore, the design of new synthesis strategies to
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confined more active sites is adjective for the future development of MOF-derived 
carbon-based catalysts.

4.2.2 Spatial Confinement Effect 

Due to the existence of regular porous structures, carbon-based porous materials 
can spatially isolate and encapsulate suitable metal active sites through confinement 
effects. Chen et al. [45] produced an isolated single atomic Fe/N-porous carbon 
(ISA Fe/CN) catalyst with high ORR reactivity and stability by cage-encapsulated-
precursor pyrolysis strategy. The spatially confined highly dispersed iron atoms were 
the main reasons for the enhanced catalytic activity and stability. DFT calculations 
showed that the potential barrier of atomically dispersed Fe at the rate-limiting step 
was much lower than that of Fe nanoparticles, indicating the key role of the confine-
ment effect of MOF-derived carbon materials. Kim et al. [46] guided highly active 
and stable conductive MOF (cMOF), which were presented via the confinement of 
bimetallic nanoparticles (BNPs) in the pores of a 2D cMOF, where the confinement 
by dipolar-interaction-induced site-specific nucleation. Heterogeneous metal precur-
sors were bound to the pores of 2D cMOFs by dipolar interactions, and the subsequent 
reduction produces ultrasmall (~1.54 nm) and well-dispersed PtRu NPs confined in 
the pores of the cMOF. PtRu NPs decorated cMOFs exhibited significantly enhanced 
chemiresistive NO2 sensing performances, owing to the bimetallic synergies of PtRu 
NPs and the high surface area and porosity of cMOF. The approach paved the way 
for the synthesis of highly active and conductive porous materials via bimetallic 
and/or multimetallic NPs loading (Fig. 4.2c). Ao et al. [47] achieved coexistence of 
single Fe atoms and Fe nanoclusters through spatial isolation strategy using a COF 
template (Fig. 4.2d). Wang et al. [48] reported a two-dimensional bimetallic (Co/Zn) 
and leaf-like zeolitic imidazolate framework (ZIF–L) pyrolysis method for the low-
cost preparation of nitrogen-doped carbon nanotubes encapsulating Co nanoparticles 
(Co–N–CNTs). Highly dispersed cobalt nanoparticles were completely encapsulated 
at the tips of N–CNTs, resulting in the complete formation of highly active cobalt for 
oxygen reduction and evolution reactions. The obtained Co–N–CNT had good elec-
trocatalytic activity and stability. Chen et al. [49] used graphene oxide (GO) coated 
core–shell (Co, Zn) bimetallic ZIF as precursors, the synthetic carbon nanotubes were 
encapsulated and grafted onto GO by direct annealing (Fig. 4.2e). Uniquely core– 
shell ZIF-67@ZIF-8 assist in encapsulating ultrafine Co nanoparticles via N–CNT 
with a very thin carbon layer in situ formed, avoiding the accumulation of particles 
or carbon at high temperatures. In addition, ZIF-67@ZIF-8 covering GO can expose 
more catalytic sites and facilitate mass transfer. The prepared Co@N-CNTs@rGO 
composite showed excellent HER activity.
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4.3 Interface Engineering Effect 

As early as the 1930s, G. M. Schwab proposed the concept of “electronic factor” 
to describe the effect of electron interaction on the catalytic behavior of load type 
catalysts, and divide the electron interaction into structures and synergies [50]. When 
the catalytic reaction is involved, the electron transfer between the metal and the 
carrier is first considered. Thereafter, S. J. Tauster used the term of “strong metal-
support interaction” to describe the chemical adsorption properties of VIII elements 
loaded by metal oxides (such as SiO2 and MgO) in 1978 [51–53]. Later, this concept 
was extended to the interaction between any metal species and support based on the 
experimental phenomenon [53, 54]. Until then, based on the early characterization 
of surface science, researchers have realized that the active site may change from the 
metal state to the strong metal–support interaction state, indicating that the carrier 
covers or encapsulates the active site [55, 56]. After that, the metal-vector electron 
interaction is a bridge between the design of the electronic theory and the design of the 
multiphase catalyst, has received extensive attention [15]. The interaction between 
the metal and the carrier is one of the most basic strategies to improve electrocatalytic 
efficiency [57]. 

As the metal particles (nanoparticles, nanoclusters and single atoms) have 
decreased, the catalytic behavior of load-bearing metal species changes significantly 
for various chemical transformations [58, 59]. EMSI has a significant effect on the 
geometric structure and electron properties of the metal catalyst, and is generally 
considered to be a key role in adjusting the catalytic behavior of the load type metal 
species [60, 61]. At present, EMSI has been widely used as strategies for the stability, 
activity, selectivity, and screening catalytic mechanism of various load type catalyst 
systems [62]. However, due to the dimensional effect of the metal activity and the 
unique surface properties of different carriers, the EMSI is made difficult for EMSI 
global cognition [63, 64]. Therefore, the two factors in which the metal dimensional 
effect and the surface properties of the carrier are determined to determine the role of 
the EMSI, thereby imposing a better practical catalyst on this basis [65]. The carbon 
material is a carrier as an example, although it is very challenging of strong metal– 
carbon interactions by depositing metal species on perfect carbon-based surface [66] 
the suspenders of the edge carbon site can establish EMSI and effectively regulate 
the catalytic behavior of the metal species. For example, the carbon nanomaterial as 
support can minimize the agglomeration of metal NPs and stabilize the metal load 
by manufacturing defects, adding anchoring sites [34, 67]. The ligand can stabi-
lize the metal surface by surface modification, thereby enhancing its activity and 
stability [68]. Moreover, the EMSI can change the electronic structure of the catalyst 
to increase its activity by changing the binding strength of the intermediate, thereby 
reducing the reaction energy barrier [69]. In short, EMSI plays a major role in regu-
lating catalysis [63]. The EMSI in different types may exhibit a variety of properties 
during reaction [61, 70]. Although EMSI has attracted much attention, comprehen-
sive research and operando tests are of a small amount, and may be a new opportunity 
for the full-scale understanding of the underlying factors in EMSI [15, 71].
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Encapsulating transition metal nanoparticles inside carbon nanotubes (CNTs) or 
spheres has emerged as a novel strategy of designing high-durable non-precious metal 
catalysts. The stable carbon layer protects the inner metal core from the destructive 
reaction environment and thus is vividly described as chainmail for catalysts. Electron 
transfer from the active metal core to the carbon layer stimulates unique catalytic 
activity on the carbon surface which has been extensively utilized in a variety of 
catalytic reaction systems [18]. Bao et al. [72] reported a hierarchical architecture 
that consists of ultrathin graphene shells (only 1–3 layers) that encapsulate a uniform 
CoNi nanoalloy to enhance its HER performance in acidic media. DFT calculations 
indicated that the ultrathin graphene shells strongly promoted electron penetration 
from the CoNi nanoalloy to the graphene surface. With nitrogen dopants, they syner-
gistically increased the electron density on the graphene surface, which resulted in 
superior HER activity on the graphene shells (Fig. 4.3a–c). 

Product selectivity in multi-electron electrocatalytic reactions is crucial to energy 
conversion efficiency and chemical production. However, a present practical draw-
back is the limited understanding of actual catalytic active sites. Using as a prototype 
SACs in acidic ORR, Qiao et al. [73] reported the structure–property relationship 
of catalysts and firstly showed that molecular-level local structure, including first 
and second coordination spheres (CSs), rather than individual active atoms, syner-
gistically determined the electrocatalytic response (Fig. 4.3d, e). ORR selectivity 
on Co-SACs can be tailored from a four-electron to a two-electron pathway by 
modifying first (N or/and O coordination) and second (C–O–C groups) CSs. Using 
combined theoretical predictions and experiments, including X-ray absorption fine 
structure analyses and in situ infrared spectroscopy, the unique selectivity change 
was confirmed, which originated from the structure dependent shift of active sites 
from the center Co atom to the O-adjacent C atom. That result showed that the opti-
mized electronic structure and *OOH adsorption behavior on active sites enabled the 
present “best” activity and selectivity of >95% for acidic H2O2 electrosynthesis. 

4.4 Electric Field Effect 

The design of carbon-based nanomaterials and the improvement of catalytic effi-
ciency depend not only on the number of active sites in the catalyst, but also on the 
diffusion rate of the reactants. The typical path of the electrolysis reaction mainly 
includes three steps of charge transfer and surface transformation (such as chem-
ical adsorption of reactants and desorption of products from the electrode surface), 
charge/mass transfer [23]. However, under high current density, slow mass transfer 
often becomes the bottleneck of the entire electrochemical reaction kinetics[74]. 

Generally, changing the physical properties of the material interface can improve 
the local electronic structure and the catalytic performance of the material [75, 76]. 
And functionalization to form a gas repellent surface, so that the bubbles quickly 
dissipate, and can accelerate the mass transfer of the electrode reaction [23]. The 
resistance can also be reduced by using a binder-free catalyst, a metal (alloy) core
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Fig. 4.3 Interface engineering effect of carbon-based nanomaterials in electrochemical catal-
ysis. a Schematic illustration of a CoNi alloy encapsulated in three-layer graphene. b Volcano plot 
of the polarized current (i0) versus DG(H*) for a CoNi cluster, CoNi@C, and an N-doped graphene 
shell (N-carbon). c Redistribution of the electron densities after the CoNi clusters have covered by 
one to three layers of graphene. Reproduced with permission [72]. Copyright 2015, WILEY–VCH. 
d Schematic of SACs, highlighting first and second coordination spheres and center active metal. 
e Optimized geometry structures of *OOH adsorption on CoN4, CoO4(O), and CoN2O2 moieties. 
Reproduced with permission [73]. Copyright 2021, American Chemical Society
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catalyst, and a highly conductive carrier [29]. Karlberg et al. [77] evaluated the 
electric field effect of the oxygen reduction reaction based on DFT, and discussed 
how the local electric field affected the activity of the oxygen reduction reaction and 
how it changed the reaction mechanism predicted by the model. The author estimated 
the influence of the local electric field in the electric double layer on the ORR by 
changing the applied electric field in the DFT calculation. Potentially, including the 
local electric field can greatly change the adsorption energy and potential barrier, 
thereby affecting the prediction of the ORR reaction mechanism on different metals. 
The influence of the local electric field and the resulting electric double layer has been 
ignored before. In order to estimate the influence of local electric field on ORR, the 
DFT results under different external electric field strengths were combined with the 
previously developed electrochemical reaction model. The model fully considered 
the influence of electrode potential and found that the local electric field had little 
influence on the model output. Therefore, the general situation obtained without the 
electric field still exists. However, in order to accurately predict the oxygen reduction 
potential near the top of the volcano, local electric field effects may be important. 
Through this theoretical calculation and discussion on the influence of electric field 
effect on electrocatalysis, the researchers focused on the study of the electric field 
effect of electrocatalysts, especially the electric field effect produced by carbon-based 
nanomaterials in the process of electrocatalysis [77].

As shown in Fig. 4.4a, Liu et al. [6] reported a fibrous bifunctional three-
dimensional electrocatalyst that can be used for HER and OER. The interface elec-
trical effect of metallic nickel nitride nanoparticles/NiCo2O4 nanosheets/graphite 
fibers promoted overall water splitting activity in a wide pH range. Its excellent 
electrochemical performance was mainly determined by the following factors: the 
metallic properties of the three components of Ni3N, CoN, and NiCo2O4; elec-
tronic structure, nanosheet-nanosphere network with abundant electroactive sites 
and interfaces of different components the electric field effect at the place. These 
three compounds were all metallic in nature, the filled region represents an occupied 
state, and the energy of the highest occupied state was the Fermi level. The metal 
properties ensured efficient electron transfer. Their Fermi energy levels were 0.44, 
0.16, and 2.4 eV, respectively (Fig. 4.4b). 

Compared with the reversible hydrogen electrode, contact electric potential (CEP) 
serves as an additional potential provided an interfacial electric field and promoted 
electrochemical reactions (Fig. 4.4c) [27]. Song et al. [32] reported that onion-
like carbon nanospheres (OLC) anchor stable atom-dispersed Pt as a HER catalyst 
(Pt1/OLC). In the experiment, surface oxidized detonation nanodiamonds (DNDs) 
were selected as the starting materials for obtaining OLC, because their size distribu-
tion was very uniform. The material undergoes thermal deoxygenation treatments at 
different temperatures to precisely adjust the type and distribution density of oxygen 
species, and was automatically converted to OLC at high temperatures (>900 °C). 
Then, single-cycle atomic layer deposition (ALD) was used to generate isolated plat-
inum atoms on all carriers (Fig. 4.4d). First-principles calculations showed that at the 
Pt site on the curved carrier, the local electric field enhanced by the tip promotes the 
kinetics of the hydrogen evolution reaction. Liu et al. [31] reported the generation
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Fig. 4.4 Electric field effect of carbon-based nanomaterials in electrochemical catalysis. a 
Schematics of the fabrication processes of NiCo-nitride/NiCo2O4 supported graphite fibers. b Spin 
resolved total electron density of states (TDOS) for Ni3N, NiCo2O4, and CoN. The filled area 
is the occupied state and the energy of the highest occupied state is the Femi level. Reproduced 
with permission [6]. Copyright 2019, WILEY–VCH. c Schematics of interface electric field effect 
contributing to electrons transfer. Reproduced with permission [27]. Copyright 2020, American 
Chemical Society. d The change in adsorption energy for O, OH and OOH as a function of the 
electric field strength. Reproduced with permission [32]. Copyright 2019, Springer Nature. e, f Free 
energy diagrams for oxygen reduction on Pt(111). The top panel shows the free energy diagram for 
U = 0 V and U  = 1.23 V e. The lower panel shows a zoom in at interesting potentials f, such as the 
potential at which the reaction starts to become endothermic with (0.75 V) and without (0.78 V) an 
electric field. The potential of 0.9 V is interesting since the stability of adsorbed OH and adsorbed 
O are equal for this potential when the electric field effects are included. g Free electron density 
distribution on the surface of electrodes is shown as a color map. h Electrostatic field intensity at 
the electrode tip increases as the tip radius decreases. (i) Surface K+ density and current density 
distributions on the surface of Au needles. The tip radius is 5 nm. Reproduced with permission [31]. 
Copyright 2016, Springer Nature
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of nano-structured electrodes, at low application of overpotential, local high electric 
field concentrates electrolyte cations, which in turn leads to high local concentration 
of CO2 close to the active CO2 reduction reaction surface. The simulation showed 
that the electric field of the metal nano-tip is 10 times higher than that of the quasi-
planar electrode area. The gold nano-needle was used to measure the concentration 
of the field-inducing reagent and the CO is at −0.35 V (overpotential is 0.24 V) 
The lower geometric current density was 22 milliamperes per square centimeter 
(Fig. 4.4e, f). This performance exceeded the best performance of gold nanorods, 
nanoparticles and oxide-derived noble metal catalysts by an order of magnitude. The 
Kelvin probe atomic force microscope also confirmed that the metal nano-level tip 
can produce a strong electric field effect (Fig. 4.4g). The Faraday efficiency of the 
similarly designed palladium nanoneedle electrocatalyst to produce formate is over 
90%, and the geometric current density of formate is 10 mA cm−2 at −0.2 V, which 
showed the wider applicability of the field-induced reagent concentration concept.

With these insights, a possible solution is provided for the controllable application 
and development of the local electric field effect of carbon-based nanomaterials to 
accurately synthesize the next generation of well-defined electrocatalysts. From the 
macro- to the atomic level, exploring suitable electric field effects and integrating 
them with other technologies may provide opportunities to bridge the gap between 
basic research and industrial applications. 

4.5 Conclusion and Perspectives 

In this section, a periscope summary of electrocatalysts is provided from catalytic 
effect. Specifically, the confinement effect, interface engineering effect, and electric 
field effect are expected to have significant impact on the electronic structure of 
the active species, and hence improve the intrinsic activity accordingly. Despite the 
above-mentioned advancements in improving the performance of electrocatalysts 
through catalytic effect, challenges remain in the following contexts: 

(1) In-depth in-/ex-situ characterization of the structure of catalyst and under-
standing of relevant mechanisms. In most cases, the characterizations of the 
structure of catalyst focus on the state before the electrocatalysis. However, 
it is essential to comprehend how the structure of catalyst evolves during 
the reaction for better understanding the role of the structure of catalyst. 
Therefore, post-reaction analyses and advanced in situ characterization tech-
niques are needed to reveal the evolution of geometry structure and elec-
tronic structure of electrocatalysts as well as the adsorption behaviors of reac-
tion intermediates under working conditions. On this basis, more comprehen-
sive understanding about the relevant reaction mechanisms and performance 
enhancement mechanisms is required. 

(2) Theoretical study of catalytic effect. Integrating theoretical analysis with exper-
imental support is beneficial to elaborate the effect of interface and hence
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give guidance to novel catalytic material design. However, there is still a gap 
between the theoretical model and practice electrocatalyst. To bridge this gap 
on the structure–performance relationship, a well-defined model system for 
theoretical calculation is needed. 

(3) Constructing a stable triple-phase interface. Contrary to the electrocatalytic 
measurement in a three-electrode system with the relatively ideal electrolyte, 
especially O2-saturated electrolyte for ORR, a stable three-phase interface 
(electrolyte-solid catalyst-gaseous oxygen) needs to be constructed in the prac-
tical application of Zn-air battery due to the extremely low O2 solubility. This 
means additional challenges such as gas diffusion ability and wettability of air 
electrode need to be considered. In this regard, interface engineering to regu-
late the hydrophobicity and to construct mass transport channel also merits 
attention. 

(4) The catalytic effect of catalysts under extreme condition such as high pH, 
high temperature, high concentration of ion, and so on, is supposed to be 
very different from that under ambient condition. Like the superconductivity 
under temperatures around absolute zero, the catalytic effect under extreme 
condition may contribute to the appearance of some interesting phenomenon 
and ultrahigh catalytic efficiency. 

(5) The precise identification of genuine active sites is essential to guide the high-
performance electrocatalyst design. The abovementioned advance in situ elec-
trochemical operando techniques would allow for achieving this goal. Different 
from conventional modeling with ideal models in nonpractical conditions, 
the accurate theoretic modeling need consider the genuine chemical state and 
environments of active sites, the influences of electrolytes, applied potentials, 
and local fields in catalyst working conditions, as well as the dynamic evolu-
tion of catalytic sites. The machine-learning based computation and big-data 
processing will facilitate such modeling. 

(6) For targeting the practical application of the synthesized electrocatalysts, the 
device-level requirements should be paid more attention such as the collec-
tive catalyst layer design, mass transfer and diffusion issues at high output 
conditions, etc. A majority of current electrocatalysts for water splitting and 
CO2RR have been assessed in traditional three-electrode system, which may 
not reflect their performance in the real devices. The evaluation of the catalysts 
in an operating pilot electrolyzer would be necessary and helpful for bridging 
the gap between the lab test and industry expectation. Moreover, the general, 
facile and controllable confined synthetic strategies allow for generating the 
uniform, efficient and stable catalytic sites at large scale, which may enable 
the mass production of electrocatalysts with reproducible performance at low 
cost. Combining the above-mentioned confinement strategies at various scales 
by delicately designing the precursors, which may open up possibilities for 
achieving such goal for bringing the research from lab scale to industrial scale. 

This section sheds light on the rational design of electrocatalysts for board elec-
trochemical applications from the fundamental understanding of confinement effect,
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interface engineering effect, and electric field effect. Thus, hope that this chapter will 
bring significant attention in the field of electrochemistry by enabling more frontier 
researches in the fields of battery technology. 
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Chapter 5 
Carbon-Based Nanomaterials for Oxygen 
Reduction Reaction 

Xiaoyu Zhang, Dongping Xue, Siran Xu, Bang-An Lu, and Jia-Nan Zhang 

Abstract The performance of proton exchange membrane fuel cell (PEMFC) and 
metal-air batteries are determined by the oxygen reduction reaction (ORR) on the 
cathode, whereas the kinetics of ORR is very sluggish. Therefore, it is urgent to 
design and develop efficient electrocatalysts to accelerate ORR. At present, as the 
highest activity catalyst, Pt-based catalysts have various issues such as high cost, 
easy poisoning, aggregation, and low durability. As a result, the investigation of high-
activity, low-cost and stable ORR electrocatalysts is of significance to the practical 
implementation of fuel cell technology. The excellent electrical conductivity and 
high surface area of carbon-based materials make the catalysts good candidates 
for Pt-based catalysts. This chapter will cover the application of porous carbon-
based materials in ORR from the aspects of the metal-free, single metallic atom, and 
metal nanoparticles (NPs), etc., reveal their deep catalytic mechanism, explain their 
unique structure–activity relationship, and clarify the future development direction 
and potential obstacles of carbon-based nanomaterials for ORR.
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5.1 Introduction 

Proton exchange membrane fuel cell (PEMFC) is a vital medium for hydrogen energy 
utilization. The working steps of PEMFC involve the following processes: (1) The 
reaction fuel is fed to the electrode. In the normal operation of fuel cells, hydrogen or 
oxygen fuel needs to be supplied. The graphite plate in the PEMFC clamp contains 
fine serpentine grooves to ensure efficient fuel transport. (2) Electrochemical reaction. 
Oxygen is transported to the cathode, and hydrogen at the anode is then subjected to an 
electrochemical reaction with a catalyst. In PEMFC, chemical energy is converted 
to electrical energy through oxygen reduction reaction (ORR) at the cathode and 
hydrogen oxidation reaction (HOR) at the anode. Compared with the anode HOR, 
the cathode ORR dynamics is slower. Considerable amounts of precious metal Pt 
catalysts are needed to accelerate the sluggish kinetics of ORR, thus significantly 
increasing the cost of the cell. Therefore, it is imperative to design and develop 
efficient electrocatalysts to accelerate ORR. 

ORR in PEMFC is a complex reaction process involving multi-electron reactions, 
which can be simply divided into two-electron (2e−) paths and four-electron (4e−) 
paths [1]. Generally, O2 generates H2O through 4e− transfer, or H2O2 through 2e− 

transfer, and H2O2 is unstable and may decompose into O2 to participate in oxygen 
reduction again [2]. As shown in Fig. 5.1, the details can be described as below: 

O2 + ∗  →  O∗ 
2 (5.1) 

O∗ 
2 + H+ + e− → OOH∗ (5.2) 

Fig. 5.1 Mechanism of 
ORR. The blue arrow and 
the orange arrow represent 
direct 4e− transfer path and 
2e− + 2e− transfer path, 
respectively
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OOH∗ + 2H+ + 2e− → H2O + OH∗ (5.3) 

H2O + OH∗ + H+ + e− → 2H2O (5.4)  

The reduction potential of 4e− is higher than that of 2e−, and the dissociation 
energy of the O–O bond in O2 is larger than that of H2O2. Therefore, when the 
catalytic activity is not strong, the reaction of 2e− or the mixed reaction of 2e− 

and 4e− is likely to occur. Moreover, the H2O2 generated by the 2e− process might 
cause damage to the proton exchange membrane, and the 4e− process is the ideal 
oxygen reduction path for fuel cells [3]. However, for most catalysts, their catalysis 
process often occurs as a mixture of 2e− and 4e− reaction. Therefore, the 4e− reaction 
selectivity of the catalyst has also become an important indicator for evaluating the 
quality of ORR catalysts. At present, Pt-based catalysts are ORR catalysts with the 
highest activity, the lowest overpotential and the highest 4e- reaction selectivity. 
However, aside expensive cost, Pt-based catalysts also have various drawbacks such 
as rapid poisoning, aggregation, and low durability. As a result, the study of high-
activity, low-cost and stable ORR electrocatalysts is of great significance to the 
practical application of fuel cell technology [4]. 

Porous carbon-based materials present the following metrics: (1) excellent chem-
ical and mechanical stability, (2) higher porosity and adjustable pore size, (3) excel-
lent electrical conductivity, (4) high specific surface area, (5) and the synthetic 
methods are simple and easy to obtain [5–7]. Therefore, porous carbon-based nano-
materials have been extensively studied as ORR electrocatalysts to solve the difficult 
problem of the industrial application of Pt-based catalysts. This part will review the 
application of porous carbon-based materials in ORR from the aspects of nonmetal, 
single metallic atom and metal nanoparticles (NPs), etc., and elaborate their unique 
structure–activity relationship and catalytic mechanism. 

5.2 Metal-Free Carbon-Based Electrocatalysts for ORR 

Among various carbon-based materials, the heteroatoms doped carbon nanoma-
terials have been regarded as one of the most promising ORR catalysts due to 
the several merits, including large specific surface area and favorable feasibility 
to structure/functionalization regulation [8]. To achieve a lower oxygen adsorption 
energy barrier and activate or significantly improve the electrocatalytic activity of 
ORR. Non-metallic heteroatom doping (N, P, S, B, and F) can be used to alter the 
intrinsic properties of functional carbon materials, such as internal micro-structure 
and composition, electronic structure, surface and partial electrochemical character-
istics [9]. Therefore, heteroatom-doped carbon-based electrocatalysts show a huge 
research prospect for the development of ORR. N atom is the most commonly used 
heteroatoms to modify carbon materials among all heteroatoms. Because the elec-
tronic confinement effect derived from the conjugation between the graphene π
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system and the N lone pair of electrons [10]. As such, intensive works have used 
MOFs as templates to build heteroatom-doped carbon-based materials and applied 
them to the electrocatalytic of ORR with excellent results. 

Chueh et al. [11] successfully prepared a highly efficient nitrogen-doped carbon 
nanotubes (N-CNTs) electrocatalyst derived from nitrogen-doped carbon dots (N–C 
dots) and MOFs for ORR. The N–C dots with plenty of hydroxyl and amine groups 
can favor the formation of N-CNTs through the catalytic decomposition of MOFs 
in a lower temperature. On the other hand, the N–C dots function as inducers of the 
graphitic structure and supplied extra nitrogen, expanding a potential electrocatalytic 
activity of N-CNTs. Results revealed that the N-CNTs provided an exceptional ORR 
electrocatalytic performance, giving a positive onset potential of 0.88 V vs. RHE. 
and a high kinetic current density of up to 5.58 mA cm−2 at 0.2 V. In addition, the 
N-CNTs catalyst displays excellent catalytic durability and tolerance to methanol 
in an alkaline media. Sung et al. [12] synthesized graphitic carbon nitride-carbon 
nanofiber (g–CN–CNF) as a bifunctional catalyst in an anion-exchange membrane 
water electrolyzer (AEMWE), and primary and rechargeable Zn-air cells. The g– 
CN–CNF catalyst showed high catalytic activity for oxygen reduction and evolution 
in half-cell, with low overpotentials and low Tafel slopes. The increased activity 
was attributed to the synergistic effect of abundant active sites and the electrical 
conductivity following the pyrolysis of g–CN and CNF. As a result, AEMWE with the 
g–CN–CNF anode exhibited outstanding performance. In addition, the performance 
and durability of Zn-air cells with g–CN–CNF cathode outperformed those fabricated 
with commercial platinum. 

Furthermore, two or more heteroatoms co-doped carbon materials have also been 
developed, exhibiting better activity than the single heteroatom doped counterparts 
[13]. Zhang et al. [13] constructed P and N-coordinated fullerene-like carbon (N, 
P–FC) multi-functional catalyst via a facile soft template pyrolysis method, which 
achieved an impressive activity for electrochemical ORR with half-wave overpo-
tential (E1/2) of 0.910 V, 79 mV higher than that of commercial Pt/C and overper-
formed all the documented carbon-based electrocatalysts (Fig. 5.2a–e). Combined 
theoretical calculation studies suggested that the P-coordinated C site was more 
active for CO2RR, while the N-coordinated neighboring C site was responsible for 
ORR in this catalyst. Similarly, Zhang et al. [14] successfully prepared nitrogen-and 
fluorine co-doped microporous carbon nanofibers (N, F–MCFs) via electrospinning 
polyacrylonitrile/polyvinylidene fuoride/polyvinyl pyrrolidone (PAN/PVDF/PVP) 
tricomponent polymers followed by a hydrothermal process and thermal treatment, 
which was achieved for the first time in the literature. The results indicated that N, 
F-MCFs exhibited a high catalytic activity (Eonset: 0.94 V vs. RHE.,  E1/2: 0.81 V  
vs. RHE., and electron transfer number: 4.0) and considerably better stability and 
methanol tolerance for ORR in alkaline solutions as compared to commercial Pt/C 
(20 wt%) catalysts. 

Recently, the defect mechanism of carbon-based electrocatalysts has a perfect role 
in promoting advanced electrocatalytic activity for the ORR [15–17]. The structural 
defects play a decisive role in the catalytic process because most electrochemical 
reactions occur at these sites [18]. Several methods are proposed to fabricate defects,
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Fig. 5.2 Metal-free carbon-based electrocatalysts for ORR. a The illustration of the synthetic 
protocol of N, P–FC. b SEM image, c TEM image of the N, P–FC. d LSV curves of N, P–FC, N, 
P–GC, and Pt/C catalyst for ORR in 0.1 M KOH. e Photograph of all-solid-state Zn-air batteries 
with an open-circuit voltage of 1.441 V and luminous LED lamp lighting test. Reproduced with 
permission [13]. Copyright 2012, Royal Society of Chemistry. f 3-in-1 effect of HCNFs promotes 
O2-to-H2O2 conversion. g TEM images for HCNFs. Reproduced with permission [24]. Copyright 
2021, WILEY–VCH 

such as chemical modification, doping removal, and plasma etching [17, 19]. Since 
their respective advantages of defects and heteroatom doping as mentioned above, 
a well way to simultaneously introduce both target doping and appropriate defects 
will improve the ORR performance. 

Liang et al. [20] reported a novel molecular design strategy to achieve 2D 
porous turbostratic carbon nanomesh with abundant N-doped carbon defects (NDC). 
Molecular-level integration of carbon source, N source, and sacrificial template into 
the polymer chains promised the formation of abundant and accessible carbon edge 
defects as well as efficient N doping sites synchronously. A special active site of 
carbon edge defect doped with graphitic valley N with the lowest theoretical ORR 
energy barrier of 0.56 eV was revealed to be responsible for the exceptional ORR 
electrocatalytic performance of prepared NDC materials in alkaline media. Notably, 
this method had a considerable advantage in modulating the composition and struc-
tures of the carbon precursor at the molecular level for carbon defect regulation via 
changing the building units and integration routes. This efficient molecular design 
strategy created a new avenue for rational development of high-performance N-doped
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defective carbon ORR electrocatalysts and deeply understanding their ORR electro-
catalytic mechanism. Similarly, Wen et al. [21] presented the scalable salt-templated 
synthesis of two-dimensional porous fluorine-doped carbon (FC) nanosheets. Due to 
the larger special surface area (1031 m2 g−1) and high active sites, FC-900 (pyrolyzed 
at 900 °C) showed impressive ORR. The synergistic effect of fluoride doping and 
defects provided the richer density of active sites in these nanosheets. The results 
revealed F dopants and defects important roles in efficient ORR electrocatalysis 
owing to the synergistic effect, which was important for comprehending the origin 
of ORR [21]. 

Electrocatalytic two-electron oxygen reduction has emerged as a promising alter-
native to the energy-and waste intensive anthraquinone process for distributed H2O2 

production [22]. This process, however, suffers from strong competition from the 
four-electron pathway leading to low H2O2 selectivity [23]. Sun et al. [24] reported 
using a superhydrophilic O2-entrapping electrocatalyst to enable superb two-electron 
oxygen reduction electrocatalysis (Fig. 5.2f, g). The honeycomb carbon nanofibers 
(HCNFs) were robust and capable of achieving a high H2O2 selectivity of 97.3%, 
much higher than that of its solid carbon nanofiber counterpart. Impressively, this 
catalyst achieved an ultrahigh mass activity of up to 220 A g−1, surpassing all other 
catalysts for two-electron oxygen reduction reaction. The superhydrophilic porous 
carbon skeleton with rich oxygenated functional groups facilitated efficient electron 
transfer and better wetting of the catalyst by the electrolyte, and the interconnected 
cavities allowed for more effective entrapping of the gas bubbles. 

5.3 Atomically Dispersed Metal Carbon-Based 
Electrocatalysts for ORR 

The atomically dispersed metal carbon-based materials mainly consist of metallic 
atoms or coexistent of metallic atoms and clusters. Among them, transition single 
metallic atom catalysts have become one of the main research hotspots due to their 
high dispersibility and atomic availability. Significantly, the transition metal (Fe, Co, 
etc.)–N–C material is considered to be the most promising substitute for Pt-based 
catalyst [25]. The high intrinsic activity (such as turnover frequency) of the active 
center of M–Nx/C is generally believed to be mainly derived from the N coordinated 
single metallic atom confined in the carbon matrix. Thus, maximizing the number 
of metal sites is a top priority for improving ORR performance. Atomic disper-
sion catalysts can reasonably utilize metal resources and promote atomic economic 
efficiency by optimizing the use of atoms to a certain extent. The active center of 
atomic dispersion catalyst can form due to its unique electronic structure and unsat-
urated coordination environment [26]. In addition, the good atomic dispersion also 
allows the catalyst to have similar spatial effects and electronic interactions with 
the substrate, thus improving the catalytic performance. Many pioneers’ work has 
suggested that the encapsulated metallic atom in heteroatom-doped (N, P, S, etc.)
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carbon materials is an effective way to fine tuning the electron interactions between 
encapsulated metallic atoms and carbon, and hence generate rich active sites for 
electrocatalysis [10]. 

At present, Fe–N–C catalyst has become one of the most widely studied M–N– 
C materials because of its high ORR activity [27, 28]. Single Fe atoms are one of 
the most widely studied by researchers. Jia et al. [29] implemented chemical vapor 
deposition to synthesize Fe–N–C by flowing iron chloride vapor over a Zn–N–C 
substrate at 750 °C, leading to high-temperature trans-metalation of Zn–N4 sites 
into Fe–N4 sites. Characterization by multiple techniques showed that all Fe–N4 

sites formed via this approach are gas-phase and electrochemically accessible. As 
a result, the Fe–N–C catalyst had an active site density of 1.92 × 1020 sites per 
gram with 100% site utilization. This catalyst delivered an unprecedented oxygen 
reduction reaction activity of 33 mA cm−2 at 0.90 V (iR-corrected; i, current; R, 
resistance) in a H2–O2 proton exchange membrane fuel cell at 1.0 bar and 80 °C. 
Lin et al. [20] used the ligand in the MOF precursor to confine a series of single 
metallic atoms. The metal was firstly coordinated with the ligand, and then pyrolysis 
and acid leaching were carried out to form a stable single-atom catalyst. It was worth 
noting that the obtained SAC/N–C catalyst was coordinated with pyridinic-N and 
had superior ORR activity, stability and good methanol tolerance. More importantly, 
by changing the metal precursor, this strategy can be successfully extended to the 
process of preparing other transition metal single-atom catalysis (SACs). 

Meanwhile, S is less electronegative than N atoms and is a very effective non-
metallic dopant. Mu et al. [30] prepared Fe, N, and S co-doped carbon matrix/CNTs 
nanocomposites (Fe–N–S CNN) by pyrolysis of ZIF-8 impregnated with iron salts. 
The carbon-based nanomaterial derived from ZIF-8 had a higher porosity, regular 
pores, and a larger specific surface area. CNTs grown in situ were conducive to elec-
tron transport, have good electrical conductivity, and can promote material transport 
and material exchange. In addition, the synergy between Fe, N, and S can jointly 
promote the increase in the number of active sites, improve ORR activity and long-
term stability. In addition, Fe–N–S CNN also showed excellent performance and 
ability as the cathode of the primary Zn air battery. 

P atoms, which are also electronegative, can grab electrons from metal atoms. 
Zhang et al. [31] designed a facial strategy to synthesize N, P-doped defective 
carbon nanosheets first (N, P–DC), then covered doped sites with well-defined metal-
N4 macrocyclic molecules (FePc@N, P–DC) through the non-pyrolysis process 
(Fig. 5.3e). The defective carbon boosted the high spin state of Fe center, thus bringing 
superior ORR performances (Fig. 5.3f). 

Although Fe–N–C catalyst had excellent ORR activity, its poor stability was the 
main obstacle to important application [32]. Even worse, Fenton reactions occur 
between Fe2+ and H2O2. H2O2 will attack the active site of FeN4 and the carbon 
carrier, thus accelerating the performance degradation [3, 33]. Therefore, some 
methods are needed to suppress the Fenton reaction of metallic Fe. First, the stability 
of the Fe-based catalyst can be enhanced by introducing other metals. By rational 
design and synthesis of dual-metal atomically dispersed Fe, Mn/N–C catalyst as a 
model object, Zhang et al. [34] unraveled that the O2 reduction preferentially takes



110 X. Zhang et al.

Fig. 5.3 Atomically dispersed metal carbon-based electrocatalysts for ORR. a A two-step  
encapsulation and ligand-exchange approach effectively introduces CoN4 complexes into the ZIF-
8 micropores. b HAADF-STEM image of the Co(mIm)-NC(1.0) catalyst. c Steady-state ORR 
polarization plots for different Co(mIm)-NC catalysts as a function of Co content (Co(mIm)-NC(x)), 
Co(acac)-NC(1.0) and Co-free NC in 0.5 M H2SO4, and for 20% Pt/C (60 μg Pt on the electrode 
disk) in 0.1  M HClO4 under O2 saturation. d Fuel cell performance (dashed-dot: power density, full 
line: polarization curves) of Co(mIm)-NC(1.0). Reproduced with permission [32]. Copyright 2020, 
Springer Nature. e Synthetic procedure of FePc@N, P-DC catalyst. f ORR polarization LSV of 
FePc@N, P-DC measurement before and after 5000 and 10,000 cycles at the scan rate of 50 mV s−1 

with the rotation speed of 1600 rpm. Reproduced with permission [31]. Copyright 2020, Elsevier

place on FeIII in the FeN4/C system with the intermediate spin state which possesses 
one eg electron (t2g4eg1) readily penetrating the antibonding π-orbital of oxygen. 
Both magnetic measurements and theoretical calculation revealed that the adjacent 
atomically dispersed Mn–N moieties can effectively activate the FeIII sites by both 
spin-state transition and electronic modulation, rendering the excellent ORR perfor-
mances of Fe, Mn/N–C in both alkaline and acidic media (halfwave potentials are 
0.928 V in 0.1 M KOH, and 0.804 V in 0.1 M HClO4), and good durability, which 
outperforms and has almost the same activity of commercial Pt/C, respectively. Fe, Ni
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bimetallic carbon-based catalysts is another interesting case. Zhao et al. [7] presented 
hetero-single-atom ORR electrocatalyst, which has atomically dispersed Fe and Ni 
co-anchored to a micro-sized nitrogen-doped graphitic carbon support with unique 
trimodal-porous structure configured by highly ordered macropores interconnected 
through mesopores. The obtained experimental results indicate that the achieved 
outstanding ORR performance results from the synergetic enhancement induced 
by the coexisting Fe–N4 and Ni–N4 sites and the superior mass-transfer capability 
promoted by the trimodal-porous-structured carbon support.

Alternatively, Fe atoms can be substituted by metals that do not catalyze the Fenton 
reaction, with Co being the most investigated. Wu et al. [32] synthesized an atomically 
dispersed Co–N–C catalyst by simple pyrolysis (Fig. 5.3a, b). Compared with Fe– 
N–C catalysts with similar synthesis methods, Co–N–C catalysts have similar ORR 
catalytic activity and much better durability (Fig. 5.3c, d). 

Fenton reactions involving Mn ions are insignificant because of weak reactivity 
between Mn and H2O2. Therefore, with proper design, Mn can also be an excellent 
single atomic catalyst to replace Fe. Wu and co-workers reported an atomically 
dispersed Mn single-atom catalyst (Mn–NC) obtained by simple pyrolysis of ZIF-8 
loaded with metal Mn, and the ORR half-wave of the obtained catalyst under acidic 
conditions the potential is 0.8 V versus RHE, which is close to Fe–NC catalyst [35]. 
In addition, since metal Mn does not promote the occurrence of Fenton reaction, it 
has excellent long-term stability under acidic conditions. 

Clusters composed of several single atoms can also be synthesized by controlling 
the reaction conditions and the ratio of reactants. The formation of clusters can change 
the electronic structure of the active centers, and the synergistic interaction between 
metallic atoms and between clusters and heteroatoms can improve the activity of 
the catalysts. For example, Tan et al. [36] used the microporous MOFs confinement 
strategy to confine the sub-nano CoOx clusters in the micropores of the ZIF-8-derived 
carbon-based nanomaterials. The micropores of the nanomaterial not only play a 
confining role on the CoOx cluster, which makes the CoOx cluster stable and prevents 
aggregation, but also interact with the CoOx cluster to a certain extent, improve its 
electronic structure, and jointly promote the improvement of ORR/OER catalytic 
activity of the CoOx cluster. Zhang et al. [37] proposed to use sulfurization to enhance 
the activity of iron clusters containing iron carbides (FexC/Fe) for ORR catalysis. In 
contrast to its excellent activity in alkaline media, FeNC–S–FexC/Fe exhibits better 
ORR activity and durability in acidic media. Its half-wave potential (0.821 V) is 
better than commercial Pt/C catalysts (20 wt%). Theoretical calculations confirm 
that the FexC/Fe clusters, the Fe–S and C–S–C bonds construct the energy confined 
field and enhance the original FeNx active center.
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5.4 Metal Nanoparticles Encapsulated Carbon-Based 
Electrocatalysts for ORR 

A variety of metal-based nanoparticle carbon materials, including metals, alloys, and 
compounds, can be obtained by simple pyrolysis process, which all show high ORR 
activity [35, 38]. However, these nanoparticles’ dissociation, migration, and aggrega-
tion always result in decreased activity and stability. Anchoring metal nanoparticles 
on the surface of the carbon substrate or confining them in the cavities is an effective 
method to handle these problems [39]. 

An obvious advantage of MOF materials is that the composition of MOF can 
be changed to bind specific heteroatoms and metal species in situ by replacing the 
organic ligands or metal centers. In addition, additional functional metals can be intro-
duced by constructing multi-metal center MOFs or confining metal nanoparticles to 
the cavities of MOFs [40]. 

Cui et al. [41] adopted a simple strategy to limit the growth of MOF in graphene 
aerogel (GA), and synthesized a new type of N-containing graphene aerogel cobalt 
in the catalyst (Co–N–GA) for ORR. As-prepared Co–N–GA exhibited a hierar-
chical porous structure and a high specific surface area (466.6 m2 g−1). Moreover, 
because of the synergistic effects of hierarchical pores, high specific surface area, 
N-doped carbon and internal metal Co, Co–N–GA catalyst showed excellent activity 
and stability for ORR. This strategy opened up a new platform to construct hierar-
chical porous GA-based catalysts as superior electrocatalysts for energy storage and 
conversion technologies. 

Mu et al. [42] reported bifunctional oxygen electrocatalysts of based on ultra-
fine CoFe alloy (4–5 nm) dispersed in defects enriched hollow porous Co–N-doped 
carbons made by annealing SiO2 coated zeolitic imidazolate framework-67 (ZIF-67) 
encapsulated Fe ions. The open porous structure exposed more active sites inside ZIF-
67 and provided efficient charge and mass transfer. The strong synergetic coupling 
among high-density CoFe alloys and Co–Nx sites in Co, N-doped carbon species 
ensures high ORR activity (Fig. 5.4a–d). 

Wang et al. [43] developed a molten salt-assisted solid-state assembly strategy 
to prepare multifunctional Fe/Co Zn MOF composites. Further carbonization of 
MOF produced Fe/Co–N-doped mesoporous carbons (Fe/Co–NCs). The obtained 
NCs had many advantages, such as a sheet-like structure with high porosity and 
tubular macropores (15 nm) and an N-doped carbon skeleton with highly dispersed 
Fe/Co nanoparticles. The advantage of confined structure can promote the synergistic 
effect between active sites, and Fe/Co–NC showed high activity for ORR and HER. 
Among them, Fe–NC exhibited excellent ORR activity with a higher onset potential 
(0.963 V), half-wave potential (0.877 V vs. RHE in 0.1 M KOH), and excellent 
durability (95% current after 20,000 s maintain). The Co-NC exhibited high HER 
activity with a low overpotential of 242 mV at a current density of 10 mA cm−2. The  
remarkable ORR and HER performance were mainly attributed to the simultaneous 
working of multiple active centers, such as N and metal species (Fe/Co) as active 
sites synergistically promoting ORR and HER processes.
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Fig. 5.4 Metal nanoparticles encapsulated carbon-based electrocatalysts for ORR. a Illustra-
tion of the preparation process of the CoFe–Co@PNC catalysts. b HR-TEM image of Fe, Co, N, 
and C of CoFe–Co@NPC–12. c Schematic diagram of the existence of each element in FeCo– 
Co@PNC–12. d ORR curves of various catalysts in O2-saturated 0.1 M KOH solution at 1600 rpm. 
Reproduced with permission [42]. Copyright 2020, Springer Nature. e Schematic of the synthesis 
procedure of Cu@Fe–N–C. SEM images of f FeCu–ZIF, and g Cu@Fe–N–C. h LSV curves of 
Cu@Fe–N–C, Fe–N–C, Pt/C, Cu–N–C, and N–C in O2-saturated 0.1 M KOH solutions with a rota-
tion speed of 1600 rpm and a sweep rate of 10 mV s−1. i LSV curves of Cu@Fe–N–C, Fe–N–C, 
Pt/C, Cu–N–C, and N–C in O2-saturated 0.5 M H2SO4 solutions with a rotation speed of 1600 rpm 
and a sweep rate of 10 mV s−1. Reproduced with permission [44]. Copyright 2018, WILEY–VCH
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Wang et al. [44] reduced Fe3+ to Fe2+ through copper sheets, and introduced Cu2+, 
then mixed and stirred it with methanol solution containing 2-methylimidazole to 
obtain FeCu-ZIF precursor, and then subjected to simple pyrolysis to obtain Fe, Cu 
co-coordinated ZIF-derived carbon-based materials (Cu@Fe–NC) (Fig. 5.4e). The 
material had a regular truncated dodecahedron morphology, Fe is evenly distributed 
in the carbon framework, and Cu mainly exists in the form of carbon-coated copper 
particles (Fig. 5.4f, g). In terms of performance, Cu@Fe–N–C exhibited excellent 
ORR catalytic activity under both alkaline and acidic conditions (Fig. 5.4 h, i). 

Chen et al. [45] synthesized a series of Co–ZnO (Co–ZnO@NC/CNT–T) coated in 
N-doped carbon/carbon nanotubes by annealing bimetallic MOF confining Co and Zn 
in N2 atmosphere. In the hybrid, the metallic Co combines with ZnO that wrapped by 
NC, while coral-like carbon nanotubes are grown from Co–ZnO@NC nanoparticles. 
When applied to catalytic ORR, Co–ZnO@NC/CNT–700 has a half-wave potential 
of 0.86 V in 0.1 M KOH and a limiting current density of 5.98 mA cm−2, even better 
than 20 wt% Pt/C. It was found that the presence of ZnO is closely related to high ORR 
catalytic activity from two aspects. On the one hand, ZnO catalyzes the formation 
of Co0, Co2+, pyridinic and graphitic N as the main active species for ORR. On the 
other hand, ZnO promotes the growth of carbon nanotubes and micro/mesoporous 
structures, and improves the electrochemically active surface area and mass transfer 
in the ORR process. 

5.5 Metal Nanoparticles Supported Carbon-Based 
Electrocatalysts for ORR 

In addition to encapsulating metal nanoparticles in MOF-derived carbon-based mate-
rials, they can also be loaded onto other carbon-based materials. Transition metal 
nitride (M–Nx) is a kind of ORR catalyst like transition metal carbide [46]. Because 
it is easier to dissolve than other transition metals under high overpotential, transition 
metal nitride shows good stability, which is difficult to be etched and dissolved. 

Varga et al. [47] formed nitrogen-doped graphene sheets (Co4N/NG) modified by 
cobalt nitride (Co4N) nanoparticles by mixing freeze-dried graphene oxide nanopar-
ticles and cobalt acetate (II). The average particle size of Co4N increased from 14 
to 201 nm with the increase of cobalt content. Moreover, it showed ORR activity 
similar to that of Pt/C, and the highest reduction current density was as high as 
4.1 mA cm−2 under alkaline conditions. In addition, the four-electron process was 
the main reaction pathway. In the case of Co–NC interaction, the cobalt atom carries 
more positive cations than the carbon atom is more conducive to the adsorption of 
oxygen molecules. 

Tang et al. [48] discovered a general strategy mediated by metastable rock salt 
oxides for achieving high-density well-defined transition-metal nanocrystals encap-
sulated in N-doped carbon shells (M@NC) anchored on a substrate by a porous 
carbon network as highly active and durable bifunctional catalytic sites. Small-size
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(15 ± 5 nm) well-dispersed Co2Fe1@NC in a high density (metal loading up to 
54.0 wt %) offered the zinc-air battery a record power density of 423.7 mW cm−2. 
The dual protection from the complete graphitic carbon shells and the anchoring of 
the outer carbon network made Co2Fe1@NC chemically and mechanically durable, 
giving the battery a long cycling life (Fig. 5.5a–d). 

Hu et al. [45] developed a strategy to investigate the role of iron species in Fe– 
N–C nanohybrids for catalyzing ORR by delicately tuning the iron chemical state. 
By engineering peripheral substituents of iron porphyrin precursors, two Fe–N– 
C nanohybrids with metallic or oxidized iron species inside were achieved while 
holding a similar catalyst structure. Systematic experiments and theoretical analysis

Fig. 5.5 Metal nanoparticles supported carbon-based electrocatalysts for ORR. a Synthesis 
and structural characterization of Co2Fe1@NC. b Scheme of a catalyst loaded gas diffusion air 
electrode in contact with liquid electrolyte and air. c Steady-state ORR polarization curves. d 
Discharge polarization curves and corresponding power density curves of CFB and PIB. Reproduced 
with permission [48]. Copyright 2020, American Chemical Society. e Schematic illustration of the 
preparation of Fe(0)@FeNC and Fe3O4@FeNC catalysts. f TEM images of Fe(0)@FeNC. g LSV 
curves of Fe3O4@FeNC, Fe(0)@FeNC, NC, and Pt/C for ORR. Reproduced with permission [45]. 
Copyright 2019, Elsevier
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discovered that metallic iron species promoted the electrocatalytic activity of Fe–Nx 
sites for ORR. In contrast, oxidative ones inhibited O2 adsorption on Fe–Nx sites, 
decreasing their ORR activity. (Fig. 5.5e–g).

For nonprecious transition metal oxides, although it exhibits good stability under 
acid, alkaline, and oxidation conditions and have certain ORR activity in alkaline 
solution, it is still a challenge to enhance their ORR activity. The low ORR activity 
is credited with the inherent large energy band of transition metal oxides, leading to 
its low electrical conductivity and poor surface oxygen adsorption capacity. Hence, 
this also suggests that they may not conducive to use as cathodic electrocatalysts in 
acid fuel cell [49]. Introducing defective structure into metal oxides is an effective 
means of improving the activity of electrocatalytic ORR by adjusting the atomic 
coordination environment and electronic structure to lead to surface strain effect, 
thereby optimizing the adsorption energy of ORR intermediates on the surface of the 
catalyst. 

Therefore, Zhang et al. [50] prepared manganese defect Mn3O4 by calcining 
manganese glycolate. The Mn defect in Mn3O4 changed the electronic structure, 
thus improving the electrical conductivity and electron delocalization. In addition, 
the existence of manganese defects can pronouncedly reduce the desorption energy 
of OH*. The molecular orbital diagram showed that the bonding orbital energy of 
Mn2+ -OH is different from that of Mn3+ -OH, the former was lower than that of 
the latter, which indicated that the binding strength of the former was higher than 
that of OH*, which was consistent with the calculation of the reaction free energy 
of ORR. Therefore, the existence of manganese defects in Mn3O4 can be conducive 
to exhibit more Mn3+ as the main active site, thus promoting the activation of O2 in 
ORR and the desorption of OH*, and effectively reducing the change of Gibbs free 
energy and theoretical overpotential in the rate-limiting step of ORR. As a result, 
the initial potential, half-wave potential, and the current density of Mn3O4 with Mn 
defects are superior to those of ordinary Mn3O4. 

Because of its wide electronic structure and inherent physical properties, transition 
metal sulfides (TMSs) have a broad prospect in the field of electrocatalysis and 
have attracted widespread attention [51]. TMSs are new cluster crystals formed by 
the interaction between metal centers and sulfur elements, providing a good space 
for oxygen adsorption and electron transfer. The sulfidation of metals changes the 
surface chemical properties of transition metal sulfides and avoids oxidation in the 
metal center during the preparation of electrocatalysts, which are more stable than 
metal oxides in acidic electrolyte solutions [52]. 

Behret et al. [53] evaluated the electrocatalytic activity of a series of TMSs (Mn, 
Fe, Co, Ni, Cu, Zn) for ORR in acid electrolytes by measuring potentiodynamic 
and galvanostatic methods. The ORR activity of cobalt, iron and nickel sulfides was 
significantly higher in transition metal sulfides. To enhance the electrical conductivity 
of TMSs, carbon materials were used as carriers to disperse TMSs to obtain highly 
active ORR electrocatalysts. Exploring economical electrocatalysts for efficient and 
stable ORR is essential for future renewable energy applications. 

In contrast, transition metal phosphides (TMPs) (TM= Fe, Co, Cu, Ni, W, and Mn) 
with electronic structures and properties are similar to carbides and nitrides, which
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are significant substitute to take the place of Pt. Due to its series of advantages, 
such as high electrical conductivity, earth abundance reserves and good physical 
and chemical properties, it has aroused widespread attention [54]. As a result of 
its excellent catalytic activity and selectivity, it is widely used in ORR and other 
electrocatalytic reactions, especially cobalt phosphide and its derivatives [54]. 

Thus, Li et al.  [55] used the supramolecular assembly-assisted one-pot method and 
used small organic molecules as the phosphorus source to prepare a unique cyclic 
hybrid nanostructure composed of interconnected CoP nanoparticles in a carbon 
matrix co-doped with phosphorus and nitrogen (CoP@PNC-DOS). Furthermore, 
CoP@PNC-DOS showed excellent ORR activity in alkaline medium (Eonset = 
0.94 V, E1/2 = 0.803 V and Tafel slope (85.6 mV dec-1) close to Pt/C (92.5 mV 
dec−1)), which was because of the synergistic effect of the hierarchical donut-like 
morphology, rich active centers and double-doped modulation carbon matrix. 

5.6 Conclusion and Perspectives 

The sluggish O2 reduction due to its multi-electron transfer feature makes it the heart 
of fuel-cell chemistry. The desire to find non-precious metal alternatives to Pt-based 
ORR electrocatalysts is strong for a more affordable and applicable PEMFCs. The 
pyrolyzed porous carbon is usually structurally stable and possess unique electronic 
properties to offer high activity. Through reviewing the ongoing progress in carbon-
based materials, some insights can be extracted with a view to realizing their practical 
application in the more demanding PEMFCs. However, there could be thousands and 
tens of thousands of combinations since the distribution and type of defective sites, 
heteroatom dopants and metal types in carbon nanomaterials are random and diverse. 
Fortunately, as the great progress and rapid development of computer technology, the 
use of high-throughput screening and machine learning technology in searching for 
the best active site for ORR may be the most efficient way. Besides, other significant 
challenges still exist, which are worthy of our further attention to developing the 
highly efficient carbon-based ORR electrocatalysts. 

(1) Modulating the electronic structure of the active sites accurately is the basis 
for studying different catalysts with different configuration. Therefore, more 
reasonable synthesis methods are needed to accurately modify the type, coor-
dination structure and chemical environment of active center. For example, 
the doping of different elements, the preparation of multi-dimensional struc-
tures, and the construction of layered pores have been widely used in well-
designed ORR electrocatalysts. Carbon electrocatalysts doped with multiple 
heteroatoms can further improve the electrocatalytic activity of ORR, which 
can be attributed to the synergistic effect between various heteroatoms. These 
heteroatoms can produce larger asymmetric spins, and the charge density is 
optimized for the carbon skeleton. In addition, due to the unique and adjustable 
structure of the precursor, the obtained electrocatalyst has an ultra-high specific
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surface area, layered pore structure, and high-density active centers with good 
dispersion, which will provide fast mass and protons transfer and enhance the 
catalytic activity of ORR. 

(2) Adjust the porous size and structure to expose more active specific surface 
area, introduce heteroatoms to provide more active site centers, and prevent 
the aggregation of M–Nx sites from forming uniformly dispersed high-density 
active sites, which is useful for improving ORR catalytic activity of the electro-
catalyst effectively. In addition, the size of catalysts is also closely related to the 
transport properties and electrocatalytic activity of ORR electrocatalysts. It has 
been proven that smaller electrocatalysts can provide more favorable quality 
and electron transfer processes. However, most of the synthesis routes of M– 
Nx doped carbon-based catalysts involve high-temperature pyrolysis, which 
may produce two or more metal compound species at the same time, which is 
not conducive to determining the specificity of each species in catalytic effect. 
Therefore, this may be one of the critical issues for the future improvement 
of metal-doped carbon catalysts. In addition, there are severe obstacles to the 
development of carbon catalysts, that is, they are prone to agglomeration and are 
challenging to grow on the substrate during high-temperature processing, and 
may become another research hotspot to improve ORR transmission kinetics 
and improve electrocatalytic activity. 

(3) The mechanism of how active sites interact with carbon substrates and co-
promote the electrocatalytic ORR activity has not been understood. Normally, 
the theoretical simulations are employed to reveal the correlation with the elec-
tronic structure, adsorption properties, and electrocatalytic activity. However, 
there is a big difference between the practical application and theoretical 
modeling simulation. Combined with more powerful and effective experi-
mental characterizations, even in situ or operando techniques are hence neces-
sary to observe the real process of electrocatalysis, which will be very helpful 
to further understand the mechanism of the electrocatalytic reaction. 

(4) The electrocatalytic ORR activity of metal-free carbon-based nanomaterials in 
alkaline conditions is usually higher than that in acidic conditions, for which 
include the quite different absorption intermediates and rate-determining steps 
in acidic and alkaline media. The current carbon-based ORR electrocatalysts 
are hence normally used in alkaline solutions, but not in acidic electrolytes. 
Since most of the practical fuel cells are more promising and competitive 
in acidic conditions (e.g., high efficiency and stability, non-effect of carbon 
dioxide), exploring and synthesizing more effective acidic carbon-based ORR 
electrocatalysts is of great significance. 

All in all, carbon-based materials due to the multiple advantages of low cost, 
high efficiency, good stability, and long lifetime will undoubtedly have a promising 
application in the ORR field. Along with the present achievements and more advanced 
characterization methods combined with in situ techniques, the role of carbon-based 
materials in the electrocatalysis field will be able to further understand at a deeper 
level.
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Chapter 6 
Carbon-Based Nanomaterials 
for Hydrogen Evolution Reaction 

Bin Zhao and Siran Xu 

Abstract Developing high-efficiency and strong stability hydrogen evolution reac-
tion (HER) electrocatalysts is the critical and promising part of reducing the catalytic 
energy barrier and improving the efficiency of hydrogen production. For designing 
prominent HER electrocatalysts, challenges remain in creating large number of 
effective catalytic sites for HER while maintaining their robustness at high output 
volumes. Therefore, the development of effective anchoring of catalytic active 
sites on low-cost, highly conductive carbon carriers to effectively promote metal 
catalytic performance through strong metal-support interactions (SMSI) is a well-
established strategy that has been widely investigated. Carbon-based nanomate-
rials have attracted extensive attention as a promising class of HER catalysts for 
green sustainable energy conversion and beyond, due to their low-cost, diverse 
forms and highly tunable electronic structures. Herein, a summary of the advanced 
research progress of various types of carbon-based catalysts has been discussed, 
mainly including the metal-free carbon-based nanomaterials, atomically dispersed 
metal carbon-based materials, metal nanoparticles supported carbon-based mate-
rials, and metal nanoparticles encapsulated carbon-based materials. Finally, some 
notable challenges and prospects that are instructive for the design and develop-
ment of next-generation high-performance carbon-based electrocatalysts have been 
discussed. 

6.1 Introduction 

The limited fossil fuel has contributed to the rapid development of the economy 
while the harmful emissions from its combustion have also brought indelible damage 
to nature [1]. Therefore, it is necessary to explore sustainable green energy as a
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means of reducing energy pressure even ensuring normal economic development and 
improving people’s quality of life. Currently, converting cheap small molecules (e.g. 
water) into valuable fossil fuels (e.g. hydrogen energy) is one of the more promising 
solutions [2, 3]. At the same time, compared with local and intermittent energy 
sources such as solar, wind, geothermal, and hydroenergy, hydrogen’s high energy 
density, and green and non-polluting combustion products make it the most promising 
alternative energy source [4]. Currently, coal gasification and steam reforming are 
the main methods for the large-scale production of hydrogen [5, 6]. However, these 
approaches not only increase the consumption of fossil fuels, but also irreparably 
damage nature with their combustion by-products such as carbon monoxide and 
carbon dioxide. Therefore, it is crucial to find a clean, efficient and sustainable 
strategy for hydrogen production. 

National “The Fourteenth Five-Year Plan” proposed “hydrogen energy technol-
ogy” as one of the national key R&D special projects to speed up the energy revo-
lution and strengthen the country with science and technology, and actively respond 
to the national call for hydrogen energy green production strategy, electrolytic water 
hydrogen production technology is developing rapidly. At present, it is crucial to 
accelerate the significant industrialization of electrolytic water to hydrogen tech-
nology and promote the rapid development of new energy technology. Theoretically, 
a potential of 1.23 V is required to catalyze the electrolysis of water, but once the 
chemical reaction starts, additional activation energy needs to be overcome, and the 
presence of many constraints such as overpotential from electrode polarization, solu-
tion resistance, migration of ions and bubbles further slows down the rate of advance-
ment of the reaction [7–9]. Therefore, the actual voltage of electrolytic water is greater 
than 1.23 V. The difference between the actual voltage and the theoretical potential 
called as overpotential. The overpotential has also become the most direct bench-
mark for evaluating the catalytic activity of electrocatalysts. Ruthenium-, iridium-, 
and platinum-based catalysts of noble metals have excellent catalytic activity and can 
effectively reduce the overpotential of electrolytic water reaction and accelerate the 
efficiency of electrolytic water hydrogen, but these catalysts are scarce and expensive 
on earth and difficult to be used in large-scale production, which greatly restricts the 
development of electrolytic water hydrogen technology and fundamentally limits 
the large-scale application of hydrogen energy[10–12]. Therefore, the exploration 
of inexpensive, efficient, stable, and abundant catalysts to replace precious metal 
catalysts for commercial production has become a key research direction in the 
development of new energy technologies. 

However, before exploring clean and efficient hydrogen evolution reaction (HER) 
catalysts, it is necessary to understand the mechanism of HER catalysis. Under acidic 
conditions, the HER process consists of three steps with two different mechanisms 
(Fig. 6.1) [13, 14]. The first step is the discharge process, in which an electron is 
transferred to the catalyst surface to capture a proton, resulting in the formation of 
adsorbed hydrogen atoms (Hads), also known as the Volmer reaction: 

H+(aq) + e− → Hads(step 1, Volmer reaction) (6.1)
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Fig. 6.1 Hydrogen evolution reaction mechanism under acidic and basic condition 

There are two types of desorption according to different reaction kinetics: (1) 
Tafel reaction, where two Hads atoms on the catalyst surface combine to form H2; 
(2) Heyrovsky reaction, where Hads atoms tend to combine with a second electron 
and another proton to form H2 molecules when the Hads coverage is low, which is 
also known as electrochemical desorption reaction: 

Hads + Hads → H2(g) (step 2, Tafel reaction) (6.2) 

Hads + H+(aq) + e− → H2(g)(step 3, Heyrovsky reaction) (6.3) 

In alkaline environment, the formation of adsorbed hydrogen atoms requires first 
breaking the H–O–H bond, and the HER process is more difficult in comparison [15, 
16]. Three main reaction processes are also included, as follows: 

H2O + e− → Hads + OH−(Volmer reaction) (6.4) 

Hads + H2O + Hads + e− → H2 + OH−(Heyrovsky reaction) (6.5) 

Hads + Hads → H2(g)(Tafel reaction) (6.6) 

Currently, theoretical evidence and numerous studies have shown that the conduc-
tivity, intrinsic catalytic activity, and the number of active sites of catalytic materials 
largely influence the HER catalytic activity, thus various strategies are proposed 
to enhance the HER performance, especially nanomaterials with high electrical 
conductivity as support [17–19]. Carbon, as one of the elements with a wide distri-
bution in nature, was the first to attract research interest due to its low-cost and
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high earth-abundant. Loading metal nanoparticles onto carbon nanomaterials with 
high electrical conductivity, large theoretical specific surface area, controllable struc-
ture, variable morphology, and corrosion resistance not only prevents aggregation 
and deactivation of metal nanoparticles, but also endows the catalyst more specific 
surface area, increases the number of accessible active sites, and accelerates the 
mass/electron transfer rate by using strong metal-support interactions (SMSI) [20– 
22]. Although the stability of conventional carbon-based loaded metal nanoparticles 
can be improved by strong metal-carrier interactions, they may still migrate and 
agglomerate under harsh conditions [23]. Fortunately, with the continuous inno-
vation and development of carbon-based nanomaterials, in 2014, Bao et al. [24] 
successfully prepared three-dimensional transition metals Fe, Co into FeCo alloys 
and encapsulated them in nitrogen-doped carbon nanotubes (CNTs), which exhib-
ited outstanding HER activity in acidic electrolytes. This metal-encapsulated carbon-
based catalyst not only further prevents nanoparticle migration and aggregation due 
to its outstanding structural properties, but also further enhances the overall elec-
trochemical stability of the catalyst due to the excellent corrosion resistance of its 
carbon shell. 

In 2009, Dai et al. [25] successfully prepared nitrogen (N)-doped vertically aligned 
carbon nanotubes, which exhibited extremely high oxygen reduction reaction (ORR) 
catalytic activity, outstanding long-term stability. Subsequently, metal-free carbon-
based materials have been widely explored as a new potential catalyst that exhibits 
excellent catalytic performance in electrochemical energy conversion and storage. 
Various heteroatoms (N, B, P, etc.), defects on carbon nanomaterials are also widely 
used as dopants for electrochemical hydrogen production to enhance the intrinsic 
catalytic activity [26]. In 2011, Zhang et al. [27] has prepared single-atom catalysts 
for the first time, and the concept of single-atom catalysts has provided a direction 
for the further development of electrocatalysis and further opened up the horizon 
of designing and building efficient electrochemical catalysts. Constructing single 
atom carbon-based materials can expose the active site to a greater extent, but the 
preparation method and characterization means are relatively complicated. There-
fore, this section introduces the advanced development of HER electrochemical cata-
lysts by systematically summarizing the four types of carbon-based electrocatalysts 
that have been widely reported so far: (1) metal-free carbon-based electrocatalysts; 
(2) atomically dispersed metal carbon-based electrocatalysts; (3) metal nanoparticles 
supported carbon-based electrocatalysts; and (4) metal nanoparticles encapsulated 
carbon-based electrocatalysts. 

6.2 Metal-Free Carbon-Based Electrocatalysts for HER 

Currently, Pt-based nanomaterials are still considered to be the most advanced and 
active HER catalysts due to their optimal binding ability with hydrogen. However, 
the high cost and scarcity of Pt-based catalysts severely hinder its large-scale appli-
cation in the production of hydrogen [28, 29]. Therefore, it is crucial to develop



6 Carbon-Based Nanomaterials for Hydrogen Evolution … 127

environmental-friendly, high-efficient, and low-cost catalysts as an alternative to 
the precious metal Pt. However, metal-free carbon-based nanocatalysts have rapidly 
flourished and have been explored extensively for energy conversion applications, 
and milestones have been achieved since low-cost carbon-based metal-free catalysts 
on N-doped carbon nanotube arrays as a highly promising alternative to Pt-based 
catalysts were successfully synthesized and showed promising catalytic properties 
in 2009 [25, 30]. 

As shown in Fig. 6.2a, various heteroatom-doped, edge-doped, defect-doped 
even including unmentioned charge transfer-doped are all evaluation factors that 
effectively influence the catalytic activity [30, 34–37]. In 2016, Yao et al. [31] was  
firstly reported and confirmed defect graphene as a trifunctional metal-free carbon-
based electrocatalyst based on defect mechanism. As shown in Fig. 6.2b, carbon 
defect graphene (DG) was obtained via a facile nitrogen removal process from a 
N-doped carbon precursor. High-angle annular dark-field (HAADF) image of DG 
was measured in Fig. 6.2c, in addition to the normal hexagon structure of graphene, 
various combinations of structural defects were clearly observed near the lattice 
vacancies concentrated at the edges of the holes, including pentagonal, heptagonal, 
octagonal. Easy to speculate that the HER catalytic performance of DG catalysts 
was significantly enhanced compared to the NG catalyst, as shown in Fig. 6.2d, e, 
which exhibited significantly lower overpotential than that of NG catalyst. In addi-
tion to constructing defective engineering to improve catalytic activity, constructing 
edge active sites is also a feasible strategy. Qu et al. [32] Synthesized 2D meso-
porous graphitic-C3N4 self-assembled on 2D graphene nanosheets (g–CN@G MMs) 
via in-suit selective growth without a template, shown in Fig. 6.2f. The pristine 
graphitic-C3N4 meshes with abundant mesoporous arranged regularly were shown 
in Fig. 6.2g. Meanwhile, two types of mesopore structures in line with the compo-
sition of g–CN@G MMs were observed in Fig. 6.2h. That mesh-on-mesh structure 
endowed the g–CN@G MMs with numerous exposed active sites, largely facilitating 
rapid charge transfer, as well as generating additional edges and defects as hydrogen 
bonding sites. Therefore, shown in Fig. 6.2i, j, the g-CN@G MMs catalyst exhibited 
lower overpotentials than the corresponding single component at the current density 
of 10 mA cm−2. 

Heteroatom dopant is also reported as a feasible strategy to alter the catalytic 
activity of metal-free carbon-based catalysts. Zhi et al. [38] firstly reported atomic 
sulfur-modified C3N4 material and successfully proved that sulfur doping can signif-
icantly enhance the activity of C3N4 for HER. That catalyst was synthesized via an 
in-suit polycondensation of sulfur-containing precursor with the existence of meso-
porous carbon (MPC). Subsequently, they systematically investigated the effect of 
different dopants (S, P, B doping) on the catalytic performance of C3N4-based mate-
rials combining comprehensive experimental and theoretical research, which were 
synthesized via an in-suit polycondensation of different precursors, respectively, 
shown in Fig. 6.2k [33]. In Fig. 6.2l, among three types of heteroatom-doped hybrids, 
S-doped C3N4-based catalyst distinctly showed a lower onset potential of −55 mV 
than those of the pristine sample (−167 mV) and other dopant hybrids (P: −201 mV; 
B: −254 mV). Then, to further understand the difference in HER activity caused
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Fig. 6.2 Different metal-free carbon-based electrocatalysts. a Schematic illustration of various 
active sites and underlying mechanism of carbon nano-catalysts for ORR. b Abbreviated synthetic 
schematic of DG. c HAADF image of DG, in which the defects of pentagonal, heptagonal, and 
octagonal are marked in green, blue, and red respectively. LSV curves of the pristine graphene, NG, 
DG,  and Pt/C in 0.5  H2SO4 d and 1 M KOH  e. (b–e) Reproduced with permission [31]. Copyright 
2016, WILEY–VCH. f Synthetic process illustration of g–CN@ G MMs. TEM images of g–C3N4 
meshes g and g–CN@ G MMs h. i LSV curves of various prepared-catalysts (g–CNM, N–GM, 
g–CN/G MMs, g–CN@ G MMs). j The corresponding overpotentials of various catalysts at the 
current density of 10 mA cm−2. f–j Reproduced with permission [32]. Copyright 2017, WILEY– 
VCH. k Preparation steps of the PC-based B/S/P-doped C3N4 catalysts. l The HER polarization 
curves of B/S/P-doped C3N4, pristine C3N4, and compared Pt/C. m The calculated Δ GH 

* value 
of various catalysts. k–m. Reproduced with permission [33]. Copyright 2017, American Chemical 
Society

by the dopant, the corresponding hydrogen adsorption Gibbs free energy (Δ GH*) 
was calculated. The calculated Δ GH* value of the doped catalysts was listed in 
Fig. 6.2m, compared to the pure C3N4 material, P-doped and B-doped samples all 
exhibited more negativeΔ GH* values, implying the more difficult hydrogen adsorp-
tion. On the contrary, the S-doped compound exhibited more suitable Δ GH* values
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of –0.03 eV even than the well-known Pt/C catalyst, which indicated better HER 
activity consistent with the numerical trend of the practical research values.

6.3 Atomically Dispersed Metal Carbon-Based 
Electrocatalysts for HER 

Numerous experimental studies have shown that tuning the size of metal catalysts 
to the nanoscale can significantly contribute to the number of accessible active 
sites. However, these catalyst particles with small particle sizes tend to have high 
surface energy, which can lead to severe aggregation of nanoparticles, resulting in 
a significant decrease in electrocatalytic activity [39, 40]. Therefore, it is not only 
necessary to explore further innovations in small-size metal particles, but also to 
develop supporting materials with stable anchored metal active phases. In recent 
years, supported single-atom catalysts have been widely used in numerous reactions 
such as energy storage and green catalysis due to their maximum atom utilization 
efficiency [41, 42]. Among the variously reported supported-SACs, various carbon-
based SACs consisting of C, N, and O existed in nature as elements abundant and 
prepared from easily available and inexpensive materials. As the most promising 
advanced hybrid nanocatalysts, carbon-based SACs are heavily used in advanced 
energy technologies and catalysis due to their unique physicochemical properties, 
such as tunable morphology, ordered porosity, and easy immobilization of the active 
phase [43]. This section mainly introduces the recently emerging carbon-based SACs 
with graphene, carbon–nitrogen, carbon nanotubes, and MOF-derived carbon shell 
as carbon carriers, and highlights their unique applications in hydrogen production 
for electrochemical water splitting. 

Meanwhile, carbon-based SACs have made great progress in electrocatalysis due 
to the advantages of high electrical conductivity, large specific surface area, abundant 
carbon reserves, and a wide variety of carbon derivatives, especially graphene-based 
SACs [44–48]. However, pure graphene materials with relatively inert surfaces can 
only provide weak electronic metal-support interaction (EMSI) for metal nanoparti-
cles, which is often insufficient to effectively control the electronic structure of the 
supported metal nanoparticles [49]. Therefore, several strategies have been explored 
to optimize the EMSI of graphene-based SACs. (1) The introduction of oxygen-
containing groups on the surface of graphene can introduce additional electronic 
states near the Fermi energy level, thus changing its surface reactivity, such as 
GO, rGO [28, 50]. (2) The introduction of non-metallic (N, O and S) or metallic 
heteroatoms into graphene matrix can induce electronic redistribution or spin states 
in sp2-conjugated carbon substrates, thus adjusting the valence orbital energy of the 
active sites on the carbon surface [51–53]. The strong metal-support interaction not 
only causes strong orbital hybridization between the SACs and the carbon surface, 
which facilitates the electron transfer at its interface, but also further solidifies the
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SACs on carbon substrate and facilitates the enhanced electrochemical stability of 
the carbon-based monoatomic catalyst [49]. 

In 2021, the Luo et al. [54] reported the synthesis of rich mesoporous graphene 
oxide (MGO) support via the low-intensity pulsed laser irradiation (LI) technique to 
obtain more surface dangling bonds. A series of experimental manipulations were 
then used to extract metal atoms from the corresponding metal foams using the surface 
dangling bonds of nanocarbon and evolve them directly into SACs. The specific 
synthesis mechanism of Fe/Co–SACs supported on N-doped MGO substrate was 
shown in the Fig. 6.3a. Figure 6.3b showed the LSV curves of Co-NMGO, which 
exhibited the outstanding HER activity with a lower overpotential of 146 mV at 
10 mA cm−2, and a smaller Tafel slope value (Fig. 6.3c), which was much smaller 
than those of Fe–NMGO (310 mV), NMGO (470 mV), and GO (600 mV) electrocata-
lyst. As shown in Fig. 6.3d, the current density value of the Co–NMGO electrocatalyst 
remained stable for at least 24 h with almost no energy loss, which signifies its good 
electrochemical stability. The proposed new synthetic method provides new ideas 
and insights to further enhance the metal-support interactions between carbon-based 
SACs. Su et al. [49] proposed a new strategy to modulate the electrocatalytic behavior 
of supported highly dispersed metal nanoparticles. The deposition of Ru nanoparti-
cles on O-doped graphene modified with single metal atoms (e.g. Fe, Co, and Ni) for 
HER was systematically investigated by theoretical calculations and experimental 
explorations. As shown in Fig. 6.3e–g, DFT calculation was firstly proceeded to 
research this strategy theoretically. Firstly, the ideal structural model consisting of a 
highly stable Ru55 cluster with a diameter of about 1.2 nm supported on an O-doped 
graphitic nanosheet with highly atomically dispersed single atoms (called M1@OG, 
with M = Fe, Co, and Ni) has been constructed. Meanwhile, binding energy and its 
corresponding adsorption free energy of H* (Fig. 6.3f) of Ru55 on Fe1/Co1/Ni1@OG 
substrates were stronger than that of Ru55 on pure OG without metal-atom decora-
tion. Fig. 6.3 g showed the electronic density of states (DOS), which revealed that 
the introduction of highly dispersed monometallic atoms induces significant states 
near the Fermi energy level, activating the inert carbon surface and significantly 
enhancing the interaction between its metal carriers. The underlying DFT calcula-
tions implied that single metal atoms and Ru clusters can synergistically modulate 
the HER activity through electronic coupling with O-doped graphene substrates. 
Subsequently, RuM1@OG was synthesized via a typical salt-template method to 
further verify the effect of SMSI between RuM1 and OG substrate for HER. As an 
illustration in Fig. 6.3 h, i, RuCo@OG exhibited superior HER activity with a lower 
overpotential of 13 mV than those of Ru@OG (48 mV) at 10 mA cm−2, even than 
the-start-of-art Pt/C (31 mV). Meanwhile, the HER kinetics of as-prepared catalysts 
was exhibited through Tafel slopes shown in Fig. 6.3j, RuCo@OG exposed the lowest 
Tafel slope value of 28.5 mV dec−1, which coincided with the trend of LSV curve. 

In addition, as a special structure of carbon-based SACs, metal- and N-doped 
carbon (M–Nx–C) materials can not only reinforce metal atoms through M–N coor-
dination, thus further enhancing metal-carrier interactions, but also modulate the 
electronic structure of metal atoms through carbon–nitrogen tethering effects, which 
have been regarded as the most promising alternatives to the Pt-based noble-metal



6 Carbon-Based Nanomaterials for Hydrogen Evolution … 131

Fig. 6.3 Atomically dispersed metal carbon-based electrocatalysts with oxygen-containing 
groups. a Synthesis schematic of mesoporous GO prepared via LI method. b LSV curves, c Tafel 
slopes of Co–NMGO, Fe–NMGO, NMGO, and GO. d I-t measurements of Co-NMGO catalyst. 
a–d Reproduced with permission [54]. Copyright 2021, WILEY–VCH. e Ideal atomic structures 
models of Ru55 supported on O-doped graphene with dispersed single metal atoms. f Binding 
energies (Ebind) of Ru55 and Ru55/M1@OG, and its corresponding Gibbs adsorption free energy 
of H* (Δ GH 

*). g DOS of Ru55/M1@OG. h LSV curves, i the corresponding overpotentials, and 
j Tafel slopes of Ru/OG, RuCo/OG, RuCo1.7/OG, and commercial Pt/C. (e–j ). Reproduced with 
permission [49]. Copyright 2021, WILEY–VCH
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Fig. 6.4 Atomically dispersed metal carbon-based electrocatalysts with carbon–nitrogen 
tethering effects. a Detailed diagram of the synthesis process of Co–N–C sites embedded into 
the porous aligned film. b Macroscopic optical images of monolithic and thin-film Co–NC–AF 
material. c–f SEM images in different views, g TEM pattern of Co–NC–AF. h, i LSV curves, j 
Tafel slopes of Co–NC–AF, Co–NC–RF, Co–NC–CF, NC–AF, Co–NC-Slurry, Pt foil, and Pt/C 
(a–j). Reproduced with permission [55]. Copyright 2021, WILEY–VCH 

electrocatalysts and thus have increasingly attracted attention [56–58]. Recently, Fei 
et al. [55] designed and fabricated single atom Co–N–C sites encapsulated into an 
aligned porous carbon film, which exhibited extremely excellent industrial HER 
activity and stability. As shown in Fig. 6.4a, Co–N–C sites decorated on aligned film 
(Co–NC–AF) were prepared via firstly constructing self-assembly into hydrogel film 
with strongly oxidized multiwall carbon nanotubes (O-MWCNTs) as a template, 
followed by freeze-drying and final annealing treatment. Figure 6.4b–g showed a 
schematic representation of the morphology and porous structure of the Co–NC–AF 
catalyst, in which it can be clearly observed that the intact MWCNTs serve as the 
overall derived backbone to enhance the stiffness and conductivity of the carbon 
network, while the graphene sheets serve as a substrate for the dispersed single-atom 
CoNx sites. In addition, separate carbon film with vertically aligned large pores and 
nanochannels (~20 μm) within the carbon wall network contributed to the smooth 
transport of ions and gases. Benefiting from its unique structural properties, Co–NC– 
AF exhibited excellent industrial electrochemical HER activity with an ultra-low 
overpotential of 343 mV at the large current density of 1 A cm−2, and a small  Tafel  
slope of 67.6 mV dec−1, as shown in Fig. 6.4h–j. Meanwhile, at this high current 
density, the overpotential of Co–NC–AF catalyst can be stable for at least 32 h with 
almost no energy loss.

In addition, a variety of SAC catalysts with different structural properties are still 
designed and synthesized and exhibit excellent HER activity. The research devel-
opment of various richly structured carbon-based SACs materials with strong metal
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carrier interactions has provided rich insights and directions for further design of 
highly active and stable catalysts with commercial applications. 

6.4 Metal Nanoparticles Supported Carbon-Based 
Electrocatalysts for HER 

The development of highly active but low-cost catalysts remains one of the most 
critical impediments to achieving large-scale commercial production of hydrogen. 
Currently, there are numerous advanced catalysts fabricated via incorporating of 
zero-dimension (0D) electrochemically active metals nanoparticles onto catalytic 
supports, mainly including complex and variable carbon nanostructures, oxides elec-
trodes, MoS2 nanosheet, and so on [59, 60]. However, it is urgent to stably disperse 
metal nanoparticles on a suitable support to efficiently catalyze the HER process. 
Various carbon nanomaterials as high conductivity and low-cost support have gener-
ated widespread interest. Meanwhile, to improve the conductivity of supported-
catalysts and avoid aggregation of metal nanoparticles, carbon material carriers such 
as reduced graphene oxide (rGO), [61–63] CNTs, and others are usually used as 
current integrators and further stabilize the dispersed metal active phase by building 
various defects, oxidation states, etc. [13, 19, 64]. 

CNTs as a special one-dimension (1D) carbon support were divided into single-
walled carbon nanotube (SWCNTs) and MWCNTs. MWCNTs typically have the 
higher surface area to uniformly disperse metal nanoparticles, strong electrical 
conductivity to accelerate electron conduction rates, good chemical and mechanical 
stability to ensure electrochemical stability of the catalyst during long-term HER, 
strong coupling effect with active species to obtain SMSI, and are less expensive than 
highly conductive graphene [65–67]. Currently, Baek et al. [68] reported the synthesis 
of Ru nanoparticles uniformly deposited on MWCNTs as an excellent and stable HER 
catalyst. As shown in Fig. 6.5a, MWCNTs support with oxygenated functional groups 
(specifically, carboxylic acids, –COOH) was firstly fabricated via mildly oxidizing 
by nitric acid. Subsequently, benefiting from the numerous carboxylic acid bonds on 
the surface of MWCNT, Ru nanoparticles can be more stably anchored and dispersed 
on the carrier surface by forming ruthenium carboxylate complexes. Finally, the final 
catalytic product Ru-MWCNTs was obtained by further reduction of Ru nanopar-
ticles and oxygen-containing groups by thermal reduction. Figure 6.5b, c showed 
the TEM images, in which well-dispersed and small-size (with the average size of 
3.4 nm) Ru nanoparticles can be observed. Small particle size and uniform distribu-
tion are more conducive to exposing a large number of Ru active sites, which can 
be further illustrated in Fig. 6.5d, e. Compared with start-of-the-art Pt/C catalyst, 
Ru-MWCNTs exposed better electrochemical activity in 1.0 M KOH and 0.5 H2SO4 

electrolytes (Fig. 6.5f–h), respectively. Especially, Ru-MWCNTs exhibited superior 
HER activity in alkaline with a lower overpotential of 17 mV at 10 mA cm−2, which 
is less 16 mV than those of Pt/C (33 mV). However, it is still a daunting challenge
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Fig. 6.5 Supported carbon-based electrocatalysts with CNT as support. a Diagram of the 
synthesis process. b, c TEM images, d HR-TEM image focused on Ru nanoparticles (The inset is 
the corresponding FFT pattern), e HAADF-STEM image (upper picture) and STEM-EDS element 
mapping (following pictures) of Ru@MWCNTs. f–h LSV curves, Tafel slopes and histogram of 
Pt/C and Ru@MWCNT at 1.0 M KOH and 0.5 M H2SO4, respectively. a–h Reproduced with 
permission [68]. Copyright 2020, Nature Publishing Group. i XRD pattern, j, k TEM images, l 
HRTEM image of Ru@MoxC–CNT. m LSV curves, n Tafel slopes of pure CNT, MoxC@CNT, 
Ru@CNT, Ru@MoxC–CNT, and Pt/C in 1.0 M KOH. o LSV curves of Ru@MoxC–CNT powder 
supported on Ni foam and Ni foam electrode. p Long-term stability curve of Ru-Mo2C@CNT under 
the evolution of the potential required to maintain a high current density of 500 mA cm−2 stable 
for 1000 h (i–p). Reproduced with permission [69]. Copyright 2021, Nature Publishing Group
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Fig. 6.5 (continued)
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to achieve industrial production of carbon-based Ru nanoparticles for HER while 
reducing costs, increasing activity, and improving stability. Wu et al. [69] successfully 
fabricated ultra-small Ru-MoxC heterojunction nanoparticles (3.5 nm) supported 
on MWCNTs (Ru-MoCx@MWCNTs) via a novel and straightforward solvent-free 
microwave pyrolysis method (Fig. 6.5i–l), which showed outstanding industrial HER 
performance with an ultra-low overpotential of 15 mV with 10 mV cm−2 in 1.0 M 
KOH, and a low Tafel slope of 26 mV dec−1. In addition, it is important to mention 
that Ru-MoCx@MWCNTs with strong metal-support interaction exposed superior 
industrial HER activity as shown in Fig. 6.5m–p, which showed extremely low over-
potential of 78 mV to afford the large current density of 1 mA cm−2 in 1.0 KOH, 
and maintained it for at least 1000 h.

In addition, 2D graphene as a high-conductivity carrier, especially heterogeneous 
nitrogen (N)-doped graphene has become an intriguing material in the field of elec-
trocatalysis. Numerous advanced reports show the doping of N, P, B, S, and other 
heteroatoms into carbon-based materials to optimize their electrocatalytic proper-
ties [70, 71]. The introduction of heteroatoms into the carbon lattice can effectively 
interfere with the electroneutrality of adjacent carbon atoms, thereby modulating 
the electronic properties and surface chemical states of carbon. Therefore, when N-
doped graphene is used as a support, it can form surface strong coupling chemical 
bonds with metal nanoparticles to induce electron transfer and manipulate the elec-
tronic structure of the metal active phase, thus improving electrocatalytic activity. For 
example, the Hu et al. [72] synthesized the well-dispersed and ultra-small Ir nanopar-
ticles (3.5 nm) supported on N-doped graphene nanosheets (Ir@NG). Ir@NG exhib-
ited superior HER performance with an extremely low overpotential of 19 mV at 
10 mA cm−2, which is even less than those of commercial Pt/C catalyst. Meanwhile, 
Gibbis free energy of H adsorption of Ir@G without the introduction of N element, 
Ir@graphitic N (gN–G), and pyridinic N (pN–G) further proved that the doping of N 
elements can indeed optimize the HER activity of Ir nanoparticles. Furthermore, rGO 
flakes are a commonly studied type of graphene carrier material due to the active 
chemical bonding on the surface that effectively anchors the metal active phase, 
thus facilitating EMSI, dispersing and immobilizing the active site while further 
improving the long-term stability and corrosion resistance of the catalyst. 

In recent years, many advanced literature reports show that surface graphene 
grown directly on porous carbon nanotube scaffolds can not only effectively elim-
inate the heavy stacking problem of conventional 2D graphene, but also provide 
a more stable anchor point for the loaded metal active phase than conventional 
graphene or carbon nanotubes alone [73, 74]. Furthermore, porous carbon benefits 
from abundant oxygen-containing surface functional groups and exhibits stronger 
reduction (low redox potential) than conventional carbon substrates such as carbon 
nanotubes or graphene oxide, which can make metal nanoparticles more easily chem-
ically deposited and stably anchored on their surfaces, further enhancing their metal 
carrier interactions and thus effectively promoting HER performance [17, 55].
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6.5 Metal Nanoparticles Encapsulated Carbon-Based 
Electrocatalysts for HER 

The susceptibility of the metal active sites to corrosion during electrochemical 
measures severely affects the electrochemical stability of the electrocatalysts. In 
addition, the poor storage stability of catalysts with easier oxidation is also a major 
problem that the ideal catalyst needs to solve urgently [75]. Metal nanoparticles 
encapsulated in carbon materials are nanostructures with high chemical and thermal 
stability because the outer encapsulated carbon shell not only protects the metal 
nanoparticles from atmospheric oxygen-induced degradation and strong acidic and 
alkaline environments, but also effectively hinders the agglomeration of neighboring 
nanoparticles [76–79]. Currently, there are three types of metal nanoparticles encap-
sulated carbon-based materials are divided into metal nanoparticles encapsulated 
into CNTs, [80–82] MOFs,  [83] and nanofibers [84]. 

Laasonen et al. [78] first investigated single-walled carbon nanotubes (SWNTs) 
surface decorated with single-shell carbon encapsulated iron nanoparticles as a novel 
highly active, durable, and low-cost electrocatalyst for HER, which was synthesized 
by a rapid and low-cost aerosol chemical vapor deposition method. The existence of 
a single carbon shell protected active metal centers from oxidation. Subsequently, 
Fang et al. [85] proposed a novel structure consisting of encapsulating ultra-fine 
Co nanoparticles in nitrogen-doped carbon nanotubes (N–CNTs) grafted onto rGO. 
As shown in Fig. 6.6a, Co@N–CNTs@rGo electrocatalyst was fabricated via GO-
wrapped core–shell (Co, Zn)-bimetallic ZIF as precursors followed by annealing. 
The obvious rGo sheet structure can be found in the FE-TEM image, as shown 
in Fig. 6.6b. From the magnified FESEM image of Fig. 6.6c, numerous carbon 
nanotubes grown on rGo were uniformly extruded from all sides. Insert in Fig. 6.6d, 
ultra-fine Co nanoparticles with an average size of 8 nm encapsulated by the “bamboo 
joint-like” CNTs with only 3–4 carbon layers were also observed at the top of the 
CNTs. Inspired by the unique 3D hierarchical structure with rich active sites and 
expected composition, the as-obtained Co@N–CNTs@rGO composite exhibited 
excellent electrocatalytic performance with the ultra-low overpotential of 108 mV 
to afford the current density of 10 mA cm−2 and a lower Tafel slope of 55 mV dec−1 

(Fig. 6.6e–g). Obviously, in 1.0 M KOH, Co@N–CNTs@rGo exposed strong long-
term stability for 100 h with negligible decay during the continuous electrochemical 
process. Meanwhile, the DFT calculation showed the Gibbs free energy of H* (Δ G) 
of various catalysts. The H* adsorption of bare Co was too strong while the bare 
graphene was too weak, such all implied their lower activity toward HER. However, 
Co nanoparticles encapsulated into graphene, the Δ G was effectively tuned with 
nearly to zero. 

Coating metal active centers with carbon layers are also an effective solution to 
improve catalyst durability. Meanwhile, the unique interfacial interaction between 
metal particles and carbon shells will also enable more catalytic active sites for 
HER, thus further enhancing electrocatalytic activity. The formation of carbon layers
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Fig. 6.6 Metal atom encapsulated carbon-based electrocatalysts. a The illustration of the 
synthetic process of Co@N–CNTs@rGo catalysts. b, c TEM images, d HRTEM image of Co@N– 
CNTs@rGo. e LSV curves, f overpotentials (j = 10 mA cm−2), g Tafel slopes of Co@N– 
CNTs@rGo, A–ZIF–67@ZIF–8, A–ZIF–67@Go, A–ZIF–8@Go and commerial Pt/C. h I-t curves 
of Co@N–CNTs@rGo at 20 mA cm−2. i DFT calculation of H adsorption free energy. Reproduced 
with permission [85]. Copyright 2018, WILEY–VCH

mainly depended on MOF-derived, PANI-derived, and so on. Li et al. [86] fabri-
cated the N-doped carbon encapsulated cobalt phosphide nanoparticles supported 
on N-doped graphene (CoP@NC-NG) with polyaniline (PANI) as carbon source 
(Fig. 6.7a). The C-shell layer covering the surface of CoP NPs derived from PANI 
not only acted as a protective layer to impede the dissolution of nanoparticles, but also
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Fig. 6.7 Metal hybrids encapsulated carbon-based electrocatalysts. a Growth schematic of 
core–shell structure of CoP@NC. b TEM and c HRTEM images of CoP@NC. (a–c). Reproduced 
with permission [86]. Copyright 2018, WILEY–VCH 

enhanced the electrical conductivity of nanoparticles. As an illustration in Fig. 6.7b, 
c, an obvious carbon shell can be found in TEM images, and CoP NPs coated in NC 
shell were well-dispersed with the benefit of N-doped graphene.

6.6 Conclusion and Prospects 

Carbon nanomaterials have enormous potential as HER supports in terms of high 
electrical conductivity, strong electrochemical stability, highly adjustable electronic 
structure, and various structural features. In this chapter, the recently advanced 
perspectives of carbon-based nanomaterials as potential HER electrocatalysts have 
been summarized. Due to the efficient metal atom utilization, highly promising 
single-metal-atom carbon-based materials were first to be discussed. Secondly, 
carbon-based metal-free electrocatalysts were discussed in detail. Then, according 
to the different composite forms between metal nanoparticles and carbon materials, 
metal nanoparticles supported carbon-based materials and metal nanoparticles encap-
sulated carbon-based materials are depicted respectively. However, there are several 
unsolved problems about carbon-based nanomaterials, even if tremendous efforts are 
put into research systematically for the enhanced HER performance. 

(1) Improving the atomic utilization of metal active centers. Single metal-atom 
catalysts represent to a certain extent the maximization of metal atom utiliza-
tion, which is conducive to the rational utilization of metal resources and the
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economic potential of electrocatalytic systems. However, the linear relation-
ship between the maximization of atomic utilization and the application area 
is still unclear, and it is not known whether the pursuit of maximization of 
atomic utilization can extend the field advantage. Currently, the synergy of 
single atomic sites with active sites in clusters and nanoparticles shows more 
favorable electrochemical activity than single metal sites. Therefore, the extent 
to which atomic utilization is appropriate remains to be explored. 

(2) Catalytic mechanism. To fully understand the origins of activity enhancement, 
further study of the underlying principles is needed. Only with a deeper under-
standing can we solve the bottleneck that the inherent linear scalar relationship 
limits the activity of carbon-based metal-free electrocatalysts, which may be 
a feasible strategy to surpass its active limit, and even expected to surpass 
carbon-based metal catalysts. Therefore, it is very necessary to explore what 
will happen to the surface of the carbon-based catalysts during HER. However, 
current theoretical studies are less concerned with the effect of surface recon-
struction on the active epicenters of carbon-based catalysts. During the HER 
process, the existence of complicated surface reconstruction on the catalytic 
surface may cause changes in the chemical structure and environment of the 
active center, which further increases the difficulty of studying the potential 
catalytic mechanism. Therefore, on the one hand, the catalytic mechanism 
needs to be studied in greater depth, and on the other hand, various advanced 
in situ characterization techniques need to be developed to reveal the complex 
evolution of the active center during the HER process and provide better 
guidance for catalyst construct. 

(3) Carbon corrosion. Although loading the active center on carbon nanomaterials 
can effectively improve the corrosion resistance of the catalyst, a portion of 
the carbon atoms will be oxidized to CO2 when exposed to strong acidic and 
alkaline environments or high overpotential for a long time, which will lead 
to the collapse of the catalyst structure and thus reduce the electrochemical 
performance. Therefore, it is essential to consider the design of carbon carriers 
with suitable defects to balance catalytic activity with long-term stability. 

(4) Application. In addition to the HER field, the application of carbon-based elec-
trocatalysts in oxygen reduction reaction, oxygen evolution reaction, nitrogen 
reduction reaction, CO2 reduction reaction, fuel cell, supercapacitor, and other 
fields is also expected to achieve favorable development. 
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Chapter 7 
Carbon-Based Nanomaterials for Oxygen 
Evolution Reaction 

Mengli Liu, Siran Xu, and Bang-An Lu 

Abstract The oxygen evolution reaction (OER), one of the semi-reactions of water 
electrolysis, is expected to play an important role in the conversion and storage 
of energy in the future. The sluggish four-electron transfer reaction has become 
the primary bottleneck of electrochemical water splitting, which can be signif-
icantly alleviated with the development of low-cost and durable OER catalysts, 
fortunately. Carbon-based composite nanomaterials can function well in alkaline 
environments because of their excellent mechanical and electrical properties, low 
cost, high abundance, and large surface area. This chapter discusses recent break-
throughs in carbon-based OER electrocatalysts, mainly including metal-free cata-
lysts, atomically dispersed metallic carbon, metal-encapsulated carbon nanoparti-
cles, and carbon nanoparticles supported by metal nanoparticles. The knowledge 
offered in this chapter can be used to rationally design OER carbon-based composite 
nanomaterial catalysts, which may help shed light on the future of carbon-based OER 
development. 

7.1 Introduction 

In recent years, with the increase of the global population, the total energy demand 
has increased rapidly, leading to excessive consumption of traditional fossil energy 
and accompanied by increasingly serious environmental pollution problems [1, 2]. 
As a result, the urgent need for new energy forms and carriers, as well as the desire to 
reduce long-term excessive reliance on fossil energy, researchers in energy-related

M. Liu · S. Xu · B.-A. Lu (B) 
College of Materials Science and Engineering, Zhengzhou University, Zhengzhou 450001, 
P. R. China 
e-mail: balu@zzu.edu.cn 

M. Liu 
e-mail: 13592573680@163.com 

S. Xu 
e-mail: siranxuhbnu@163.com 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 
J.-N. Zhang (ed.), Carbon-Based Nanomaterials for Energy Conversion and Storage, 
Springer Series in Materials Science 325, https://doi.org/10.1007/978-981-19-4625-7_7 

147

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4625-7_7&domain=pdf
mailto:balu@zzu.edu.cn
mailto:13592573680@163.com
mailto:siranxuhbnu@163.com
https://doi.org/10.1007/978-981-19-4625-7_7


148 M. Liu et al.

fields are exploring and developing environmentally friendly and sustainable new 
energy and production technologies. In order to achieve the goal of carbon neutrality 
and find alternatives to renewable energy and clean energy, such as wind energy, tidal 
energy, solar energy, and geothermal energy, a lot of efforts have been made [3, 4]. 
However, due to the lack of suitable energy storage technology, these intermittent 
energy sources cannot be widely used [5, 6]. Hydrogen energy has significant advan-
tages as a zero-carbon energy source. Because of its high energy density, H2 can 
be used to store large amounts of energy indefinitely. Low-pollution fuel cells can 
then be used to regenerate the electrical energy. Additional to this, the high-value-
added chemicals can also be produced by using H2 [7–9]. Fossil fuels, biomass, and 
water splitting are the three primary sources of hydrogen production currently avail-
able. However, hydrogen production from fossil fuels and biomass involves the use 
of limited fossil energy, resulting in environmental contamination. Electrochemical 
water splitting to produce hydrogen is therefore expected to become the primary 
method of producing hydrogen because of its durability and low pollution [10–12]. 

The electrocatalytic water splitting is the reverse process of the fuel cell reac-
tion, including the hydrogen evolution reaction (HER) at the cathode and the oxygen 
evolution reaction (OER) at the anode [13–15]. Both of these reactions require effi-
cient catalysts to accelerate the reaction kinetics. HER is a relatively simple two-
electron transport process involving electrochemical H+ adsorption and H2 desorp-
tion. In contrast, the OER process involves a complex four-electron-proton coupling 
process. Due to its slow kinetic reaction, it becomes a bottleneck for the produc-
tion of hydrogen by electrochemical water splitting [16]. Meanwhile, OER is also 
an important semi-response of rechargeable metal-air batteries. However, due to the 
inherent slow kinetics of OER, the metal-air battery has low life, low energy conver-
sion efficiency, and limited stability [17]. The reaction path of OER process in acidic 
and alkaline electrolytes is shown in the following formula: 

Acid: 

H2O (l)+∗ → OH∗ + (
H+ + e−)

(7.1) 

OH∗ → O∗ + (
H+ + e−)

(7.2) 

O∗ + H2O(l) → OOH∗ + (
H+ + e−)

(7.3) 

OOH∗ → ∗ + O2(g) +
(
H+ + e−)

(7.4) 

Alkaline: 

OH− + ∗  →  OH ∗ +e− (7.5) 

OH∗ + OH− → O∗ + H2O(l) + e− (7.6)
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O∗ + OH− → OOH∗ + e− (7.7) 

OOH∗ + OH− → ∗ + O2(g) + H2O(l) + e− (7.8) 

In the formula, (l) and (g) are gas and liquid phases, respectively, * is the active 
site on the catalyst, and O*, OH*, OOH* are adsorption intermediates. 

The OER can be divided into four steps. Each step involves the transfer of an 
electron. The overpotential of OER can be determined by the free energy of the 
reaction of all four steps [18]. The energy barriers of different reaction intermediates 
are related to the catalyst’s electronic structure and interface structure. This basic 
identification of OER mechanism and activity source is a prerequisite for designing 
advanced OER electrocatalysts [19, 20]. 

Generally speaking, there are two possible mechanism for the OER process, 
one is the traditional adsorbate evolution mechanism (AEM), and the other is the 
lattice oxygen mediated mechanism (LOM) [21–23]. AEM is considered to be a 
conventional OER mechanism. AEM involves four proton-coupled electron transfer 
processes centered on metal ions. The source of oxygen is mainly water molecules 
adsorbed in the electrolyte. Specifically, first, water molecules are adsorbed on the 
surface of the metal site through a single-electron oxidation process, forming an 
adsorbed *OH on the metal site (*). Then *OH forms *O species through proton 
coupling and electron removal. Another water molecule is adsorbed to form the 
*OOH intermediate in the next step. Finally, *OOH is oxidized, releasing O2, and the 
original clean metal active sites are restored. On the scale of reversible hydrogen elec-
trodes, AEM usually produces activity independent of pH. However, LOM clearly 
pointed out the necessity of considering the surface of the dynamic catalyst, and the 
active sites on the surface of the dynamic catalyst are not limited to the metal center. 
The LOM concept involving the reaction of lattice oxygen was first proposed by 
Damjanovic and Jovanovic in 1976 [24]. In late 2015, Binninger et al. [25] proposed 
a more formal description and coined the term for the lattice oxygen evolution reac-
tion in a typical LOM [25]. LOM involves the participation of lattice oxygen in the 
electrocatalyst, and oxygen is generated by lattice oxygen atoms. The first two steps 
are similar to those in AEM. However, in the third step, the adsorbed *O couples with 
the lattice oxygen on the electrocatalyst, releasing an oxygen molecule and leaving 
an oxygen vacancy. In order to produce adsorbed *H, the fourth step is supplemented 
with water and dissociated. The final deprotonation results in a clean metal site. Elec-
trocatalyst electronic structure can be controlled by LOM’s OER mechanism, which 
is based on LOM’s metal–oxygen covalent bond [26]. 

The catalyst plays a critical role in accelerating the reaction rate and increasing the 
selectivity/efficiency of the OER. As a result, theoretical and experimental research 
on the design and development of effective and stable OER catalysts is still an 
important area of study. Despite being the most advanced OER electrocatalysts, IrO2 

and RuO2 are not widely used because of their high cost and limited availability. In 
order to develop low-cost OER electrocatalysts with high activity and high stability, 
a great deal of work has been done thus far. For example, nitrides, phosphides,
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sulfides, and selenides have been investigated as alternative OER electrocatalysts 
[27–32]. Carbon-based composites have shown surprising advantages in OER in 
recent years, including the acceptable cost of carbon matrix, the structural diversity 
provided by carbon-based composites, good electrical and thermal conductivity, and 
mechanical strength and lightness that traditional materials cannot match [33]. It 
also has a wide range of compositions and good conductivity, thanks to the addition 
of heteroatoms. The electrode becomes more stable when oxygen escapes thanks to 
this combination (bubble formation) [34]. Therefore, carbon-based nanocomposites 
have great potential in catalyzing OER. 

OER carbon-based catalysts will be detailly introduced in this chapter including 
metal nanoparticle/alloy, atom dispersed metal–carbon, and metal hybrid carbon-
based electrocatalysts. A summary of current research of carbon-based OER 
electrocatalysts in this field is also presented. 

7.2 Metal-Free Carbon-Based Electrocatalysts for OER 

Noble metals and their oxides, such as palladium, platinum, and RuO2, IrO2, are  
considered the most advanced OER catalysts. Besides, transition metal oxides, 
hydroxides, metal hybrids, chalcogenide compounds, and other reasonably inex-
pensive OER electrocatalysts of transition metals and related compounds have been 
identified based on extensive research. However, these transition metal-based cata-
lysts will undergo oxidation, crystal structure changes, and uncontrolled dissolution 
when exposed to air or electrolytes. Therefore, in order to obtain high electrocat-
alytic activity and multifunctional carbon-based metal-free electrocatalyst, different 
carbon nanostructures are often doped with other heteroatoms and defect engi-
neering, such as nitrogen (N), boron (B), sulfur (S), phosphorus (P), and fluorine 
(F) [35–39]. These may change the electronic structure of carbon materials and 
become active sites for catalytic reactions, although other factors affect electrocat-
alytic activity. The charge transfer efficiency of catalysts depends on various factors, 
such as specific surface area, number of active centers, conductivity, adsorption 
energy of intermediate products, and electrolyte stability. 

In this context, carbon-based metal-free electrocatalysts for ORR have come a 
long way since their discovery in 2009 [40, 41]. Carbon-based metal-free electro-
catalysts as a substitute for noble metal-based electrocatalysts have been widely 
researched to be effective OER catalysts [35, 42]. In 2013, it is reported for the first 
time that N-doped porous carbon prepared from melamine formaldehyde containing a 
heteroatom doped can be used as a carbon-based metal-free electrocatalyst (Fig. 7.1a, 
b), and showed better OER performance than IrO2 (Fig. 7.1c). The observed OER 
performance is attributed to the favorable adsorption of positively charged C atoms by 
OH− ions generated by charge transfer induced by adjacent N doping. Experimental 
and theoretical studies have also shown that the high oxygen evolution activity of
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Fig. 7.1 Metal-free carbon-based electrocatalysts for OER. a and b The SEM and TEM images 
of the N/C. c Oxygen evolution activities of the N/C, N/C–NiOx, IrO2/C (20 wt%) and Pt/C 
(20 wt%) electrodes with KOH electrolyte (pH 13) analysed from RRDE system (loading catalyst: 
0.2 mg cm−1; rotation speed: 1500 r.p.m.; and scan rate: 5 mV s−1) [35]. Copyright 2013, Nature 
Publishing Group. d SEM image of NPC–CP. e OER curves of NPC–CP, NC–CP, IrO2, and pristine 
CP in O2-saturated 1 M KOH (scan rate: 2 mV s−1). f Chronoamperometric responses of NPC–CP 
and IrO2 at a constant potential of 1.54 V. Inset in panel f shows the corresponding chronopoten-
tiometry response curves with the constant current density held at 10 mA cm−2. g Initial structure of 
N and P co-doped carbons and the corresponding structures. h Volcano plots of OER overpotential 
versus the difference between the adsorption energy of O* and OH*, that is, Δ G(O*) − Δ G(OH*), 
for the simulated carbon structures. i The DOS for the chemically doped carbon structures [43]. 
Copyright 2017, WILEY–VCH

nitrogen/carbon materials comes from pyridine nitrogen or/and quaternary-nitrogen-
related active sites [35]. The N–P co-doped mesoporous carbon produced by pyrol-
ysis of polyaniline aerogels generated in the presence of phytic acid in 2015 had 
a high surface area of around 1663 m2 g−1 and shown outstanding electrocatalytic 
activity in the OER and ORR. It is also attractive advantages after being used in 
zinc-air batteries. After mechanical charging, the two-electrode rechargeable battery 
is stable for up to 240 h and 180 cycles at 2 mA cm−2. Its maximum power density 
is 55 mW cm−2. In terms of alkaline electrolytes, it is comparable to commercial
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metal air batteries. For chemical species’ adsorption and catalytic activity, density 
functional theory (DFT) calculations show that a distance between the doping site 
and the edge of the carbon structure appears to be critical. For ORR and OER to 
function in both modes, a high-porosity foamed carbon network and N/P heteroatom 
co-doping are required [42]. Coincidentally, multi-stage porous N/P co-doped carbon 
nanofibers were immediately produced on conductive carbon paper by electrochem-
ically induced polymerization in the presence of aniline monomer and phosphonic 
acid. (Fig. 7.1d). The synthesized material has stable stability (the activity decays 
little after 12 h of continuous operation) and high activity (Fig. 7.1e, f). Through 
DFT calculations, a model of double doping of N and P heteroatoms was constructed 
(Fig. 7.1g), and it was found that the P doping at the edge is more conducive to the 
precipitation of oxygen than the P dopant at the center. From a thermodynamic point 
of view, the ideal catalyst is the lower the overpotential, the better the catalytic perfor-
mance. From the volcano plots of overpotential versus the difference between the 
adsorption energy of O* and OH* on the carbon nanostructures, it can be seen that 
N, P-doped carbon has the smallest overpotential (0.505 V) (Fig. 7.1h), even better 
than IrO2. In addition, according to the density of states (DOS) (Fig. 7.1i), the N, 
P-doped carbon exhibits metallic properties with a relatively higher DOS crossing 
the Fermi level (EF), which indicates that the electron transfer capability is improved 
and the charge distribution is optimized. Theoretically verified the effectiveness of 
the co-doping of N and P atoms in the collaborative creation of OER active sites 
and the improvement of the electronic conductivity of the carbon network [43]. Due 
to the effectiveness of heteroatom doping, carbon materials co-doped with three 
heteroatoms have been studied. By thermally activating a mixture of polyaniline-
coated graphene oxide and ammonium hexafluorophosphate (AHF), a multifunc-
tional electrocatalyst constituted of graphene doped with nitrogen, phosphorus, and 
fluorine is generated. The gas from the thermal decomposition of AHF promotes the 
formation of a template-free porous structure. The synthesized N, P, and F three-
doped graphene exhibit good electrocatalytic activity for ORR, OER, and HER. It 
is further used as an OER-HER dual-function catalyst for oxygen and hydrogen 
production in an electrochemical water splitting device. The device is powered by 
an integrated Zn-air battery based on an air electrode made of the same ORR elec-
trocatalyst. Therefore, low-cost metal-free trifunctional electrocatalysts have broad 
application prospects [39].

Carbon-based metal-free electrocatalysts can also benefit from construction defect 
engineering in addition to heteroatom doping. Nitrogen-doped ultra-thin carbon 
nanosheets (NCNs) can be made by pyrolyzing a citric acid and NH4Cl mixture and 
then using a spontaneous gas foaming method. Ultra-thin sheet structure, ultra-high 
specific surface area (1793 m2 g−1), abundant edge defects, low overpotential, and 
stable ORR, OER and HER properties were achieved by synthesizing NCN-1000–5. 
Its high energy density, low charge/discharge voltage gap, high reversibility, and long 
cycle stability all come from the zinc-air rechargeable battery’s use of NCN-1000–5 
as the cathode catalyst. In ORR, OER, and HER, it is determined that the intrinsic 
active sites are the carbon atoms on the armchair’s edge and adjacent graphite N 
dopants, thanks to DFT calculations [44].
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7.3 Atomically Dispersed Metal Carbon-Based 
Electrocatalysts for OER 

In recent years, the research on isolated metal atoms has increased dramatically, 
which has aroused widespread scientific interest in the new frontier field of atomic-
level dispersion catalysis. The atomically dispersed active sites usually exhibit the 
most excellent catalytic activity [45]. In contrast to nanoparticle catalysts, atomically 
dispersed catalysts typically contain positively charged monodisperse metal atoms 
and coordination sites devoid of metal–metal bonds of the same metal. However, 
reducing the size of a metal particle to a single atom increases its surface free 
energy, making it easy to aggregate or Ostwald ripening. Therefore, it is neces-
sary to anchor and strongly bond atomically dispersed metal atoms on a suitable 
carrier [46]. Carbon-based materials have proven to meet this need because they 
provide a large surface area. Metal ions can be stabilized on the carbonaceous carrier 
by forming ions or covalent bonds with heteroatoms (C, N, S, and P), thereby over-
coming high aggregation tendency. Unique catalytic mechanisms, including elec-
tron transfer pathways or interactions with reactants, intermediaries, and products, 
are made possible by the singular electronic and geometric properties of the single 
atom (SAC). Scientific research and industrial applications have paid close atten-
tion to the unique properties and catalytic performance of atomic-level dispersion 
catalysts. As summarized in some excellent review articles [47, 48] the characteri-
zation of atomic-level dispersion catalysts is mainly based on some modern atomic 
resolution techniques, such as aberration-corrected high-angle circular dark-field 
scanning transmission electron microscopy (AC-HAADF-STEM). To identify scat-
tered metal atoms on a carbon substrate, [49] X-ray absorption spectroscopy (XAS) 
is also useful, X-ray absorption near edge structure (XANES) provides information 
on the oxidation state of metal atoms, and extended X-ray absorption fine structure 
(EXAFS) technology provides detailed information about the coordination structure 
[50]. In addition, advanced theoretical modeling and simulation methods can build 
a reliable model for the active site to simulate the catalytic cycle [51]. The dispersed 
metal carbon-based electrocatalysts discussed in this chapter are typically formed of 
isolated atoms and carbon support materials that attach, restrict, or coordinate with 
isolated metal atoms. 

The design and manufacture of isolated metal atoms as heterogeneous catalyti-
cally active substances can be traced back to 1995, which Thomas and colleagues 
reported that an oxygen-coordinated Ti SAC was used in the epoxidation reaction of 
cycloolefins [52]. The complex is grafted onto mesoporous silica and then calcined 
to synthesize. Until 2011, Zhang et al. [53] used the co-precipitation method to fix 
atomic Pt on the FeOx carrier and proposed the concept of single-atom catalysis for 
the first time. Since then, researchers’ scientific interest in single atoms has increased 
dramatically, and atomic-level dispersed metal–carbon-based catalysts have entered 
a new stage of development. 

In an earlier study, Jahan et al. [54] described the OER activity of Cu SAC in GO-
MOF. Ding et al. [55] developed a sandwich structure in which a uniform polymer
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ionic liquid (PIL) is coated on the surface of carbon nanotubes, and Co atoms are 
dispersed on the interface (Fig. 7.2a, b). In terms of electrochemical performance, 
the OER catalytic activity of CoSSPIL/CNT is significantly better than Co3O4/CNT

Fig. 7.2 Atomically dispersed metal carbon-based electrocatalysts for OER. a and b ADF-
STEM images of the CoSSPIL/CNT. c CV of different samples normalized to the geometric area 
of the active electrode area [55]. Copyright 2017, WILEY–VCH. High-resolution TEM images 
enable the direct visualization of the atomic metals of d Ni, e Fe, and f Co embedded in the 2D 
graphene lattice. The overlaid schematics represent the structural models determined from XAFS 
analysis. Scale bars, 0.5 nm. The bright region at the top part of d is attributed to out-of-focus 
thick graphene layers or non-planar flakes. g Fourier transformed magnitudes of the experimental 
K-edge EXAFS signals of M–NHGFs along with reference samples (solid lines). The dashed lines 
represent calculated spectra based on a divacancy-based MN4C4 moiety enclosed in the graphene 
lattice. The Fourier transforms are not corrected for phase shift. h and i Proposed reaction scheme 
with the intermediates having optimized geometry of the single-site (a) and dual-site mechanisms 
(b) towards  OER.  j Free energy diagram at 1.23 V for OER over Fe–NHGF, Co–NHGF, and Ni– 
NHGF with a single-site mechanism, and Ni–NHGF with a dual-site mechanism. The highlights 
indicate the rate-determining step with the values of the limiting energy barrier labeled. k OER 
activity evaluated by LSV in 1 M KOH at a scan rate of 5 mV s−1 for NHGF, Fe–NHGF, Co– 
NHGF, and Ni–NHGF along with a RuO2/C catalyst as a reference point. The data are presented 
with current-resistance (iR) correction [56]. Copyright 2018, Nature Publishing Group
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Fig. 7.2 (continued) 

and CoCO3 (Fig. 7.2c). In addition, the outstanding electronic conductivity of carbon 
nanotubes makes it a good carrier for OER. Subsequently, in order to identify the level 
of activity of different transition metals on OER, Fei et al. [56] reported a method of 
systematic X-ray absorption fine structure analysis and direct transmission electron 
microscopy imaging to identify a series of monodisperse atomic transition metals 
(such as Fe, Co, Ni) are embedded in nitrogen-doped porous graphene frameworks 
(NHGFs) (Fig. 7.2d–f). This work clearly determined their atomic structure and its 
correlation with the electrocatalytic activity of OER. Through in-depth analysis of 
EXAFS and XANES, it is proved that different M-NHGFs adopt the same MN4C4 

group, have the same local atomic coordination configuration, and are embedded 
in graphene. In the crystal lattice (Fig. 7.2g). The clear structural configuration of 
MN4C4 allows the use of density functional theory (DFT) to investigate the catalytic 
performance of M-NHGFs on OER, indicating that the metal’s catalytic activity and 
mechanism path are strongly dependent on the d orbital configuration. The activity 
trend is inversely proportional to the d orbital configuration, namely Ni-NHGF > 
Co–NHGF > Fe–NHGF (Fig. 7.2h–j). Electrochemical tests have further confirmed 
this (Fig. 7.2k). Determining the atomic structure and its correlation with catalytic 
performance is a key step for the rational design and synthesis of noble metals or 
non-precious metal SACs with extremely high atom utilization and catalytic activity.

Since then, the transition metal Ni has been favored by researchers. Hou et al. 
[57] reported an electrocatalyst in which atom-dispersed nickel coordinated with 
nitrogen and sulfur in porous carbon nanosheets (S|NiNx–PC), which showed excel-
lent activity and durability, even better than the commercial Ir/C. Theoretical and 
experimental results show that the well-dispersed S|NiNx species serves as the 
active site of OER. This unusual electrocatalytic activity is derived from the opti-
mized density of states distribution of the S|NiNx center and the enhanced electron 
transfer capability spectrum measurement, which synergistically promotes the oxida-
tion kinetics, according to experimental observations and theoretical calculations. 
Zhang et al. [58] reported a simple method to construct a hollow carbon matrix deco-
rated with isolated nickel and N atoms (HCM@Ni–N). Combining experimental 
and theoretical methods revealed that effective electronic coupling through Ni–N
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coordination is the key to regulating the OER mechanism. Precisely, the electronic 
coupling can significantly move the Fermi level downward, which may substantially 
impact the adsorption of the intermediate and the final OER kinetics. The new Ni– 
OG SACs developed by Li et al. [59] have a three-dimensional porous framework, a 
two-dimensional (2D) ultra-flaky structure, a single Ni atom uniformly distributed, a 
suitable Ni–O coordination, a significant activating effect on OER, and outstanding 
activity and durability. 

Although some single-atom OER catalysts have been reported, [54–59] bimetallic 
catalysts with secondary metal introduction are generally more active than single-
metal catalysts. Bai et al. [60] reported a cobalt-iron diatomic catalyst (Co–Fe–N–C), 
which was generated from atomically dispersed Co pre-catalyst (Co–N–C) by an in-
situ electrochemical method in an iron-containing alkaline electrolyte. Compared 
with Co–N–C, Fe is necessary to enhance the activity of Co–Fe–N–C, and the 
former’s activity increases with the increase of Fe content. Operando XAS data 
shows that Co–N–C undergoes significant structural changes after being immersed 
in an alkaline electrolyte, and Fe is incorporated in the electrochemical activation 
process to form a dimer Co–Fe structural element, which is the active site of OER. Han 
et al. [61] proposed a strategy for preparing heteroatom-doped bimetallic single-atom 
catalysts. Pyrolysis was used to create N-doped hollow carbon nanocubes (CoNi-
SAs/NC) with atomically dispersed double Co–Ni sites using the dopamine-coated 
metal–organic framework (MOF) as a template. The atomically isolated bimetallic 
configuration in CoNi–SAs/NC was identified using a combination of microscopy 
and spectroscopy techniques. When used as an oxygen electrocatalyst in an alkaline 
medium, the resulting CoNi–SAs/NC hybrid material exhibits excellent catalytic 
performance in dual-function ORR/OER, which improves the efficiency of a real-
istic rechargeable zinc-air battery. According to theoretical calculations based on 
density functional theory, the synergistic effect of uniformly dispersed single atoms 
and adjacent Co–Ni bimetallic centers can optimize adsorption/desorption character-
istics, reduce overall reaction barriers, and ultimately promote reversible oxygen elec-
trocatalysis. This research provides ideas for the controlled synthesis of atomically 
isolated advanced materials. These research results will guide the further rational 
design and preparation of SACs with multiple active sites and a deep understanding 
of synergistic effects in energy-related catalysis applications. 

7.4 Metal Nanoparticles Encapsulated Carbon-Based 
Electrocatalysts for OER 

Transition metal (TM)-based electrocatalysts in OER face two major challenges: 
poor efficiency and unstable performance. It is possible to use nanoparticles made 
of TM encapsulated in carbon-based materials, which are stable against dissolution 
under operating conditions and prevent the agglomeration of small metal fragments 
[62]. In addition, the carbon shell’s good electrical conductivity and high porosity
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make it easier for electrons and electrolytes to move through the material. As a 
result, it is believed that the core structure of the transition metal particles influences 
the electronic structure of the thin carbon shell layer, thereby increasing its OER 
[18, 63]. The electronic effect of the metal-based core is dependent on the thick-
ness of the graphite layer, which is worth noting. This effect will be reduced if the 
carbon layer is too thick. For carbon/transition metal composite catalysts, core–shell 
composite structure (i.e. carbon encapsulation) provides synergistic effect. Encapsu-
lated metal nanoparticle carbon-based catalysts are discussed, as are the difficulties 
and opportunities currently facing this field. 

Liang et al. [64] prepared a novel multilayer bent onion-like carbon nanosphere 
coated Co–N-C electrocatalyst (OLC/Co–N-C) by pyrolysis of surfactant P123-
coated ZIF-67 precursor. With the addition of surfactant micelles, it was demonstrated 
that the mesoporous/microporous structure formed by the OLC/Co–N–C material 
during pyrolysis has a large electrochemical surface area and a high concentration 
of active sites. Due to the interaction of electronic and nanostructural effects, the 
OLC/Co–N–C catalysts exhibit superior ORR/OER performance (E1/2 = 0.855 V 
in 0.1 M KOH, η10 = 344 mV in 1.0 M KOH) and Zn-air battery performance 
(small charge/discharge voltage gap: 0.8 V at 2 mA cm−2), as well as long-term 
cycling stability (>100 h). Theoretical calculations explain the experimental results 
by demonstrating that the curvature of graphitic carbon is critical for the activity of 
meta-carbon atoms near graphite N and ortho/meta carbon atoms near pyridine N. 

In addition to single atoms encapsulated in carbon materials, bimetallic nanopar-
ticles embedded in carbon show similar activity enhancement. Wang et al. [65] 
successfully developed a simple strategy to control the synthesis of a rare hexag-
onally sealed (hcp) NiFe nanoparticle (NP) crystal structure encapsulated in a 
nitrogen-doped carbon (NC) shell (hcp–NiFe@NC). Under alkaline conditions, hcp– 
NiFe@NC exhibited superior OER activity than the conventional face-centered cubic 
(fcc) NiFe encapsulated in N-doped carbon shells (fcc-NiFe@NC). When the Fe/Ni 
ratio is ~5.4%, hcp-NiFe@NC exhibits excellent OER performance, and the NC 
coating on the NiFe surface also gives it high stability during the OER process. The 
results indicate that hcp-NiFe NP has good electronic properties, which accelerates 
the reaction on the NC surface and thus improves the catalytic activity of OER. 
Besides, Hao et al. [66] reported a novel method to prepare FeCo alloy nanopar-
ticles (NPs) embedded with N, P co-doped carbon encapsulated N-doped carbon 
nanotubes (NPC/FeCo@NCNTs), where the NCNTs were derived from graphene 
oxide (GO) nanosheets and melamine. Specifically, the melamine-GO–PS–Fe–Co 
composites were obtained by strong complex interactions (e.g., electrostatic inter-
actions, covalent and coordination bonds) between melamine, GO, PS (polystyrene 
spheres), FeCl3, and Co(NO3)2. N-doped carbon nanotubes embedded with FeCo 
NPs (FeCo@NCNT) were generated by two-step calcination of the melamine-GO– 
PS–Fe–Co composites. The formation of NPC/FeCo@NCNT was achieved by calci-
nation of FeCo@NCNT in polyphosphazenes (Fig. 7.3a, b). Interestingly, the elec-
trocatalytic performance of NPC/FeCo@NCNT was greatly enhanced when it was 
used as a bifunctional catalyst for ORR and OER. In particular, the overpoten-
tial of NPC/FeCo@NCNT only needs 339.5 mV can provide a current density of
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Fig. 7.3 Metal nanoparticles encapsulated carbon-based electrocatalysts for OER. a and 
b TEM images of NPC/FeCo@NCNT. c OER polarization curves of NHGS, FeCo@NCNT, 
NPC/FeCo@NCNT, NPC, and RuO2 in 0.1 M KOH. d The optimized geometry models and e 
the calculated density of states of NCNT, FeCo@NCNT, and NPC/FeCo@NCNT [66]. Copyright 
2021, WILEY–VCH. f TEM image and g HR-TEM image of the amorphorized Co0.8Fe0.2OOH@C 
nanosheets. h Polarization curves of Co0.8Fe0.2OOH@C nanosheets, Co0.8Fe0.2OOH, CoFe–LDH 
nanosheets, commercial RuO2, and the CFP substrate at a scan rate of 5 mV s−1 in 1.0 M KOH 
[67]. Copyright 2020, WILEY–VCH

10 mA cm−2 for OER (Fig. 7.3c) and shows an onset potential of 0.92 V to drive ORR. 
More impressively, the bifunctional activity parameter (Δ E) of NPC/FeCo@NCNT 
is as low as 0.741 V, indicating that its bifunctional catalytic activity is better than 
most of the reported state-of-the-art bifunctional electrocatalysts. Three geometrical 
configurations, NCNT, FeCo@NCNT, and NPC/FeCo@NCNT, were constructed 
by density flooding theory (DFT) to simulate the occurring OER/ORR process 
(Fig. 7.3d). Figure 7.3e shows that all catalysts exhibit an ideal density of states, all 
above the Fermi energy level, indicating the high conductivity of these catalysts. The 
electronic states near the Fermi energy level of FeCo@NCNT are enhanced compared 
to those of NCNT, indicating the improved metallic character of the material. The 
metallic character of NPC/FeCo@NCNT can be enhanced due to the hybridization 
effect between the 2p state of the N atom and the adjacent C atom and the 3d state of 
the FeCo atom, resulting in a sharper peak near the Fermi energy level. The charge
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distribution analysis shows that the coupling of FeCo clusters to NCNT can achieve 
direct electron transfer from FeCo to NCNT (Fig. 7.3d). The above analysis indi-
cates that the interaction between FeCo NPs and NCNT and the presence of N and 
P co-doped carbon structures play an important role in the high catalytic perfor-
mance of NPC/FeCo@NCNT. Han et al. [67] rationally designed and successfully 
synthesized efficient electrocatalysts made of amorphous Co0.8Fe0.2OOH nanosheets 
encapsulated by carbon shells by using Co0.8Fe0.2P@C nanosheets as efficient precat-
alysts (Fig. 7.3f, g). The conversion of cobalt-iron phosphide to the corresponding 
hydroxide was achieved by in situ electrochemical oxidation and deep structural 
reconstruction, during which phosphorus species were leached from the phosphide 
structure, and the residual cobalt-iron species were oxidized. Detailed structural anal-
ysis and characterization demonstrate the complete transformation from phospho-
rylated cobalt-iron to cobalt-iron hydroxide with a bulk phase amorphous structure. 
Thus, the amorphous Co0.8Fe0.2OOH@C nanosheets have highly exposed active 
sites, abundant edge sites and pores, and an effective conducting framework, which 
synergistically achieves high oxygen precipitation activity. As a result, only low 
overpotentials of 254 and 292 mV are required to provide current densities of 10 and 
100 mA cm−2 (Fig. 7.3h) with excellent stability (15 days of continuous stable oper-
ation at 100 mA cm−2). However, in situ studies provide indirect evidence for struc-
tural and phase reconstruction during phosphorus leaching, and the origin of the OER 
active site in Co0.8Fe0.2OOH@C nanosheets remains unclear. Therefore, theoretical 
and in situ/operational conditions analyses are needed as future directions to investi-
gate the mechanism of structural reconstruction and the active catalytic sites on the 
Co0.8Fe0.2OOH surface. Nevertheless, the present work opens a path for the rational 
design of amorphous nanomaterials to achieve efficient energy storage/conversion 
applications.

The activity performance of bimetallic transition metal hybrids encapsulated in 
carbon materials is also impressive. Cao et al. [68] reported a novel core–shell struc-
ture of a binary metal selenide hybrid electrocatalyst consisting of a selenide (cobalt, 
nickel) core and a nitrogen-doped carbon shell loaded on an electrochemically exfo-
liated graphite (EG) foil (EG/(Co, Ni)Se2–NC) on it. The hybrid catalysts were 
prepared by selenization of CoNi layered double hydroxide (CoNi-LDH)/zeolite 
imidazolate framework-67 (ZIF-67) nanosheet array. Due to the synergistic effect 
of the binary metals Co and Ni and N-doped carbon, the EG/(Co, Ni)Se2–NC 
hybrid exhibited remarkable OER electrocatalytic performance at a current density of 
10 mA cm−2 with a low overpotential of 258 mV and a small Tafel slope of 73.3 mV 
dec−1, which was superior to commercial Ir/C and most reported binary cobalt 
selenide based materials. In situ electrochemical Raman spectroscopy combined 
with non-in situ X-ray photoelectron spectroscopy analysis showed that the ultra-
high OER catalytic activity can be attributed to the highly active Co–OOH species 
and Ni elemental modification of the electron transfer process.
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7.5 Metal Nanoparticles Supported Carbon-Based 
Electrocatalysts for OER 

In addition to encapsulating metal nanoparticles in carbon-based materials, they can 
also be loaded onto carbon-based materials. Xu et al. [69] demonstrated that dual elec-
trical behavior modulation on the electrocatalyst achieved enhanced electrochemical 
water oxidation. By hybridizing metallic Ni3C nanoparticles with conductive carbon 
(Ni3C/C), the intrinsic metallic properties will promote electron transport within 
the electrocatalyst phase and the conductive carbon carrier, thus promoting charge 
transport on the catalyst surface, significantly improving the OER catalytic perfor-
mance compared to pure Ni3C, NiO and NiO/C. In addition, the catalytic mecha-
nism of Ni3C/C was investigated by XAFS characterization, HRTEM, and EELS 
spectroscopy; the NiOx/Ni3C/C heterostructure was shown to be an actual effective 
species for the OER process. Liang et al. [70] reported a hybrid material of Co3O4 

nanocrystals grown on mild graphene oxide (Fig. 7.4a) as a high-performance bifunc-
tional catalyst for oxygen reduction reaction (ORR) and oxygen precipitation reaction 
(OER). Although Co3O4 or graphene oxide alone has almost no catalytic activity, 
their hybrids exhibit unexpectedly high ORR activity, which is further enhanced 
by the nitrogen doping of graphene. The high activity for OER was also observed 
(Fig. 7.4c), making it a high-performance non-precious metal bi-functional cata-
lyst for ORR and OER. To collect the interactions between CO3O4 and GO, X-ray 
absorption near edge structure (XANES) measurements were performed (Fig. 7.4b).

Fig. 7.4 Metal nanoparticles supported carbon-based electrocatalysts for OER. a TEM images 
of Co3O4/N–rmGO hybrid. b C K-edge XANES of N–rmGO (blue curve) and Co3O4/N–rmGO 
hybrid (red curve). Inset shows O K-edge XANES of Co3O4 (black curve) and Co3O4/N–rmGO 
hybrid (red curve). c Oxygen evolution currents of Co3O4/N–rmGO hybrid, Co3O4/rmGO hybrid, 
and Co3O4 nanocrystal loaded onto Ni foam (to reach a high catalyst loading of ∼1 mg cm−2) 
measured in 1 M KOH [70]. Copyright 2011, Nature Publishing Group. d and e The SEM and TEM 
images of the obtained CoFe2O4@N–CNFs. f LSV polarization curves of different catalysts [71]. 
Copyright 2017, WILEY–VCH
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bond formation between CO3O4 and N-rmGO and changes in the chemical bonding 
environment of C, O, and Co atoms in the hybrid material may be responsible for 
the synergistic catalytic activity.

In addition to monometallic nanoparticles, polymetallic nanoparticles loaded on 
carbon materials are also performed strongly. Li et al. [71] demonstrated a feasible 
electrostatic spinning method for the simultaneous synthesis of CoFe2O4 nanopar-
ticles (denoted as CoFe2O4@N–CNF) uniformly embedded in N-doped carbon 
nanofibers (Fig. 7.4d–e). By combining catalytically active CoFe2O4 nanoparticles 
with N-doped carbon nanofibers, the synthesized CoFe2O4@N–CNF nanohybrids 
exhibited excellent OER performance compared to their single-component counter-
parts (pure CoFe2O4 and N-doped carbon nanofibers) and commercially available 
RuO2 catalysts (Fig. 7.4f). The improved catalytic performance results from the 
unique one-dimensional structural features and the synergistic interaction between 
the constituents. Morales et al. [72] reported a highly active OER catalyst Fe0.3Ni0.7Ox 

using oxygen-functionalized multi-walled carbon nanotubes as a carrier, which was 
essentially activated as a bifunctional ORR/OER catalyst by the additional addition 
of MnOx. Carbon nanotube-loaded trimetallic (Mn–Ni–Fe) oxide catalysts demon-
strated extremely low ORR and OER overpotentials. The combination of rare earth-
rich transition metal oxides had a strong synergistic effect on catalytic activity. A four-
electrode configuration cell assembly comprised an integrated two-layer bifunctional 
ORR/OER electrode system with each layer dedicated to ORR and OER to prevent 
the deactivation of ORR activity commonly observed at monolayer bifunctional 
ORR/OER electrodes after OER polarization was used to evaluate the suitability of 
the prepared catalysts for reversible ORR/OER electrocatalysis. 

7.6 Conclusion and Perspective 

Carbon-based OER catalysts have received intense attention in recent years because 
of their structural and compositional diversity, as well as their good electrocatalytic 
properties, which have outperformed traditional metal oxide or metal hydroxide elec-
trodes and even noble metals, primarily under alkaline conditions. Although carbon 
itself does not contribute to these reactions, the high intrinsic OER activity, high 
possible surface area, and high electrical conductivity provided by the defective and 
heteroatom-doped structures result in excellent OER activity with low overpotential. 
The transition metals-doping can further boost carbon activity. Encasing metal or 
metal compound particles in thin graphite layers or nanotube structures is another 
strategy. The metal core’s electronic effects can activate the carbon layer for OER. In 
general, these core–shell layer materials are more active than doped carbon (except 
for atomically dispersed materials). 

Despite the exciting advances of carbon-based OER catalysts, there are still some 
challenging questions to be answered:
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(1) It is blurry for the real active sites and reaction mechanisms of various carbon-
based materials. High-resolution in situ microscopy and spectroscopic tech-
niques combined with advanced theoretical calculations (i.e., considering elec-
trolytes and potentials) may help fully understand the role of doped elements 
and metal/metal compound cores. 

(2) Increasing the number of active sites is also an effective strategy to enhance 
OER performance. For example, the metal atom loading is very low for atom-
ically dispersed catalysts. Increasing the metal loading while maintaining 
atomic dispersion is a challenging task. More advanced synthesis methods 
need to be developed. 

(3) To better evaluate the activity and stability of carbon-based electrocatalysts, 
the assessment of industrial electrolytic cell parameters is necessary. To date, 
almost all evaluation data are based on liquid cell test reports and may not 
represent the electrolytic cell’s actual performance. The viability of carbon-
based materials as anode and cathode catalysts should be evaluated in the 
industrial electrolytic cell. The results of such tests are essential to guide the 
future development of carbon-based electrocatalysts. 

(4) Development of in-situ characterization. Most transition metal-based catalysts 
undergo phase changes under OER conditions, including structure, valence 
state, and coordination environment. Most of the research works have used 
non-in situ techniques, which can only give the characterization results before 
and after OER measurements. However, the basic origin of the structural evolu-
tion information and self-reconstruction during OER is not fully understood. 
Therefore, the use of in situ techniques to detect intermediates and their adsorp-
tion/desorption behavior is essential to obtain direct experimental evidence for 
the proposed OER mechanism. The combination of in situ techniques, theo-
retical calculations, and electrochemical measurements can more effectively 
reveal the reaction mechanism and guide the rational design of optimized OER 
electrocatalysts. 

(5) Balancing the cost, stability, and universality of materials. Low cost, including 
synthetic feedstock and manufacturing process and robust stability, can be 
effectively operated in commercial facilities for several years. In addition to 
this, the ability to catalyze OER at a wide range of pH values, especially in 
acidic media and environmentally neutral electrolytes. However, so far, no OER 
electrocatalyst has been able to satisfy both of these advantages. Therefore, 
more efforts should be made in the future. 

It provides some case studies for the design and development of new, efficient, 
low-cost, carbon based OER catalysts, and puts forward some challenges that still 
exist at present. This provides them with a great opportunity to surpass precious metal 
based OER catalysts in the clean energy and other technology markets. Continuing 
research and development in this exciting area will improve fuel economy and reduce 
the cost of producing important industrial chemicals.
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Chapter 8 
Carbon-Based Nanomaterials for Carbon 
Dioxide Reduction Reaction 

Dongping Xue and Yifan Wei 

Abstract Electrochemical reduction of CO2 with renewable electricity has attracted 
much attention for producing fuels and value-added chemicals while reducing carbon 
emissions. Carbon-based nanomaterials are of particular interest due to their earth 
abundance and low cost. In this chapter, the latest progress and research status of 
four types of nanomaterials in electrocatalytic carbon dioxide reduction reaction 
(CO2RR) have been discussed in detail, including metal-free carbon-based, atomi-
cally dispersed carbon-based, metal nanoparticles encapsulated carbon-based, and 
metal nanoparticles supported carbon-based nanomaterials. Finally, the challenges 
and opportunities faced by carbon-based nanomaterials in electrochemical CO2RR 
have been proposed, as well as possible solutions in the future. 

8.1 Introduction 

Due to the continuous growth of human society’s demand for energy, the consumption 
of non-renewable fossil fuels has increased dramatically, releasing a large amount 
of greenhouse gas carbon dioxide (CO2). As of 2020, the concentration of CO2 

in the atmosphere has exceeded 414 ppm and continues to increase, causing envi-
ronmental problems such as global warming and ocean acidification, which have 
attracted widespread attention [1]. In addition, there is an urgent need to explore 
technologies that can address both carbon emissions and the energy crisis, guided 
by the national strategy of “emission peak and carbon neutrality”. In the past few 
decades, various technologies such as biochemical, electronic, photochemical, radio-
chemical, and thermochemical have been developed to reduce CO2 [2–5]. Among 
them, electrocatalytic CO2RR technology, with its simple experimental equipment, 
mild reaction conditions, and the use of renewable energy to provide electricity, is
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an effective way to achieve relatively “zero-emission” of CO2 and store renewable 
energy [6–8]. In addition, electrocatalytic CO2RR technology can utilize solar energy, 
wind energy, tidal energy, and other renewable energy sources to effectively reduce 
CO2 into important fuels and chemical raw materials, such as formate/formic acid 
(HCOO−/HCOOH), carbon monoxide (CO), methane (CH4), methanol (CH3OH), 
ethylene (C2H4), and ethanol (C2H5OH). Such chemicals will be needed for a long 
time in the future, however, the current preparation methods are not only dominated 
by carbon-intensive fossil fuel methods, but also under harsh preparation conditions 
(Fig. 8.1) [9]. Therefore, utilizing electrocatalytic CO2RR technology to make carbon 
chemicals may be a more sustainable alternative to this difficult-to-decarbonize 
approach. 

Linear CO2 molecules are relatively thermodynamically stable and chemically 
inert, reducing the kinetics of the reduction reaction, while the electrocatalytic 
reduction conversion efficiency is closely related to the slow kinetics of the rate-
determining step [10]. Moreover, the selectivity of these catalysts remains low due to 
complicated reaction mechanisms [11]. In this regard, developing durable and highly 
efficient electrocatalysts is of vital importance to accelerate the reaction kinetics 
and thus improve the overall energy conversion efficiency. At present, the selection 
of electrocatalysts is mainly focused on precious metals such as Pt and Au [12]. 
However, the high cost, poor long-term stability, and low natural reserves of noble 
metal electrocatalysts hinder their commercialization. Carbon-based nanomaterials 
have become one of the main effective materials to replace noble metal catalysts 
due to the advantages of wide source of raw materials, controllable structure, good 
chemical stability, and electrical conductivity [13, 14]. Despite these advantages,

Fig. 8.1 Overview of select CO2 electroreduction products, along with the current indus-
trial methods to manufacture these products. The current large-scale methods to manufacture 
HCOOH, CO, CH3OH, CH4, C2H4, and  C2H5OH are primarily fossil fuel based and, in most 
scenarios, require high pressure and/or high temperature to drive the process. The electroreduction 
of CO2 could be an alternative sustainable pathway to such fossil fuel-based manufacturing methods
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there is still a large gap between the electrocatalytic performance of pure carbon 
nanomaterials and precious metals.

After Dai’s pioneering work on nitrogen-doped carbon nanotubes was published in 
2009, high-performance CBN containing various defects have attracted the interest of 
many researchers [15]. The introduction of defects can affect the overall charge state 
of the carbon skeleton, thereby increasing the density and activity of potential active 
sites and improving the overall electrocatalytic performance of carbon nanomaterials 
[16, 17]. For example, edge and topological defects have been studied extensively 
in electrocatalytic reactions such as HER and oxygen reduction reaction (ORR) 
because of their different electrochemical and thermodynamic properties from the 
matrix material [18, 19]. Their potential for electrocatalytic CO2 reduction has only 
recently been recognized. In addition, the doping of heteroatoms (N, B, P, etc.) [20] 
and the introduction of single metal atoms (Ni, Mn, and Cu, etc.) [21–23] can also 
effectively improve the performance of electrocatalytic CO2 reduction. However, 
a major problem of nonprecious metal catalysts is their poor stability in practical 
catalytic processes, especially in harsh environments (e.g., strong acidity or alkalinity, 
high temperature, and high overpotential). Recently, to overcome the low stability 
of nonprecious metal catalysts under harsh reaction conditions, Bao et al. designed 
and fabricated unique chainmail catalysts by fully encapsulating transition metals 
through graphene shells. which can effectively improve the activity and stability 
of nonprecious-metal catalysts [24, 25]. Strong metal-support interaction (SMSI), 
commonly happening between metal and metal oxide support, has drawn significant 
attention in heterogeneous catalysis due to its capability of enhancing the activity and 
stability of catalysts. Herein, the strong interaction between metal oxide and carbon 
supports is discovered to significantly boost the performance for electrocatalytic CO2 

reduction reaction (CO2RR) [26]. 
In this chapter, a systematic overview of the latest developments and structure-

effect relationships in the electrocatalytic reduction of CO2 from four classes of mate-
rials (metal-free carbon-based electrocatalysts, atomically dispersed metal carbon-
based electrocatalysts, metal nanoparticles encapsulated/supported carbon-based 
electrocatalysts) have been presented. It is hoped that this chapter will provide 
a reference for researchers interested in CO2 electrocatalytic reduction, to solve 
the technical bottlenecks from the aspect of catalytic materials and realize the 
industrialization of CO2 electrocatalytic reduction in the near future. 

Before conducting a detailed summary analysis of a certain class of materials, 
the commonly used evaluation parameters for electrocatalytic CO2RR for the conve-
nience of readers have been briefly summarized. The key performance parameters 
used to evaluate the activity, selectivity, and stability of electrocatalysts for CO2RR 
are mainly overpotential, Faraday efficiency, Tafel slope, and energy efficiency. 

(1) Overpotential. Overpotential is the difference between working potential and 
theoretical potential, which reflects the driving force of ECR. 

(2) Energetic efficiency (EE). EE represents the overall energy utilization rate 
forming the target product.
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(3) Faradaic Efficiency (FE). FE represents the percentage of the charge consumed 
by the reaction to form the target product over the total charge transferred during 
the reaction. It can be calculated by Eq. (8.1): 

FE = 
αnF  

Q 
(8.1) 

where α is the number of electrons transferred per molecule of the target product 
(e.g., α = 2 for reduction of CO2 to CO), n is the number of moles of the target 
product make by the reaction, F is the Faraday constant (96485 C mol-1), and Q 
represents the charge passed during the entire reaction. The FE directly reflects 
the selectivity of the catalyst for ECR. 

(4) Tafel slope. The Tafel slope indicates the relationship between the overpotential 
and the logarithm of the current density, where the current density is obtained 
by dividing the total current by the geometric surface area of the working 
electrode. It is generally believed that the smaller the Tafel slope, the better the 
catalytic performance of the electrocatalyst. 

8.2 Metal-Free Carbon-Based Electrocatalysts for CO2RR 

With the deepening of research, it has been found that the catalytic activity of 
undoped carbon nanomaterials can also be greatly improved by rationally regulating 
the intrinsic carbon defects within the carbon framework. Intrinsic carbon defects 
are formed by thermal vibrations of lattice atoms in the absence of any dopants, 
mainly including edges, vacancies, holes or topological defects [14, 27]. Among 
them, the intrinsic carbon defects used in ECR are mainly edge and topological 
defects. The main effects on the electrocatalytic CO2RR catalysts are as follow: (1) 
Edge defects, which make the material edge full of a large number of unpaired π 
electrons, can effectively accelerate the transfer of electrons and reduce the forma-
tion energy of key intermediates. At the same time, the edge carbon atoms show 
higher charge density and can be used as active sites [27]. (2) Topological defects, 
the introduction of topological defects will interfere with the electronic symmetry 
of aromatic rings, causing local charge redistribution, and the adjacent carbon atoms 
can be optimized to become the active sites of the electrocatalyst [28–30]. Exploring 
the preparation of defective sites with suitable CO2 activation/adsorption energies 
is an effective way to design high-performance CO2RR catalysts. Thus, Wu et al. 
[31] prepared a defect-rich hierarchical porous carbon catalyst (DHPC) by pyrol-
ysis of ZnO NP@ZIF-8 with the help of KNO3 and ZnO nanoparticles (ZnO NPs), 
which acted as oxygen suppliers and carbon modifiers to facilitate carbon deficient 
site/Lewis base site generation (Fig. 8.2a, b). The mesoporous and carbon defect 
structure in DHPC improved its adsorption and activation efficiently for CO2. FECO 

can reach 99.5% at −0.5 V versus reversible hydrogen electrode (vs. RHE) in 0.5 M 
KHCO3 medium. More importantly, such carbon material is useful even in a real



8 Carbon-Based Nanomaterials for Carbon Dioxide Reduction Reaction 173

Fig. 8.2 Metal-free carbon-based electrocatalysts. Magnification of one segment of the HRTEM 
image a and b after fast Fourier transformation (FFT) filtering. c Faradaic efficiencies of DHPC and 
HPC in 0.5 M KHCO3 at various potentials. d Free energy diagram for CO2 reduction to CO over 
different defect sites. Reproduced with permission [31]. [32][43][45][46] Copyright 2020, Royal 
Society of Chemistry. e CO2 electrochemical reduction capability of CN-H-CNTs and passivation 
for HER reaction. Summary of N atomic contents and total atomic concentrations in f CN-CNTs. 
Faradaic efficiency for CO, H2, and  CH4 versus potential on g CN-H-CNTs. Reproduced with 
permission. Copyright 2019, John Wiley and Sons. h Top view and side view of DFT model for FC. 
Gray atom: carbon, light blue atom: fluorine, other colorful atoms: carbon that calculated as active 
sites. i The FECO for various catalysts. j Free energy diagram of ECR reaction to CO on various 
catalysts. Reproduced with permission. Copyright 2017, John Wiley and Sons. k Top view and side 
view of DFT model for FC. Reproduced with permission. Copyright 2018, John Wiley and Sons. l 
FE for CO production at different applied potentials. m Free energy pathway of CO2RR on N-Q,P 
and N-6,P. Reproduced with permission. Copyright 2019, Royal Society of Chemistry

sea-water medium with high CO faradaic efficiency as well (96.5% at −0.6 V) 
(Fig. 8.2c). According to the characterization test and theoretical calculation results, 
pentagon defects are proved to be electrocatalytic active centers, which can lead to 
local electron density redistribution, and have stronger adsorption on reactants and 
intermediates (Fig. 8.2d). Zhang et al. [32] reported a positive correlation between 
the electrocatalytic CO2RR performance of carbon-based catalysts and the content



174 D. Xue and Y. Wei

of intrinsic carbon defects within the catalysts. They synthesized a series of defective 
N-doped carbon spheres, it is demonstrated that the defective porous carbon catalyst 
without active heteroatom doping also exhibits good catalytic performance for elec-
trocatalytic CO2RR (Fig. 8.2e, f). The NEXAFS spectra show that the defects of sp2 

(octagonal and pentagonal) rather than the edges of sp3 (armchair and zigzag) are 
positively related to the ECR activity of the defective porous carbon catalysts, and as 
the pyrolysis temperature increases, the more defects, the better the activity and selec-
tivity of the catalyst. This conclusion is also verified by DFT calculation, for perfect 
sp2 carbons, the free energies required for the formation of COOH* for armchair 
and zigzag edge defects increase significantly, while the free energy required for 
pentagonal defects decreases significantly (Fig. 8.2g). For the octagonal defect, due 
to the optimization of COOH* adsorption, part of the positive C atoms facilitates the 
conduction of electrons, which further promotes the reduction of COOH* to CO*. 
Although defect-based carbon materials exhibit a great potential in the diversity of 
electrocatalyst structural design. However, due to the difficulty of introducing a large 
number of specific types of defects, the structure-performance relationship between 
defective carbons and CO2RR electrocatalysis has not been fully established.

Besides intrinsic defective carbon-based catalysts, heteroatom-doped carbon-
based catalysts are another very important class of metal-free carbon-based electro-
catalysts. Heteroatom doping with different electronegativity into the carbon network 
will introduce asymmetric charge, redistribute the spin density, break the electrical 
neutrality of carbon matrix, optimize the electronic properties of carbon materials 
to induce the generation of charged active sites [29, 33, 34]. In addition, the doping 
of heteroatoms can also stimulate the adjacent carbon atoms to improve the conduc-
tivity of carbon materials, thus enhancing the overall electrocatalytic activity of 
carbon materials [35]. The heteroatoms incorporated into carbon-based materials to 
enhance catalytic performance are generally B, [36] N, [37] O, [38] F, [39] P, [40] and 
S [41]. Among them, N atom is the most commonly used doped heteroatom because 
of its smaller atomic radius and larger electronegativity than carbon atom. N-doping 
in carbon nanomaterials generally forms four kinds of N-containing configurations 
including pyridinic, pyrrolic, graphitic, and oxidized N [42]. Most studies consider 
pyridinic-N as the primary active site for CO2RR among the four N-containing 
configurations although different views are present. It is proposed that pyridinic-
N can significantly enhance the binding of CO2 or key intermediates as compared 
to graphitic-N or pyrrolic-N because of its accessible lone pair electrons. Zheng 
et al. [43] developed a unique vapor-etching method for tuning the configuration 
of nitrogen dopants in carbon frameworks. Selective etching takes advantage of 
the fact that H2O molecules prefer to bond with carbon atoms around graphitic-N 
and pyridinic-N. After vapor etching, pyrrolic-N atoms with low water affinity are 
retained as the dominant N type in the obtained N-doped carbon network (designed 
as CN-H-CNT) (Fig. 8.2h) with a much increased content from 22.1 to 55.9 at 
% among the total N species (Fig. 8.2i). This steam-etched CN-H-CNT catalyst 
enables an excellent CO2 reduction catalytic activity and HER suppression, with a 
high CO2RR selectivity (~88%) toward the formation of CO under −0.5 V versus 
RHE. (Fig. 8.2j). The above work provides a new strategy for tuning the intrinsic
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configuration of N-doped carbon and developing efficient and stable carbon cycle 
catalysts. On the other hand, doping F into the carbon lattice is different from N 
doping (replacement of carbon atoms in the lattice), which forms C-F bonds with 
covalent, ionic or semi-ionic properties [44]. Since F has the greatest electroneg-
ativity, the bonded carbon atoms will have more positive charges and become the 
active sites for electrocatalytic CO2RR, which will be more favorable for the elec-
trocatalytic CO2RR [39]. Xie et al. [45] synthesized a F-doped carbon (FC) catalyst 
by simply pyrolyzing a mixture of commercial BP 2000 and polytetrafluoroethy-
lene (PTFE) as a fluorine source (Fig. 8.2k). The FE of this catalyst electrocatalytic 
CO2RR to CO reaches a maximum value (90%) at a lower overpotential (-0.51 V vs. 
RHE). Both experiments DFT calculations demonstrate that the key role of F doping 
in promoting the reduction of CO2 to CO on metal-free carbon catalysts should 
have three functions: (1) Introduce a positive charge density between adjacent defect 
carbon atoms; (2) Introduce asymmetric spin density into adjacent defect carbon 
atoms; through these effects, carbon atoms become highly active and bind more 
strongly to COOH*, thereby increasing the reaction rate at lower overpotentials; (3) 
The Gibbs free energy of adsorbed H* is increased, resulting in the inhibition of the 
competitive hydrogen evolution reaction (HER) on the FC. In this regard, enhanced 
reduction of CO2 to CO can be achieved over FC catalysts. 

The diatomic co-doping may bring about the catalytic activity that the single 
heteroatom doped carbon material does not have because of the synergistic effect. 
Zhang et al. [46] prepared N,P-coordinated fullerene-like carbon (N,P-FC) and N,P-
coordinated graphite-like carbon (N,P-FC) by soft-template pyrolysis method for 
electrocatalytic CO2RR performance test. Different pyrolysis temperatures make the 
samples have different P/N atomic ratios, and the catalytic activity of the samples 
increases with the increase of the P/N atomic ratio. The N,P-FC obtained by pyrolysis 
at 900 °C has the best electrocatalytic CO2RR activity (Fig. 8.2l). At the same time, 
it is found and confirmed by DFT that fullerene structure is more beneficial to elec-
trocatalytic CO2RR than graphene structure (Fig. 8.2m). Consequently, the above 
studies provide guidance and reference for designing and synthesizing high effi-
ciency, high selectivity, and low cost heteroatom-doped carbon materials to replace 
metal catalysts for efficient electrocatalytic CO2RR. 

The co-doping of two different elements in carbon materials provides a new oppor-
tunity for the application of electrocatalysts. By properly adjusting the precursor, 
dopant type, doping ratio, and spatial distribution configuration, the electrocatalytic 
CO2RR performance of the carbon-based catalyst is optimized.
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8.3 Atomically Dispersed Metal Carbon-Based 
Electrocatalysts for CO2RR 

In recent years, atomically dispersed metal carbon-based nanomaterials have become 
popular and effective electrocatalysts for improving the performance of electrocat-
alytic CO2RR due to their near 100% atomic utilization and excellent catalytic perfor-
mance [47, 48]. Among them, the main reasons for the excellent electrocatalytic 
CO2 reduction performance of metal-N–C catalysts are as follows. (1) Metal atoms 
directly combine with C-N atoms in carbon network to form metal activity centers 
with dispersed atoms [49]. (2) The size effect of single metal atoms gives carbon-
based nanomaterials unique electronic structural characteristics and high specific 
surface area [50]. (3) The introduction of metal atoms changes the coordination 
environment of surface atoms, reduces the coordination number of surface atoms, 
decreases the overpotential of the catalyst, increases the current density of the cata-
lyst, and reduces the Gibbs free energy of the formation of key intermediates and 
the desorption energy of the final product in ECR reaction [51]. M-N-C catalyst has 
been widely used in the study of ORR for decades, but were used to study elec-
trocatalytic CO2RR was for the first time proposed by Strasser et al. [52] in 2015 
that Fe-N-C, Mn-N-C, and Fe, Mn-N-C have high electrocatalytic CO2RR perfor-
mance. The metals used to form M-N-C catalysts are mainly transition metals and 
individual precious metals such as Fe, Co, Ni, Cu, and Pd. Kattel et al. [53] prepared 
a N-doped carbon-supported Pd single-atom catalyst (Pd-NC) with Pd-N4 sites. The 
well-dispersed Pd-N4 active centers in the catalyst help stabilize the adsorbed CO2 

reduction intermediates, thereby enhancing the ECR ability at low overpotentials. 
However, due to the rarity and expensiveness of precious metals, low-cost transition 
single metal atom catalysts that can achieve the catalytic activity of precious metals 
are currently hot research topics. Wang et al. [54] successfully introduced a single P 
atom into an N-doped carbon-loaded single Fe atom catalyst (Fe-SAC/NPC), mainly 
in the form of a P–C bond for the electroreduction of CO2 to CO in aqueous solution 
(Fig. 8.3a). Fe K-edge X-ray absorption spectroscopy (XAS) results indicate that 
the presence of P reduced the oxidation state of Fe in Fe-SAC/NPC. By fitting the 
FT-EXAFS spectra of Fe-SAC/NPC and Fe-SAC/NC in R space, the local structure 
of Fe was identified, in which each Fe atom was isolated by four N atoms and one O 
atom (Fig. 8.3b). This catalyst exhibited a CO Faradaic efficiency (FECO) of ~ 97% 
(Fig. 8.3c) and a stable CO partial current density (JCO of ~ 5 mA cm−2 for at least 24 h  
at a low overpotential of 320 mV with a Tafel slope of only 59 mV dec−1, exceeding 
most reported single-atom catalysts and comparable to the most advanced gold cata-
lysts to date. By combining experiments and DFT calculations, it was demonstrated 
that the presence of a single P atom increases the electron density at the Fe center and 
COOH* formation is greatly facilitated, resulting in excellent CO2RR performance at 
low overpotentials. Among currently identified materials, Cu is the only recognized 
material catalyzing the production of a large number of hydrocarbons or alcohols 
in aqueous solutions [55, 56]. He et al. [57] design a facile procedure to synthe-
size through the hole carbon nanofibers (TCNFs) with abundant and homogeneously
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Fig. 8.3 Atomically dispersed metal carbon-based electrocatalysts. a Scheme of the synthesis 
of Fe-SAC/NPC. b R space fitting curve of Fe-SAC/NPC with the coordination model of Fe. c 
FECO of Fe-SAC/NPC. Reproduced with permission [54]. [57][58][60][61] Copyright 2021, John 
Wiley and Sons. d Synthesis procedure of CuSAs/THCF. e Partial current density of three samples. f 
Free energies for conversion of *CO to CH3OH on Cu-N4 structure. Reproduced with permission. 
Copyright 2019, American Chemical Society. g Scheme of the transformation from Bi-MOF to 
single Bi atoms. Reproduced with permission. Copyright 2019, American Chemical Society. h 
Schematic illustration of ZnCoNC synthesis. Reproduced with permission. Copyright 2020, John 
Wiley and Sons. i HAADF STEM image and representative EDS chemical composition of the 
Ni7/Fe3-N-C sample. j Ni7/Fe3-N-C samples (Ni, Fe, O, N, and C atoms are represented in red, 
green, pink, orange and grey, respectively.) k FE of CO at various potentials. Reproduced with 
permission. Copyright 2021, Royal Society of Chemistry

distributed Cu single atoms (CuSAs) for efficient electrochemical CO2RR (Fig. 8.3d). 
Due to the excellent mechanical properties, CuSAs/TCNFs can be directly used as 
the cathode for CO2RR. Due to the synergistic effect of the through-hole carbon 
structure and abundant isolated Cu active sites, the CuSAs/TCNFs exhibited a FE 
of 44% and a methanol partial current density of −93 mA cm−2 as well as long-
term stability (Fig. 8.3e). DFT calculations from CO* to methanol were performed 
(Fig. 8.3f). According to DFT calculations, the reduction of COH* to CHOH* on the 
Cu-N4 structure has a moderate free energy barrier (∼0.86 eV). In contrast, COH* 
to C* exhibits a higher reaction free energy barrier (∼1.88 eV), which is also higher 
than that of other reaction steps in the CH3OH generation process. Therefore, the 
Cu single-atom sites on the CuSAs/TCNFs catalysts tend to generate CH3OH rather
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than CH4. Besides transition metals, P-block metals are also widely used for elec-
trocatalytic CO2RR. For example, Li et al. [58] devised a simple and novel route 
to develop catalysts composed of single Bi atoms on N-doped carbon networks (Bi 
SAs/NCs) with hierarchical porosity for efficient CO reduction (Fig. 8.3g). Catalyst 
exhibits high intrinsic CO2 reduction activity for CO conversion, with high FECO 

(97%) and large turnover frequency (5535 h−1) at a low overpotential of 0.39 V 
versus RHE. Further experiments and DFT calculations reveal that the single-atom 
Bi-N4 site is the main active center for CO2 activation and rapid formation of the key 
intermediate COOH* with a low free energy barrier.

Researchers further found that the interactions between tight single atoms can 
have a dramatic impact on catalytic performance compared to isolated atoms, as 
they can optimize intermediate adsorption and thus product distribution [59]. Gong 
et al. [60] synthesized Zn/Co–N-C catalysts by pyrolysis and post-acid treatment 
(Fig. 8.3 h). Performance test results show that Zn/Co-N-C has a high FECO of 93.2% 
was achieved at −0.5 V versus RHE and a CO current density of about 26 mAcm−2 at 
−0.5 V remained stable after a 30 h test. DFT calculations indicate that the electronic 
effect between Zn and Co lowers the energy barrier for the formation of COOH* on 
the Zn site, promoting the reduction of CO2 to CO. Arbiol et al. [61] prepared a quasi-
double star Ni/Fe-N-C catalyst consisting of nearby Ni and Fe active sites by simple 
pyrolysis of Ni and Fe co-doped Zn-based MOFs in order to achieve high selectivity 
at low overpotentials during the CO2 reaction (Fig. 8.3i). The atomic structure of the 
Ni/Fe–N-C catalyst was verified in detail by EXAFS spectra (Fig. 8.3 j), and based on 
the fitting results and the corresponding fitting parameters, it was demonstrated that a 
single Fe atom should be coordinated to four N atoms and one O atom. Performance 
testing found that the optimized Ni/Fe-NC catalyst exhibited unique selectivity (98% 
maximum FE(CO)) at a low overpotential of 390 mV versus RHE, which was superior 
to its single metal counterpart (Ni-N-C and Fe-N-C catalysts) and other state-of-the-
art M-N-C catalysts (Fig. 8.3k). DFT results further suggest that tuning catalytic 
CO2RR performance through nearby Ni and Fe active sites may break the activity 
benchmark for single-metal counterparts, as adjacent Ni and Fe active sites not only 
act synergistically to reduce COOH* formation and CO* desorption reaction barriers, 
but also prevent the undesired hydrogen evolution reaction (HER) compared to their 
single metal counterparts. 

By constructing suitable carbon precursor materials, individual metal atoms can 
be trapped and stabilized. Due to the large difference in electronegativity between 
metal and carbon atoms, sufficient charge transfer can be generated to make this struc-
tural unit (M-N-C/M-C) an active center for electrocatalysis, reducing the activation 
energy barrier and overpotential of the reaction. These strategies provide important 
guidance for the preparation of high-performance electrocatalytic CO2RR catalysts 
and are also one of the current research hotspots.
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8.4 Metal Nanoparticles Encapsulated/Supported 
Carbon-Based Electrocatalysts for CO2RR 

The best catalytic activity of atomically dispersed transition metal carbon-based cata-
lysts is basically comparable to that of precious metals, but their poor stability seri-
ously hinders their commercial application. Recently, to overcome the low stability 
of nonprecious metal catalysts, Bao et al. [24, 25] proposed a novel and promising 
strategy to design and fabricate unique chainmail catalysts by fully encapsulating 
transition metals through graphene shells. In this carbon layer encapsulated tran-
sition metal catalyst, the electron of transition metals can penetrate through the 
graphene shell to promote the catalytic reaction on the external graphene surface, 
while the graphene shell can completely prevent reaction molecules and medium 
from contacting the transition metals and therefore can protect the transition metals 
from damage in harsh conditions. It will improve both the activity and stability of 
nonprecious-metal catalysts [25]. For example, Ye et al. [62] prepared Fe@C hybrids 
by a two-step calcination method using MIL-101(Fe) as precursor (Fig. 8.4a). The 
activity and selectivity to CO for Fe@C, Fe/SiO2, and Fe/CNT samples are summa-
rized in Fig. 8.4b. Fe@C catalyst exhibits the highest catalytic activity toward the 
CO generation (55.75 μmol min−1), the preferred selectivity toward CO over Fe@C 
catalyst (99.76%) become much obvious by evaluating in the fixed-bed reactor. DFT 
calculations were carried out to gain further insights into the nature of this catalytic 
process (Fig. 8.4c). Density of states (DOS) calculations show that the electronic 
structure of Fe nanoparticles near the Fermi energy level is modified to a metallic 
state by charge transfer and the Fermi energy level rises, thus ensuring the elec-
tron transfer of Fe nanoparticles to the reactants during catalysis and enhancing the 
catalytic performance. 

Strong metal-support interaction (SMSI), commonly happening between metal 
and metal oxide support, has drawn significant attention in heterogeneous catal-
ysis due to its capability of enhancing the activity and stability of catalysts. Herein, 
the strong interaction between metal and carbon supports is discovered to signifi-
cantly boost the performance for electrocatalytic CO2 reduction reaction (CO2RR) 
[26]. He et al. [63] report the synthesis of copper clusters supported on defect-rich 
carbon (DRC) with an abundant microporous structure by a very simple synthetic 
route involving first impregnation at 800 °C and subsequent calcination at 600 °C. 
The dual confinement of carbon defects and microporosity effectively prevented 
metal aggregation during calcination, resulting in copper clusters with a diameter 
of ~1.0 nm and containing ~10 atoms (Fig. 8.4d). The resulting Cu clusters/DRC 
showed excellent performance in CO2RR, with a high FE of 81.7% for CH4 and 
a partial current density of 18.0 mA cm−2 at 1.0 V versus RHE (Fig. 8.4e), which 
exceeded most Cu-based electrocatalysts. This can be attributed to the sub-nanoscale 
Cu clusters, whose d-band centers are shifted upwards compared to the nanoparti-
cles, which can enhance the adsorption strength of H* and CO*, thus promoting the 
formation of CH4 (Fig. 8.4f). In addition, the SMSI effect of Cu clusters and defec-
tive carbon also contributes significantly to the excellent performance by tuning the
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Fig. 8.4 Metal nanoparticles encapsulated and Metal nanoparticles supported carbon-based 
electrocatalysts. a Schematic illustration for the two-step preparation process for the core–shell 
structured Fe@C hybrid. b Photoinduced thermo-catalytic CO2 conversion performance for Fe@C, 
Fe/SiO2, and Fe/CNT catalysts in fixed bed reactor. c Projected density of states for the pz orbitals 
of C atoms bonded with Fe atoms in the model of Fe9@graphene in comparison with that of corre-
sponding C atoms in pristine graphene model. The top and side views of the difference charge 
density of optimized Fe9@graphene are shown as insertions. Reproduced with permission [62]. 
Copyright 2016, John Wiley and Sons. d Optimized structural model of Cu13/DG. The pink and 
black represent Cu and C atoms, respectively. Faradaic efficiencies of e Cu/DRC at different poten-
tials. f Adsorption energies of CO* intermediates on the above model. Reproduced with permission 
[63]. Copyright 2020, John Wiley and Sons. g Illustration of SMOSI enhancing the CO2RR perfor-
mance of SnO2/NSC. h work function values. i FEHCOOH and of SnO2/C, SnO2/SC, SnO2/NC, 
and SnO2/NSC. Reproduced with permission [26]. Copyright 2020, American Chemical Society. 
j HRTEM image of N-ND/Cu. The HRTEM image shows the presence of both Cu and nanodia-
mond as confirmed by lattice fringes of the selected regions in the micrograph. k Production rates 
for formate, methanol, ethylene, acetate and ethanol production by N-ND/Cu electrodes. l Free 
energy diagram for CO coupling on the Cu (111) surface (grey) and at the ND/Cu interface (blue). 
Reproduced with permission [64]. Copyright 2020, Springer Nature
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electronic structure and improving the stability of the Cu clusters. Using molecular 
precursors, Hu et al. [26] have carefully designed a variety of doped and undoped 
carbon carriers with similar specific surface area, morphology and porous struc-
ture. It was found that these carriers were able to effectively load high density and 
small size SnO2 NPs with a loading of approximately 60 wt.%. More importantly, 
systematic characterizations clearly revealed the existence of strong metal oxide-
carrier interactions (SMOSI) between the SnO2 nanoparticles and the doped carbon 
carriers (Fig. 8.4 g, h). The results show that the strongest SMOSI, SnO2/NSC, has 
a CO2RR selectivity of up to 94.4% for HCOOH and a partial current density of 
up to 56.0 mA cm−2, which is superior to most Sn-based catalysts (Fig. 8.4i). Cui 
et al. [64] created a selective and reliable catalytic interface during the reduction of 
CO2 to C2 oxygenates by rationally tuning the assembly of N-doped nanodiamonds 
and copper nanoparticles (Fig. 8.4j). The catalyst exhibits a Faradaic efficiency of 
about 63% for C2 oxygenates at an applied potential of only −0.5 V versus RHE 
(Fig. 8.4 k). In addition, the catalyst exhibits extremely high stability for up to 120 h. 
DFT calculations show that the binding of CO at the Cu/nanodiamond interface is 
significantly enhanced, reducing the apparent potential barrier of CO dimers and 
inhibiting the desorption of CO, thereby promoting the generation of C2 (Fig. 8.4l). 
The design principles of this interface material-material platform will be applicable to 
various catalytic transformations, especially those requiring renewable energy input 
and aqueous conditions.

8.5 Conclusion and Perspectives 

This chapter mainly introduces the research progress of carbon-based nanomate-
rials for CO2 electrocatalytic reduction in recent years. Several efficient and typical 
carbon-based nanomaterials (non-metals, atomically dispersed metals, and metal 
nanoparticles) are selected for discussion. The differences of CO2 electroreduc-
tion efficiency, product distribution and reduction process on various catalysts were 
analyzed. The special catalytic properties of these carbon-based nanomaterials and 
the mechanism behind them have improved the ideas for the development of effi-
cient catalysts. Although the research on CO2 electrocatalytic reduction has lasted for 
nearly half a century, the related work is almost limited to the scope of the laboratory, 
and it is still far from practical industrial application. In summary, it is believed that 
future research on electrocatalytic reduction of CO2 needs to make breakthroughs in 
the following aspects. 

(1) Development of catalysts suitable for the reduction of CO2 to alcohol products. 
Compared with other products of CO2 electroreduction, alcohol liquid prod-
ucts have advantages in storage and transportation, and alcohols have higher 
energy density, so they are more suitable as target products to store CO2 and 
electrical energy in the form of chemical energy. However, in many research 
reports, the conversion rate and the generation rate of alcohol are not ideal.
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It is difficult to significantly increase the efficiency of alcohols by using only 
pure copper-based catalytic electrodes. Atomically dispersed metals are worth 
trying as catalytic materials, which are expected to catalyze the efficient and 
rapid reduction of CO2 to alcohols. 

(2) Analysis of the mechanism of CO2 reduction. Due to the lack of strong direct 
experimental observations to analyze the reaction mechanism (especially the 
aqueous reaction system), many mechanisms in the CO2 reduction process are 
speculated by theoretical calculations. The theoretical calculations not only 
provide a reference for analyzing the reaction mechanism, but also provide a 
basis for the design of new catalysts. With the guidance of theoretical calcula-
tion results, researchers can purposefully synthesize new catalysts. However, 
for the same reduction process, there are also differences in the theoretical 
calculation results given by different researchers, and the proposed reaction 
processes are also different. However, for the same reduction process, there 
are also differences in the theoretical calculation results given by different 
researchers, and the proposed reaction processes are also different. 

References 

1. Y. Chen, Y. Zhang, G. Fan, L. Song, G. Jia, H. Huang, S. Ouyang, J. Ye, Z. Li, Z. Zou, Coop-
erative catalysis coupling photo-/photothermal effect to drive sabatier reaction with unprece-
dented conversion and selectivity. Joule 5, 3235–3251 (2021). https://doi.org/10.1016/j.joule. 
2021.11.009 

2. S. Ning, H. Xu, Y. Qi, L. Song, Q. Zhang, S. Ouyang, J. Ye, Microstructure induced thermody-
namic and kinetic modulation to enhance CO2 photothermal reduction: a case of atomic-scale 
dispersed Co-N species anchored Co@C hybrid. ACS Catal. 10, 4726–4736 (2020). https:// 
doi.org/10.1021/acscatal.9b04963 

3. N. Li, J. Liu, J.J. Liu, L.Z. Dong, Z.F. Xin, Y.L. Teng, Y.Q. Lan, Adenine components in 
biomimetic metal-organic frameworks for efficient CO2 photoconversion. Angew. Chem. Int. 
Ed. 58, 5226–5231 (2019). https://doi.org/10.1002/anie.201814729 

4. D.U. Nielsen, X.-M. Hu, K. Daasbjerg, T. Skrydstrup, Chemically and electrochemically catal-
ysed conversion of CO2 to CO with follow-up utilization to value-added chemicals. Nat. Catal. 
2, 95–95 (2018). https://doi.org/10.1038/s41929-018-0152-z 

5. M.S. Frei, C. Mondelli, A. Cesarini, F. Krumeich, R. Hauert, J.A. Stewart, D. Curulla Ferré, J. 
Pérez-Ramírez, Role of zirconia in indium oxide-catalyzed CO2 hydrogenation to methanol. 
ACS Catal. 10, 1133–1145 (2019). https://doi.org/10.1021/acscatal.9b03305 

6. D.D. Zhu, J.L. Liu, S.Z. Qiao, Recent advances in inorganic heterogeneous electrocatalysts 
for reduction of carbon dioxide. Adv. Mater. 28, 3423–3452 (2016). https://doi.org/10.1002/ 
adma.201504766 

7. W. Zhang, Y. Hu, L. Ma, G. Zhu, Y. Wang, X. Xue, R. Chen, S. Yang, Z. Jin, Progress and 
perspective of electrocatalytic CO2 reduction for renewable carbonaceous fuels and chemicals. 
Advanced Science 5, 1700275 (2018). https://doi.org/10.1002/advs.201700275 

8. T. Zheng, K. Jiang, H. Wang, Recent advances in electrochemical CO2-to-CO conversion on 
heterogeneous catalysts. Adv. Mater. 30, e1802066 (2018). https://doi.org/10.1002/adma.201 
802066 

9. S. Verma, S. Lu, P.J.A. Kenis, Co-electrolysis of CO2 and glycerol as a pathway to carbon 
chemicals with improved technoeconomics due to low electricity consumption. Nat. Energy 4, 
466–474 (2019). https://doi.org/10.1038/s41560-019-0374-6

https://doi.org/10.1016/j.joule.2021.11.009
https://doi.org/10.1016/j.joule.2021.11.009
https://doi.org/10.1021/acscatal.9b04963
https://doi.org/10.1021/acscatal.9b04963
https://doi.org/10.1002/anie.201814729
https://doi.org/10.1038/s41929-018-0152-z
https://doi.org/10.1021/acscatal.9b03305
https://doi.org/10.1002/adma.201504766
https://doi.org/10.1002/adma.201504766
https://doi.org/10.1002/advs.201700275
https://doi.org/10.1002/adma.201802066
https://doi.org/10.1002/adma.201802066
https://doi.org/10.1038/s41560-019-0374-6


8 Carbon-Based Nanomaterials for Carbon Dioxide Reduction Reaction 183

10. M. Liu, M. Liu, X. Wang, S.M. Kozlov, Z. Cao, P. De Luna, H. Li, X. Qiu, K. Liu, J. Hu, C. 
Jia, P. Wang, H. Zhou, J. He, M. Zhong, X. Lan, Y. Zhou, Z. Wang, J. Li, A. Seifitokaldani, 
C.T. Dinh, H. Liang, C. Zou, D. Zhang, Y. Yang, T.-S. Chan, Y. Han, L. Cavallo, T.-K. Sham, 
B.-J. Hwang, E.H. Sargent, Quantum-dot-derived catalysts for CO2 reduction reaction. Joule 
3, 1703–1718 (2019). https://doi.org/10.1016/j.joule.2019.05.010 

11. T.-T. Zhuang, Z.-Q. Liang, A. Seifitokaldani, Y. Li, P. De Luna, T. Burdyny, F. Che, F. Meng, Y. 
Min, R. Quintero-Bermudez, C.T. Dinh, Y. Pang, M. Zhong, B. Zhang, J. Li, P.-N. Chen, X.-L. 
Zheng, H. Liang, W.-N. Ge, B.-J. Ye, D. Sinton, S.-H. Yu, E.H. Sargent, Steering post-C–C 
coupling selectivity enables high efficiency electroreduction of carbon dioxide to multi-carbon 
alcohols. Nat. Catal. 1, 421–428 (2018). https://doi.org/10.1038/s41929-018-0084-7 

12. Y. Hori, Electrochemical CO2 reduction on metal electrodes. Mod. Aspects Electrochem. 42, 
89–189 (2008). https://doi.org/10.1007/978-0-387-49489-0_3 

13. X. Wan, X. Liu, Y. Li, R. Yu, L. Zheng, W. Yan, H. Wang, M. Xu, J. Shui, Fe-N-C elec-
trocatalyst with dense active sites and efficient mass transport for high-performance proton 
exchange membrane fuel cells. Nat. Catal. 2, 259–268 (2019). https://doi.org/10.1038/s41929-
019-0237-3 

14. S. Wang, H. Jiang, L. Song, Recent progress in defective carbon-based oxygen electrode mate-
rials for rechargeable zinc-air batteries. Batteries Supercaps 2, 509–523 (2019). https://doi.org/ 
10.1002/batt.201900001 

15. K. Gong, F. Du, Z. Xia, M. Durstock, L. Dai, Nitrogen-doped carbon nanotube arrays with 
high electrocatalytic activity for oxygen reduction. Science 323, 760–764 (2009). https://doi. 
org/10.1126/science.1168049 

16. I.S. Amiinu, X. Liu, Z. Pu, W. Li, Q. Li, J. Zhang, H. Tang, H. Zhang, S. Mu, From 3D ZIF 
nanocrystals to Co-Nx/C nanorod array electrocatalysts for ORR, OER, and Zn-air batteries. 
Adv. Func. Mater. 28, 1704638 (2018). https://doi.org/10.1002/adfm.201704638 

17. Y. Jia, J. Chen, X. Yao, Defect electrocatalytic mechanism: concept, topological structure and 
perspective. Mater. Chem. Front. 2, 1250–1268 (2018). https://doi.org/10.1039/c8qm00070k 

18. C. Xie, D. Yan, W. Chen, Y. Zou, R. Chen, S. Zang, Y. Wang, X. Yao, S. Wang, Insight into the 
design of defect electrocatalysts: from electronic structure to adsorption energy. Mater. Today 
31, 47–68 (2019). https://doi.org/10.1016/j.mattod.2019.05.021 

19. H. Zhao, C. Sun, Z. Jin, D.-W. Wang, X. Yan, Z. Chen, G. Zhu, X. Yao, Carbon for the oxygen 
reduction reaction: a defect mechanism. J. Mater. Chem. A 3, 11736–11739 (2015). https:// 
doi.org/10.1039/c5ta02229k 

20. S. Liu, H. Yang, X. Su, J. Ding, Q. Mao, Y. Huang, T. Zhang, B. Liu, Rational design of 
carbon-based metal-free catalysts for electrochemical carbon dioxide reduction: a review. J. 
Energy Chem. 36, 95–105 (2019). https://doi.org/10.1016/j.jechem.2019.06.013 

21. H. Yang, Q. Lin, C. Zhang, X. Yu, Z. Cheng, G. Li, Q. Hu, X. Ren, Q. Zhang, J. Liu, C. 
He, Carbon dioxide electroreduction on single-atom nickel decorated carbon membranes with 
industry compatible current densities. Nat. Commun. 11, 593 (2020). https://doi.org/10.1038/ 
s41467-020-14402-0 

22. T.K. Todorova, M.W. Schreiber, M. Fontecave, Mechanistic understanding of CO2 reduction 
reaction (CO2RR) toward multicarbon products by heterogeneous Copper-based catalysts. ACS 
Catal. 10, 1754–1768 (2019). https://doi.org/10.1021/acscatal.9b04746 

23. B. Zhang, J. Zhang, J. Shi, D. Tan, L. Liu, F. Zhang, C. Lu, Z. Su, X. Tan, X. Cheng, B. Han, 
L. Zheng, J. Zhang, Manganese acting as a high-performance heterogeneous electrocatalyst 
in carbon dioxide reduction. Nat. Commun. 10, 2980 (2019). https://doi.org/10.1038/s41467-
019-10854-1 

24. D. Deng, K.S. Novoselov, Q. Fu, N. Zheng, Z. Tian, X. Bao, Catalysis with two-dimensional 
materials and their heterostructures. Nat. Nanotechnol. 11, 218–230 (2016). https://doi.org/10. 
1038/nnano.2015.340 

25. D. Deng, L. Yu, X. Chen, G. Wang, L. Jin, X. Pan, J. Deng, G. Sun, X. Bao, Iron encapsulated 
within pod-like carbon nanotubes for oxygen reduction reaction. Angew. Chem. Int. Ed. 52, 
371–375 (2013). https://doi.org/10.1002/anie.201204958

https://doi.org/10.1016/j.joule.2019.05.010
https://doi.org/10.1038/s41929-018-0084-7
https://doi.org/10.1007/978-0-387-49489-0_3
https://doi.org/10.1038/s41929-019-0237-3
https://doi.org/10.1038/s41929-019-0237-3
https://doi.org/10.1002/batt.201900001
https://doi.org/10.1002/batt.201900001
https://doi.org/10.1126/science.1168049
https://doi.org/10.1126/science.1168049
https://doi.org/10.1002/adfm.201704638
https://doi.org/10.1039/c8qm00070k
https://doi.org/10.1016/j.mattod.2019.05.021
https://doi.org/10.1039/c5ta02229k
https://doi.org/10.1039/c5ta02229k
https://doi.org/10.1016/j.jechem.2019.06.013
https://doi.org/10.1038/s41467-020-14402-0
https://doi.org/10.1038/s41467-020-14402-0
https://doi.org/10.1021/acscatal.9b04746
https://doi.org/10.1038/s41467-019-10854-1
https://doi.org/10.1038/s41467-019-10854-1
https://doi.org/10.1038/nnano.2015.340
https://doi.org/10.1038/nnano.2015.340
https://doi.org/10.1002/anie.201204958


184 D. Xue and Y. Wei

26. L.-P. Yuan, W.-J. Jiang, X.-L. Liu, Y.-H. He, C. He, T. Tang, J. Zhang, J.-S. Hu, Molecularly 
engineered strong metal oxide-support interaction enables highly efficient and stable CO2 
electroreduction. ACS Catal. 10, 13227–13235 (2020). https://doi.org/10.1021/acscatal.0c0 
3831 

27. Y. Jiang, L. Yang, T. Sun, J. Zhao, Z. Lyu, O. Zhuo, X. Wang, Q. Wu, J. Ma, Z. Hu, Significant 
contribution of intrinsic carbon defects to oxygen reduction activity. ACS Catal. 5, 6707–6712 
(2015). https://doi.org/10.1021/acscatal.5b01835 

28. J. Zhu, Y. Huang, W. Mei, C. Zhao, C. Zhang, J. Zhang, I.S. Amiinu, S. Mu, Effects of intrinsic 
pentagon defects on electrochemical reactivity of carbon nanomaterials. Angew. Chem. Int. 
Ed. 58, 3859–3864 (2019). https://doi.org/10.1002/anie.201813805 

29. J. Wu, T. Sharifi, Y. Gao, T. Zhang, P.M. Ajayan, Emerging carbon-based heterogeneous cata-
lysts for electrochemical reduction of carbon dioxide into value-added chemicals. Adv. Mater. 
31, e1804257 (2019). https://doi.org/10.1002/adma.201804257 

30. M. Chen, S. Wang, H. Zhang, P. Zhang, Z. Tian, M. Lu, X. Xie, L. Huang, W. Huang, Intrinsic 
defects in biomass-derived carbons facilitate electroreduction of CO2. Nano Res. 13, 729–735 
(2020). https://doi.org/10.1007/s12274-020-2683-2 

31. Q. Wu, J. Gao, J. Feng, Q. Liu, Y. Zhou, S. Zhang, M. Nie, Y. Liu, J. Zhao, F. Liu, J. Zhong, 
Z. Kang, A CO2 adsorption dominated carbon defect-based electrocatalyst for efficient carbon 
dioxide reduction. J. Mater. Chem. A 8, 1205–1211 (2020). https://doi.org/10.1039/c9ta11473d 

32. W. Wang, L. Shang, G. Chang, C. Yan, R. Shi, Y. Zhao, G.I.N. Waterhouse, D. Yang, T. Zhang, 
Intrinsic carbon-defect-driven electrocatalytic reduction of carbon dioxide. Adv. Mater. 31, 
e1808276 (2019). https://doi.org/10.1002/adma.201808276 

33. S. Liu, H. Yang, X. Huang, L. Liu, W. Cai, J. Gao, X. Li, T. Zhang, Y. Huang, B. Liu, Identifying 
active sites of nitrogen-doped carbon materials for the CO2 reduction reaction. Adv. Func. 
Mater. 28, 1800499 (2018). https://doi.org/10.1002/adfm.201800499 

34. L. Li, Y. Huang, Y. Li, Carbonaceous materials for electrochemical CO2 reduction. Energy-
Chem 2, 100024 (2020). https://doi.org/10.1016/j.enchem.2019.100024 

35. J. Zhao, H. Lai, Z. Lyu, Y. Jiang, K. Xie, X. Wang, Q. Wu, L. Yang, Z. Jin, Y. Ma, J. Liu, Z. 
Hu, Hydrophilic hierarchical nitrogen-doped carbon nanocages for ultrahigh supercapacitive 
performance. Adv. Mater. 27, 3541–3545 (2015). https://doi.org/10.1002/adma.201500945 

36. M. Tomisaki, S. Kasahara, K. Natsui, N. Ikemiya, Y. Einaga, Switchable product selectivity 
in the electrochemical reduction of carbon dioxide using boron-doped diamond electrodes. J. 
Am. Chem. Soc. 141, 7414–7420 (2019). https://doi.org/10.1021/jacs.9b01773 

37. X. Zou, M. Liu, J. Wu, P.M. Ajayan, J. Li, B. Liu, B.I. Yakobson, How nitrogen-doped graphene 
quantum dots catalyze electroreduction of CO2 to hydrocarbons and oxygenates. ACS Catal. 
7, 6245–6250 (2017). https://doi.org/10.1021/acscatal.7b01839 

38. Z. Ma, L. Tao, D. Liu, Z. Li, Y. Zhang, Z. Liu, H. Liu, R. Chen, J. Huo, S. Wang, Ultrafine 
nano-sulfur particles anchored on in situ exfoliated graphene for lithium–sulfur batteries. J. 
Mater. Chem. A 5, 9412–9417 (2017). https://doi.org/10.1039/c7ta01981e 

39. J. Kim, R. Zhou, K. Murakoshi, S. Yasuda, Advantage of semi-ionic bonding in fluorine-doped 
carbon materials for the oxygen evolution reaction in alkaline media. RSC Adv. 8, 14152–14156 
(2018). https://doi.org/10.1039/c8ra01636d 

40. T. Liu, S. Ali, Z. Lian, C. Si, D.S. Su, B. Li, Phosphorus-doped onion-like carbon for CO2 
electrochemical reduction: the decisive role of the bonding configuration of phosphorus. J. 
Mater. Chem. A 6, 19998–20004 (2018). https://doi.org/10.1039/c8ta06649c 

41. W. Li, M. Seredych, E. Rodriguez-Castellon, T.J. Bandosz, Metal-free nanoporous carbon as 
a catalyst for electrochemical reduction of CO2 to CO and CH4. Chemsuschem 9, 606–616 
(2016). https://doi.org/10.1002/cssc.201501575 

42. P. Wu, Y. Qian, P. Du, H. Zhang, C. Cai, Facile synthesis of nitrogen-doped graphene for 
measuring the releasing process of hydrogen peroxide from living cells. J. Mater. Chem. 22, 
6402–6412 (2012). https://doi.org/10.1039/c2jm16929k 

43. X. Cui, Z. Pan, L. Zhang, H. Peng, G. Zheng, Selective etching of nitrogen-doped carbon by 
steam for enhanced electrochemical CO2 reduction. Adv. Energy Mater. 7, 1701456 (2017). 
https://doi.org/10.1002/aenm.201701456

https://doi.org/10.1021/acscatal.0c03831
https://doi.org/10.1021/acscatal.0c03831
https://doi.org/10.1021/acscatal.5b01835
https://doi.org/10.1002/anie.201813805
https://doi.org/10.1002/adma.201804257
https://doi.org/10.1007/s12274-020-2683-2
https://doi.org/10.1039/c9ta11473d
https://doi.org/10.1002/adma.201808276
https://doi.org/10.1002/adfm.201800499
https://doi.org/10.1016/j.enchem.2019.100024
https://doi.org/10.1002/adma.201500945
https://doi.org/10.1021/jacs.9b01773
https://doi.org/10.1021/acscatal.7b01839
https://doi.org/10.1039/c7ta01981e
https://doi.org/10.1039/c8ra01636d
https://doi.org/10.1039/c8ta06649c
https://doi.org/10.1002/cssc.201501575
https://doi.org/10.1039/c2jm16929k
https://doi.org/10.1002/aenm.201701456


8 Carbon-Based Nanomaterials for Carbon Dioxide Reduction Reaction 185

44. W. Feng, P. Long, Y. Feng, Y. Li, Two-dimensional fluorinated graphene: synthesis, structures, 
properties and applications. Adv. Sci. 3, 1500413 (2016). https://doi.org/10.1002/advs.201 
500413 

45. J. Xie, X. Zhao, M. Wu, Q. Li, Y. Wang, J. Yao, Metal-free fluorine-doped carbon electrocatalyst 
for CO2 reduction outcompeting hydrogen evolution. Angew. Chem. Int. Ed. 57, 9640–9644 
(2018). https://doi.org/10.1002/anie.201802055 

46. X. Xue, H. Yang, T. Yang, P. Yuan, Q. Li, S. Mu, X. Zheng, L. Chi, J. Zhu, Y. Li, J. Zhang, 
Q. Xu, N, P-coordinated fullerene-like carbon nanostructures with dual active centers toward 
highly-efficient multi-functional electrocatalysis for CO2RR ORR and Zn-air battery. J. Mater. 
Chem. A 7, 15271–15277 (2019). https://doi.org/10.1039/c9ta03828k 

47. Z. Wang, H. Jin, T. Meng, K. Liao, W. Meng, J. Yang, D. He, Y. Xiong, S. Mu, Fe, Cu-
coordinated ZIF-derived carbon framework for efficient oxygen reduction reaction and zinc-air 
batteries. Adv. Func. Mater. 28, 1802596 (2018). https://doi.org/10.1002/adfm.201802596 

48. T. Ouyang, Y.Q. Ye, C.Y. Wu, K. Xiao, Z.Q. Liu, Heterostructures composed of N-doped 
carbon nanotubes encapsulating cobalt and beta-Mo2C nanoparticles as bifunctional electrodes 
for water splitting. Angew. Chem. Int. Ed. 58, 4923–4928 (2019). https://doi.org/10.1002/anie. 
201814262 

49. C. Hu, R. Paul, Q. Dai, L. Dai, Carbon-based metal-free electrocatalysts: from oxygen reduction 
to multifunctional electrocatalysis. Chem. Soc. Rev. 50, 11785–11843 (2021). https://doi.org/ 
10.1039/d1cs00219h 

50. J.N. Kuhn, W. Huang, C.K. Tsung, Y. Zhang, G.A. Somorjai, Structure sensitivity of carbon-
nitrogen ring opening: Impact of platinum particle size from below 1 to 5 nm upon pyrrole 
hydrogenation product selectivity over monodisperse platinum nanoparticles loaded onto 
mesoporous silica. J. Am. Chem. Soc. 130, 14026–14027 (2008). https://doi.org/10.1021/ja8 
05050c 

51. Y. Wang, P. Han, X. Lv, L. Zhang, G. Zheng, Defect and interface engineering for aqueous elec-
trocatalytic CO2 reduction. Joule 2, 2551–2582 (2018). https://doi.org/10.1016/j.joule.2018. 
09.021 

52. A.S. Varela, N. Ranjbar Sahraie, J. Steinberg, W. Ju, H.S. Oh, P. Strasser, Metal-doped nitro-
genated carbon as an efficient catalyst for direct CO2 electroreduction to CO and hydrocarbons. 
Angew. Chem. Int. Ed. 54, 10758–10762 (2015). https://doi.org/10.1002/anie.201502099 

53. Q. He, J.H. Lee, D. Liu, Y. Liu, Z. Lin, Z. Xie, S. Hwang, S. Kattel, L. Song, J.G. Chen, 
Accelerating CO2 electroreduction to CO over Pd single-atom catalyst. Adv. Func. Mater. 30, 
2000407 (2020). https://doi.org/10.1002/adfm.202000407 

54. X. Sun, Y. Tuo, C. Ye, C. Chen, Q. Lu, G. Li, P. Jiang, S. Chen, P. Zhu, M. Ma, J. Zhang, J.H. 
Bitter, D. Wang, Y. Li, Phosphorus induced electron localization of single iron sites for boosted 
CO2 electroreduction reaction. Angew. Chem. Int. Ed. 60, 23614–23618 (2021). https://doi. 
org/10.1002/anie.202110433 

55. K.P. Kuhl, T. Hatsukade, E.R. Cave, D.N. Abram, J. Kibsgaard, T.F. Jaramillo, (2014) Electro-
catalytic conversion of carbon dioxide to methane and methanol on transition metal surfaces. 
Journal of the American Chemical Society, 136: 14107–14113. https://doi.org/10.1021/ja5 
05791r 

56. A. Vasileff, C. Xu, Y. Jiao, Y. Zheng, S.-Z. Qiao, Surface and interface engineering in copper-
based bimetallic materials for selective CO2 electroreduction. Chem 4, 1809–1831 (2018). 
https://doi.org/10.1016/j.chempr.2018.05.001 

57. H. Yang, Y. Wu, G. Li, Q. Lin, Q. Hu, Q. Zhang, J. Liu, C. He, Scalable production of efficient 
single-atom copper decorated carbon membranes for CO2 electroreduction to methanol. J. Am. 
Chem. Soc. 141, 12717–12723. https://doi.org/10.1021/jacs.9b04907 

58. E. Zhang, T. Wang, K. Yu, J. Liu, W. Chen, A. Li, H. Rong, R. Lin, S. Ji, X. Zheng, Y. Wang, L. 
Zheng, C. Chen, D. Wang, J. Zhang, Y. Li, Bismuth single atoms resulting from transformation 
of metal-organic frameworks and their use as electrocatalysts for CO2 reduction. J. Am. Chem. 
Soc. 141, 16569–16573 (2019). https://doi.org/10.1021/jacs.9b08259 

59. P. Song, M. Luo, X. Liu, W. Xing, W. Xu, Z. Jiang, L. Gu, Zn single atom catalyst for highly 
efficient oxygen reduction reaction. Adv. Func. Mater. 27, 1700802 (2017). https://doi.org/10. 
1002/adfm.201700802

https://doi.org/10.1002/advs.201500413
https://doi.org/10.1002/advs.201500413
https://doi.org/10.1002/anie.201802055
https://doi.org/10.1039/c9ta03828k
https://doi.org/10.1002/adfm.201802596
https://doi.org/10.1002/anie.201814262
https://doi.org/10.1002/anie.201814262
https://doi.org/10.1039/d1cs00219h
https://doi.org/10.1039/d1cs00219h
https://doi.org/10.1021/ja805050c
https://doi.org/10.1021/ja805050c
https://doi.org/10.1016/j.joule.2018.09.021
https://doi.org/10.1016/j.joule.2018.09.021
https://doi.org/10.1002/anie.201502099
https://doi.org/10.1002/adfm.202000407
https://doi.org/10.1002/anie.202110433
https://doi.org/10.1002/anie.202110433
https://doi.org/10.1021/ja505791r
https://doi.org/10.1021/ja505791r
https://doi.org/10.1016/j.chempr.2018.05.001
https://doi.org/10.1021/jacs.9b04907
https://doi.org/10.1021/jacs.9b08259
https://doi.org/10.1002/adfm.201700802
https://doi.org/10.1002/adfm.201700802


186 D. Xue and Y. Wei

60. W. Zhu, L. Zhang, S. Liu, A. Li, X. Yuan, C. Hu, G. Zhang, W. Deng, K. Zang, J. Luo, Y. Zhu, 
M. Gu, Z.J. Zhao, J. Gong, Enhanced CO2 electroreduction on neighboring Zn/Co monomers 
by electronic effect. Angew. Chem. Int. Ed. 59, 12664–12668 (2020). https://doi.org/10.1002/ 
anie.201916218 

61. T. Zhang, X. Han, H. Liu, M. Biset-Peiró, X. Zhang, P. Tan, P. Tang, B. Yang, L. Zheng, J.R. 
Morante, J. Arbiol, Quasi-double-star nickel and iron active sites for high-efficiency carbon 
dioxide electroreduction. Energy Environ. Sci. 14, 4847–4857 (2021). https://doi.org/10.1039/ 
d1ee01592c 

62. H. Zhang, T. Wang, J. Wang, H. Liu, T.D. Dao, M. Li, G. Liu, X. Meng, K. Chang, L. Shi, 
T. Nagao, J. Ye, Surface-plasmon-enhanced photodriven CO2 reduction catalyzed by metal-
organic-framework-derived iron nanoparticles encapsulated by ultrathin carbon layers. Adv. 
Mater. 28, 3703–3710 (2016). https://doi.org/10.1002/adma.201505187 

63. Q. Hu, Z. Han, X. Wang, G. Li, Z. Wang, X. Huang, H. Yang, X. Ren, Q. Zhang, J. Liu, C. He, 
Facile synthesis of sub-nanometric copper clusters by double confinement enables selective 
reduction of carbon dioxide to methane. Angew. Chem. Int. Ed. 59, 19054–19059 (2020). 
https://doi.org/10.1002/anie.202009277 

64. H. Wang, Y.K. Tzeng, Y. Ji, Y. Li, J. Li, X. Zheng, A. Yang, Y. Liu, Y. Gong, L. Cai, Y. Li, 
X.  Zhang,  W.  Chen, B. Liu, H. Lu,  N.A.  Melosh, Z.X. Shen,  K.  Chan, T. Tan, S. Chu,  Y.  Cui,  
Synergistic enhancement of electrocatalytic CO2 reduction to C2 oxygenates at nitrogen-doped 
nanodiamonds/Cu interface. Nat. Nanotechnol. 15, 131–137 (2020). https://doi.org/10.1038/ 
s41565-019-0603-y

https://doi.org/10.1002/anie.201916218
https://doi.org/10.1002/anie.201916218
https://doi.org/10.1039/d1ee01592c
https://doi.org/10.1039/d1ee01592c
https://doi.org/10.1002/adma.201505187
https://doi.org/10.1002/anie.202009277
https://doi.org/10.1038/s41565-019-0603-y
https://doi.org/10.1038/s41565-019-0603-y


Chapter 9 
Carbon-Based Nanomaterials 
for Nitrogen Reduction Reaction 

Yajin Wang, Dongping Xue, Siran Xu, and Bang-An Lu 

Abstract Ammonia (NH3) plays a vital role in food and industrial production and is 
a promising carbon-free energy storage carrier. At present, the main method of indus-
trial synthesis of NH3 is the Haber–Bosch method, which is carried out under high 
temperature and high pressure, consumes a large amount of energy and emits green-
house gases, and this process is unsustainable. In recent years, the electrocatalytic 
nitrogen reduction reaction (NRR) has become a promising method for achieving 
green and sustainable NH3 synthesis under ambient conditions, which has attracted 
the attention of researchers. However, due to the inertness of nitrogen molecules and 
the strong side reaction of hydrogen evolution, the catalytic activity and selectivity 
are low, which is still a huge challenge to the wide application of electrocatalytic 
NRR. Therefore, the design and development of an efficient NRR electrocatalyst is an 
important subject of theoretical and experimental research. Carbon-based nanomate-
rials have become a research hotspot in the field of electrocatalytic NRR due to their 
excellent electrical conductivity, chemical stability, adjustable electronic structure, 
and morphology characteristics. This chapter will start with the reaction mechanism 
of electrocatalytic NRR synthesis of NH3, and introduce the types of carbon-based 
nanomaterials. The focus is on the design of various carbon-based nanomaterials 
and the principle of improving NRR activity. The classification mainly includes 
metal-free carbon-based, atomically dispersed metal carbon-based, metal nanopar-
ticles encapsulated carbon-based and metal nanoparticles supported carbon-based 
electrocatalysts. Finally, the problems faced by carbon-based nanomaterial catalysts
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for NRR and the design of carbon-based nanomaterial catalysts in the future are 
discussed and prospected. 

9.1 Introduction 

Ammonia (NH3) and its derivatives are very important to modern society. Nitrogen 
(N2) fixation is also a critical step in the earth’s nitrogen cycle, the atmospheric N2 

can be used for a variety of nitrogen-containing molecules’ biological synthesis, 
including ammonia, amino acids, nucleic acids, amines, nitrogen heterocycles, 
nitrates, and nitrites [1]. Nitrogen-containing chemicals are widely used in agricul-
ture and chemical industries [2]. As a substitute for hydrogen (H2), NH3 containing 
17.6 wt.% H is also considered an important hydrogen carrier. Compared with 
gaseous H2, it is easier to store and transport. Especially as carbon-free energy storage 
intermediate, NH3 is completely burned to produce nitrogen (N2) and water (H2O), 
and will not emit harmful gases such as carbon monoxide (CO) and greenhouse gases 
such as carbon dioxide (CO2) into the atmosphere [3, 4]. 

At present, the industrial production of NH3 mainly adopts the Haber–Bosch 
process, which has been applied for more than 100 years. N2 and H2 are carried 
out under high temperature (300–600 °C) and high pressure (150–300 atm) condi-
tions in the presence of iron-based catalysts. The energy consumption of this process 
accounts for 1–2% of the global total. Moreover, H2 is obtained from steam methane 
reforming, which emits millions of tons of CO2 every year, causing serious environ-
mental problems [5]. Considering these energy and environmental costs, alternative 
processes need to be developed to achieve efficient N2 reduction for the synthesis of 
NH3 [6]. 

In the past few years, the emerging electrochemical ammonia synthesis process 
uses renewable electricity to directly synthesize NH3 from N2 and H2O under ambient 
conditions and has received extensive attention from the scientific community [7]. 
The electrocatalytic process has many advantages, such as mild reaction condi-
tions, simple infrastructure, less environmental pollution and so on. This process 
can provide an alternative way for the realization of green NH3 synthesis (Fig. 9.1) 
[8]. 

Generally, electrocatalysis NRR involves three basic steps: 1) adsorption of 
nitrogen on catalytically active sites, 2) hydrogenation of adsorbed nitrogen and 
cracking of N≡N bonds to generate ammonia, and 3) desorption of ammonia 
molecules from the catalyst surface [9]. It is quite difficult to adsorb and acti-
vate nitrogen molecules because the inertness of N2 molecules with strong triple 
bonds [10]. The NRR process involves multiple proton-electron transfer reactions 
and different intermediate products. Therefore, a reasonable design of active sites 
on the catalyst is necessary. The ideal NRR catalyst should firstly have a strong 
adsorption capacity for N2 molecules (that is, a lower activation energy), but the 
combination with intermediate species should be relatively weak (that is, a lower
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Fig. 9.1 Schematic illustration of carbon-based nanomaterials for NRR 

adsorption energy) [11]. According to the way of nitrogen adsorption and hydro-
genation the mechanisms can be divided into dissociative and associative. In the 
dissociation pathways, the N≡N bond is destroyed before the hydrogenation reac-
tion, and a single nitrogen atom is adsorbed on the surface of the catalyst, which is 
converted into NH3 by the hydrogenation process. In the associative pathways, when 
the nitrogen molecule is hydrogenated, the two nitrogen atoms remain bonded to 
each other, [12] and there are two possible hydrogenation pathways: one is that the 
hydrogenation reaction occurs preferentially on the nitrogen atom farthest from the 
surface (assuming that the N2 molecule is in the terminal coordination mode), and an 
NH3 molecule is generated and dissociated, leaving an adsorbed nitrogen atom (or 
metal nitride M≡N unit) on the surface of the catalyst, which is then hydrogenated to 
form a second NH3 molecule. Another way of hydrogenation is that the two nitrogen 
centers of nitrogen atoms are alternately hydrogenated until one of the nitrates is 
converted to NH3 and the N≡N bond is broken (Fig. 9.2) [13, 14]. 

The detailed reaction steps are as follows: 
Dissociative pathway: 

N2 + 2∗ → 2∗N (9.1) 

2∗N + 2e− + 2H+ → 2∗NH (9.2) 

2∗NH + 2e− + 2H+ → 2∗NH2 (9.3) 

2∗NH2 + 2e− + 2H+ → 2NH3 + 2∗ (9.4) 

Associative distal pathway:
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Fig. 9.2 Reaction Mechanisms for the NRR, including dissociative pathway, associative distal 
pathway, and associative alternating. Reproduced with permission [15]. Copyright 2019, Elsevier 

N2+∗ →∗ N2 (9.5) 

∗N2 + e− + H+ →∗ NNH (9.6) 

∗NNH + e− + H+ →∗ NNH2 (9.7) 

∗NNH2 + e− + H+ →∗ N + NH3 (9.8) 

∗N + e− + H+ →∗ NH (9.9) 

∗NH + e− + H+ →∗ NH2 (9.10) 

∗NH2 + e− + H+ → NH3+∗ (9.11) 

Associative alternating pathway:
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N2+∗ →∗ N2 (9.12) 

∗N2 + e− + H+ →∗ NNH (9.13) 

∗NNH + e− + H+ →∗ NHNH (9.14) 

∗NHNH + e− + H+ →∗ NHNH2 (9.15) 

∗NHNH2 + e− + H+ →∗ NH2NH2 (9.16) 

∗NH2NH2 + e− + H+ →∗ NH2 + NH3 (9.17) 

∗NH2 + e− + H+ → NH3+∗ (9.18) 

Despite rapid progress in this field of research, improving conversion efficiency 
is still a huge challenge, including low NH3 yield and limited Faradaic efficiency 
(FE) [15]. 

In the electrochemical nitrogen reduction process, the design and development of 
suitable electrochemical NRR catalysts are still an important subject of theoretical 
and experimental research [16]. As one of the most abundant elements in the earth, 
carbon has been favored by many researchers for its controllable electronic structure, 
excellent electrical/thermal conductivity and abundant surface active sites [17, 18]. In 
the past few years, carbon-based electrocatalysts have shown great potential in energy 
conversion and storage. The introduction of cost-effective carbon-based materials 
into NRR may also be a promising catalyst. However, it is difficult for the original 
carbon materials to chemically adsorb N2, which directly inhibits NRR process of 
carbon-based materials [19]. The performance of NRR is intrinsically related to the 
electronic and surface structure of the catalyst. Therefore, modification of carbon-
based materials is necessary by doping heteroatoms or constructing metal/carbon 
composite materials to increase the active sites and obtain high-efficiency NRR 
carbon-based catalysts [20, 21]. For example, Qiao et al. [20] systematically evaluated 
the potential of carbon sulfide doped materials (O, S, Se, Te) as NRR catalysts 
based on a combination of theoretical calculations and experimental observations. 
The charge accumulation induced by heteroatom doping promoted N2 adsorption on 
carbon atoms, and spin polarization promoted the first potential determination step of 
protonation to form *NNH, which exhibited high intrinsic NRR activity. Establishing 
the correlation between the electronic structure of carbon-based materials and the 
performance of NRR. 

In this chapter, several NRR carbon-based catalysts are summarized, including 
metal-free carbon-based, [22] atomically dispersed metal carbon-based, [23] metal 
nanoparticles/alloys carbon-based [24] and metal hybrids carbon-based electrocata-
lysts, [25] and we hope to guide for optimizing NRR carbon-based electrocatalysts.
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9.2 Metal-Free Carbon-Based Electrocatalysts for NRR 

In recent years, with the introduction of innovative concepts such as green chemistry 
and sustainable development, metal-free catalysts have gradually become a research 
hotspot and frontier in the field of catalysis [26]. Metal-free carbon-based catalyst 
has inherent advantages such as low cost and environmental friendliness, and it also 
has the advantages of large specific surface area, abundant pores, excellent activity, 
and long durability. More importantly, they can exhibit metal-like catalytic activity 
[27]. Metal-free carbon-based nanomaterials is also an ideal candidate material for 
designing high-performance NRR electrocatalysts [19]. Regarding the design and 
construction of metal-free carbon-based nanomaterials, heteroatom doping is consid-
ered to be effective method, [3] which can not only adjust the electronic structure 
and manipulate the surface characteristics, but also induce changes in the charge and 
spin density near the carbon atom. In this way, the adsorption/desorption behavior of 
reactants, intermediates and products on the surface of the catalyst can be adjusted, 
and electron transfer can be promoted [28]. 

The more commonly used non-metallic elements in heteroatom doping strategy 
are N, [29] B, [30] S, [31] and so on. Due to the large specific surface area and 
abundant pores of N-doped carbon nanomaterials, it can provide sufficient binding 
sites and fast mass transfer paths, so it is widely used in the capture of O2, CO2, and 
N2 [32]. It is worth noting that N doping changes the electronic structure, induces the 
formation of defects and charge polarization, enhances the adsorption capacity, and 
leads to the improvement of catalytic performance [33]. Zhao et al. [34] reported that 
N-doped porous carbon (NPC) derived from ZIF-8 can be used to efficiently reduce 
the N2 to ammonia at ambient environment. The content and species of N could be 
adjusted to enhance N2 chemisorption and N≡N breaking (Fig. 9.3a, b). The experi-
mental results and theoretical calculation proved that high content of pyridine N and 
pyrrole N can promote the synthesis of ammonia. Wu et al. [35] reported a metal– 
organic framework-derived N-doped porous carbon as an electrocatalyst for NRR. 
The rate of ammonia production increases as the test temperature increases, indi-
cating that adjusting the heating conditions could control the degree of N doping and 
graphitization, thereby optimizing the electronic structure and geometric structure 
of carbon, and improving NRR catalytic activity. 

The B atom shows great potential in N2 fixation. Since carbon (2.55) is more 
electronegative than boron (2.04), the B-C σ bond polarization is significant, which 
makes the B atoms positively charged; in addition, N2 as a weak Lewis base is 
ideal for B doping to form a Lewis acid catalytic site to combine with N2. The  sp3 

hybridized B atom also contains occupied orbitals and empty orbitals, which can 
effectively N2 fixation (Fig. 9.3c) [27]. Yan et al. [22] proved that by promoting the 
adsorption of N2 on the B-rich covalent organic framework through electrochemical 
excitation, high efficiency nitrogen reduction activity could be achieved (Fig. 9.3d). 
The simulation results showed that the B sites combine with N atoms under electro-
chemical conditions, and the resulting amorphous covalent organic framework had 
a stronger affinity for N2, which enhanced molecular collisions. At -0.2 V (vs. RHE)
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Fig. 9.3 Metal-free carbon-based electrocatalysts for NRR. a Schematic illustration and SEM 
image b of NPC for NRR. Reproduced with permission [19]. Copyright 2019, WILEY–VCH. c 
Design concept of as a catalyst for N2 fixation. Reproduced with permission [27]. Copyright 2018, 
American Chemical Society. d TEM images for B4C nanosheets. e, f Chrono-amperometry curves 
e, NH3 yields and Faradaic efficiencies (FEs) f at various potentials in N2-saturated 0.1 M HCl of 
B4C/CPE. Reproduced with permission [22]. Copyright 2019, Nature Publishing Group. g XRD 
pattern for B4C. h Chrono-amperometry curves at various potentials in N2-saturated 0.1 M HCl. 
i NH3 yields and FEs at each given potential in 0.1 M HCl. Reproduced with permission [36]. 
Copyright 2018, Nature Publishing Group 

the ammonia production rate and FE were as high as 12.53 μg h−1 mg−1 and 45.43%, 
respectively (Fig. 9.3e-f). Sun et al. [36] reported that boron carbide nanosheets, as a 
high-performance electrochemical nitrogen fixation metal-free carbon-based nano-
materials (Fig. 9.3g), had good selectivity for the formation of NH3 under ambient 
conditions. The chronoamperometric curves under different potentials showed good 
stability (Fig. 9.3h). Under -0.75 V (vs. RHE) potential, the catalyst had an ammonia 
yield of 26.57 μg h−1 mg−1 

cat, and a FE of 15.95% (Fig. 9.3i). It is worth noting that 
it also exhibited high electrochemical stability and excellent selectivity. 

In addition to the common N and B doping, the presence of S atoms can also 
enhance the physical and chemical adsorption capabilities of carbon-based nanoma-
terials for N2 [37]. Li et al. [38] reported that S-doped 3D graphene could be used 
as an efficient and stable NRR catalyst. Because 3DG had high electron transport 
capacity and stable physical and chemical properties, it had good selectivity for the 
conversion of N2 to NH3 under an ambient environment. The results showed that in 
0.05 M H2SO4, the  NH3 yield of S-3DG is 38.81 μgNH3 mg−1 

cat h−1, and the FE 
was 7.72% at −0.6 V (vs. RHE). It is worth noting that S-3DG exhibited excellent 
selectivity and durability.
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In summary, the latest developments in metal-free carbon-based nanomaterials 
applied to NRR under an ambient condition was reviewed. Although significant 
progress has been made in different carbon nanomaterials, the catalytic mechanism 
of NRR catalysts still needs to be further understood to improve the performance of 
NRR catalysts and realize the practical application of electrocatalytic NRR as soon 
as possible. 

9.3 Atomically Dispersed Metal Carbon-Based 
Electrocatalysts for NRR 

Throughout the history of chemistry, it can be seen that the in-depth exploration of a 
single object can bring creative results and inspiring ways of thinking [39]. In recent 
years, the exploration of single-atom engineering has become more and more in-
depth. Single-atom catalysts (SACs) have combined the advantages of homogeneous 
catalysts and heterogeneous catalysts in the development process, which show high 
catalytic efficiency, and have broad application prospects compared with bulk and 
nano-particle catalysts [40]. From the perspective of economy, environmental protec-
tion and sustainable development, it is particularly necessary to improve the utiliza-
tion efficiency of metals of the same quality as much as possible [41]. SACs not only 
have higher catalytic activity and selectivity for various electrocatalytic reactions, 
but also can increase atom utilization and reduce costs in large-scale applications, so 
single-atom engineering is a kind of green and sustainable catalyst design strategy 
[42]. There are many advantages to shrinking metal nanoparticles into nanoclusters 
or even single atoms, but the high surface free energy of single atoms makes them 
easy to aggregate, so isolated atoms can be anchored on various substrates, and single 
metal atoms can be effectively dispersed through the carrier [43]. And use a single 
atom as the catalytic center, to maximize the use of metal elements to form a stable 
configuration [44]. In addition, the strong interaction between the individual atoms 
of SACs and the carrier leads to a tunable electronic structure that can improve elec-
trocatalytic performance [45, 46]. Coincidentally, since the coordination number of 
metal ions is generally not very high, its single atom has good geometric uniformity 
as the catalytic center, and the unsaturated coordination environment has a posi-
tive effect on the reactants [47]. The adsorption and activation on the catalytic site 
play an important role and help reduce the energy barrier of the electrochemical 
reaction [48]. In addition, the identification of active sites on the atomic scale will 
lay the foundation for revealing the structure–activity/selectivity relationships and 
mechanisms of various electrocatalytic active sites [49]. So far, many advanced char-
acterization techniques such as high-angle circular dark-field scanning transmission 
electron microscopy (HAADF-STEM) and X-ray absorption spectroscopy (XAS) 
have been used to reveal the structure of SACs [50, 51]. 

So far, through theoretical calculations, single transition metal atoms are anchored 
on different supporting substrates are able to effectively realize electrochemical
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nitrogen-ammonia conversion. To obtain a highly active single-atom catalyst, careful 
selection of a suitable support substrate is essential for stabilizing the metal atoms 
dispersed on the support and establishing a strong metal-support interaction [52]. 
Among them, nitrogen-doped carbon material is considered to be a promising 
support substrate for anchoring metal atoms, forming a metal-nitrogen-carbon (M-
N-C) material, which has good atomic stability and high catalytic activity [15]. For 
example, Xin et al. [21] reported that a single Mo atom anchored to nitrogen-doped 
porous carbon (SA-Mo/NPC) was used as a cost-effective NRR catalyst with high 
active site density and hierarchical porous carbon framework structure. Structural 
characterization showed that SA-Mo/NPC had a three-dimensional interconnected 
carbon framework with random open porous structure and Mo existed as a single 
atom (Fig. 9.4a, b). Compared with previously reported non-noble metal electrocat-
alysts, SA-Mo/NPC had a higher NH3 yield (34.0 ± 3.6 μgNH3 h−1 mgcat−1) and 
Faradaic efficiency (14.6 ± 1.6%) (Fig. 9.4c) at room temperature 0.1 M KOH. This 
discovery provided a promising forerunner for the design of highly efficient and 
robust single-atom non-noble metal catalysts for electrocatalytic NRR. 

Pennycook et al. [53] reported a class of Cu SACs based on a porous nitrogen-
doped carbon network (NC-Cu SA), developed by a facile surfactant-assisted 
synthesis approach (Fig. 9.4d), which were investigated for their catalytic perfor-
mance toward N2 reduction in both alkaline and acidic solutions. The combination 
of experiments and first-principles calculations proved that the NC-Cu SA had an 
efficient NRR electrocatalysis (Fig. 9.4e). Due to the high density of exposed active 
sites and high porosity, Cu SAC exhibited high NH3 yield and FE (Fig. 9.4f). As 
shown in Fig. 9.4g, it was proved that the NH3 produced was indeed produced by the 
electrochemical reduction of the supplied N2 through isotope labeling experiments 
[53]. Sun et al. [54] reported the study of the electrocatalytic reduction of ruthenium 
single atom to fix nitrogen at room temperature and pressure. Compared with Ru 
nanoparticles, a single Ru site on the N-doped porous carbon greatly promoted the 
selective electro-reduction of N2 to NH3 (Fig. 9.4h), and the addition of ZrO2 could 
achieve higher FE. Experiments combined with density functional theory calcula-
tions showed that Ru sites containing oxygen vacancies were the main active centers, 
which can enhance N2 adsorption, generate stable *NNH intermediates (Fig. 9.4i, j). 

9.4 Metal Nanoparticles Encapsulated Carbon-Based 
Electrocatalysts for NRR 

In order to achieve efficient nitrogen fixation, highly active electrocatalysts are 
required. In recent years, the research focus has shifted to the development of low-cost 
electrocatalysts composed of earth-rich elements, such as transition metals, whose 
unoccupied d orbitals can accept nitrogen electrons, thereby breaking the highly 
symmetrical N≡N bond electron cloud. Therefore, nanostructures of various transi-
tion metal oxides, [55–57] sulfides, [58] nitrides, [59] and carbides [60] have been
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Fig. 9.4 Atomically dispersed metal carbon-based electrocatalysts for NRR. a, b TEM image 
of SA-Mo/NPC (a) and Mo EDS mapping (b). c NH3yield rate (red) and FE (blue) at each given 
potential of SA-Mo/NPC. Reproduced with permission [21]. Copyright 2019, WILEY–VCH. d 
Schematic illustration of the fabrication process, e HAADF-STEM images, f NH3 yield rate and 
FE at different potentials in 0.1 M KOH, and g 1H NMR spectra of the electrode after 12 h 
electrochemical reduction using 15N2 as the feed gas of NC-Cu SA. Reproduced with permission 
[53]. Copyright 2019, American Chemical Society. h Calculation models for Ru@Zr32O63 and 
Ru/NC2. i Free-energy diagram for NRR on Ru@Zr32O63. j Free-energy diagram for NRR on 
Ru@NC2. Reproduced with permission [54]. Copyright 2018, Elsevier

explored as possible NRR electrocatalysts. However, because the nanostructured 
transition metal compound has a strong tendency to agglomerate and poor elec-
trical conductivity, its activity and Faradaic efficiency are low. In addition, in many 
electrocatalytic energy storages, the catalytic material agglomerates and the volume 
increases during the cycle, [61] active site poisoning in the catalytic process, [62] 
etc. Therefore, some studies use carbon materials, including carbon nanosheets and
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reduced graphene oxide (rGO) serves as a matrix to support these nanostructures, 
thereby avoiding their agglomeration and improving their electrical conductivity 
[63].

Numerous reports found that carbon coating of active materials is one of the ways 
to alleviate the deactivation of active materials. Active metal compound nanoparticles 
(such as elemental metals or metal oxides, sulfides, phosphides or carbides nanopar-
ticles) [64, 65] are encapsulated in graphene, porous carbon or carbon nanotubes, 
or wrapped by a carbon shell, it not only can effectively protect it from harsh envi-
ronments, and it can also resist aggregation and enhance durability. These materials 
have become a hot spot in the study of electrocatalytic energy conversion. In addi-
tion, carbon materials doped or even doped with heteroatoms (such as N, P, and S) 
[66–68] can greatly improve electrochemical activity due to their adjustment of struc-
ture and electronic changes. Therefore, coating transition metal nanoparticles with 
carbonaceous materials doped with multiple heteroatoms is an effective strategy 
for constructing high-activity and long-lasting electrocatalysts for energy conver-
sion reactions, in which the synergy between the components may help produce the 
desired activity. 

The introduction of carbon coating strategy into electrocatalytic NRR also 
achieved the purpose of improving electrocatalytic performance. Wen et al. [69] 
reported the preparation of independent 3D hybrid electrodes by in-situ growing 
N-doped carbon coated γ-Fe2O3 nanoparticles (γ-Fe2O3-NC/CF) (Fig. 9.5a). 
Figure 9.5b showed X-ray diffraction (XRD) pattern of γ-Fe2O3-NC/CF-700, and 
the main peak is very consistent with γ-Fe2O3 (JCPDS No. 39–1346). The trans-
mission electron microscope (TEM) image of γ-Fe2O3-NC/CF-700 (Fig. 9.5c) 
showed that γ-Fe2O3 nanoparticles was composed of a large number of cross-
linked nanoparticles embedded in a thin layer of carbon. The Faradaic efficiency 
and NH3 yield on γ-Fe2O3-NC/CF-700 reached the highest values of 12.28% and 
11.7 × 10−10 mol s−1 cm−2, and γ-Fe2O3-NC/CF-700 had stable NRR electrocat-
alytic ability (Fig. 9.5d). System characterization and comprehensive electrochemical 
studies showed that the γ-Fe2O3-NC/CF surface cation vacancies generated during 
the activation process were the main reason for improving the electrocatalytic activity 
of NRR [69]. Ding et al. [70] developed an interface engineering heterojunction 
consisting of CoS nanosheets anchored on TiO2 nanofiber membranes. Figure 9.5e, 
f showed that the C@CoS@TiO2 nanofiber membrane was composed of several 
micrometers nanofibers in length, which revealed the tight adhesion between the 
fibrous TiO2 core and the layered CoS shell. The TiO2 nanofiber membrane could 
uniformly limit the agglomeration of CoS nanosheets and greatly improve the NRR 
performance. The tight coupling between CoS and TiO2 made charge transfer easier, 
resulting in rapid reaction kinetics at the heterogeneous interface. Carbon electro-
plating further improved the electrical conductivity and structural integrity of the 
heterojunction. The resulting C@CoS@TiO2 electrocatalyst had a higher ammonia 
yield (8.09*10–10 mol s−1 cm−2), FE (28.6%), and long-term durability (Fig. 9.5h).
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Fig. 9.5 Metal nanoparticles encapsulated carbon-based electrocatalysts for NRR. a Illustra-
tion of the synthesis process of γ-Fe2O3-NC/CF-700. b, c XRD pattern (b) and low- and high-
magnification (inset) SEM images (c) and of γ-Fe2O3-NC/CF-700. d Long time-dependent current 
density curve for γ-Fe2O3-NC/CF-700 at −0.1 V (inset, NH3 yield rates and FEs after charging at 
−0.1 V for 2 and 27 h). Reproduced with permission [69]. Copyright 2019, American Chemical 
Society. e Interfacial engineering of a TiO2 nanofibrous membrane through coordination-driven 
epitaxial growth of CoS nanosheets followed by carbon nanoplating. f Low-magnification SEM 
images of a C@CoS@TiO2 nanofibrous membrane. g HRTEM image of a C@CoS@TiO2 nanofiber. 
h ammonia yields and Faradaic efficiencies of a C@CoS@TiO2 nanofibrous membrane at different 
potentials. Reproduced with permission [70]. Copyright 2019, WILEY–VCH
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9.5 Metal Nanoparticles Supported Carbon-Based 
Electrocatalysts for NRR 

Supported metal nanoparticles catalyst is an important heterogeneous catalyst with 
the advantages of good recoverability and high atomic utilization [71]. It is widely 
used in various reactions and plays a vital role in the development of modern chem-
ical industry. Metal nanoparticle catalysts have been widely used in heterogeneous 
catalysis because of their size dependence and high surface volume ratio [72]. Metal 
nanoparticles expose a large number of low coordination sites, which can be used 
as active sites to improve catalytic activity. However, the agglomeration of nanopar-
ticles can lead to catalyst deactivation in many cases, which is then redistributed to 
restore performance [73, 74]. Therefore, it is very important to select the appropriate 
carrier. The selected material will not only play the role of carrier, but also interact 
strongly with metal components. 

Metal catalysts supported on carbon materials are of great significance for the 
conversion of renewable energy. Carbon materials can not only fix metal nanoparti-
cles and improve atomic utilization, but also affect the catalytic performance by engi-
neering the electronic structure of active metal components [75]. The key parameters 
affecting the interaction between the load and the carbon substrate include metal prop-
erties, metal morphology, metal particle size, carbon structure, heteroatom doping, 
carbon coating and interface bonding [76]. The chemical environment and physical 
structure of carbon atoms will inevitably change the working function of the carrier, 
thus affecting the charge transfer between metal and carbon carrier [77]. Hybrid 
carbon atoms will redistribute electrons on the whole carbon carrier, resulting in 
the change of working function [78]. Although there are few reports on the charge 
transfer between precious metals and sp3 hybrid diamond, it can be inferred that 
the charge will transfer from diamond to precious metals because the work func-
tion of diamond is less than that of all precious metals [79]. The contact interface 
between metal and carbon carrier controls the degree of metal carrier interaction and 
affects the coordination environment of metal [80]. In an ideal model system, metal 
nanoparticles are fixed on the surface of planar two-dimensional graphene. The corre-
sponding structure is easy to simulate and study based on density functional theory 
(DFT) [81]. However, in practical catalysts, complex synthesis processes sometimes 
produce complex microstructure and form various types of metal/support interfaces 
[82]. Constructed heterojunctions and interfaces have been carefully established 
experimentally and theoretically [83]. 

As one of the most effective methods to adjust local electron arrangement, create 
rich active sites and improve charge transfer efficiency, they are jointly conducive 
to adjusting the chemical adsorption behavior of reaction intermediates, so as to 
enhance the intrinsic electrocatalytic activity [84]. In addition to electronic modu-
lation through interface engineering to improve thermodynamics, fine nanostruc-
ture engineering also represents an effective way to maximize the exposure of 
catalytic active sites, shorten the mass transfer distance and promote the penetration 
of electrolyte [85]. Thus, the reaction kinetics is greatly accelerated. Structurally, the
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branching hierarchy is particularly attractive for electrocatalysis due to the intercon-
nection highway of electron transfer, open channels of mass diffusion and electrolyte 
penetration, and gas release. In addition, in order to improve the electrochemical 
stability of long-term operation, the direct integration of active components with 
conductive and solid matrix (such as carbonaceous materials and foamed nickel) is 
considered as an effective matrix for immobilized active components and enhancing 
electron transport capacity due to the chemical and electrical synergistic effects 
between active components [86]. 

Yan et al. [87] used a simple co-reduction method to achieve the amorphization 
of Au nanoparticles anchored on reduced graphite oxide (a-Au/CeOx-RGO) in an 
ambient atmosphere (Fig. 9.6a). High-angle circular dark-field scanning transmis-
sion electron microscopy showed that Au nanoparticles were dispersed on the surface 
of CeOx-RGO or RGO, with good dispersibility and similar particle size (~5 nm)

Fig. 9.6 Metal nanoparticles supported carbon-based electrocatalysts for NRR. a Schematic 
illustration for the electrochemical NRR by catalysts of a-Au/CeOx–RGO and c-Au/RGO under 
ambient conditions. b Representative STEM image of the a-Au/CeOx–RGO, and the inset is the 
photograph of a-Au/CeOx–RGO suspended in water. c Representative XRD patterns of obtained 
a-Au/CeOx–RGO (blue plot) and c-Au/RGO (red plot). d The yield of NH3 (red) and FE (blue) at 
each given potential. Reproduced with permission [87]. Copyright 2017, WILEY–VCH. e Synthesis 
of donor—acceptor couples of Au and Ni nanoparticles. f EDX mapping results of Au6/Ni. g NH3 
yield rate and FE at the corresponding potentials and h during the recycling test of Au6/Ni. i The 
calculated electron density maps for N2 adsorbed onto the surface of Au and electron-rich Au (Au 
+ e−). j The calculated adsorption energies of N2 and desorption energies of NH3 adsorbed onto 
Au and Au + e−. k The N2-TPD results of the Ni, Au6/Ni, and Au40/Ni catalysts normalized by 
the Au content. The insets show the corresponding structural models. Reproduced with permission 
[88]. Copyright 2019, American Chemical Society
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Fig. 9.6 (continued)

(Fig. 9.6b). XRD spectra confirmed that the CeOx hybrid was amorphous/low crys-
talline, while the hybrid without CeOx was polycrystalline (Fig. 9.6c). As a proof-
of-concept experiment, the a-Au/CeOx-RGO hybrid catalyst contained low precious 
metals (Au loading is 1.31 wt.%), and at − 0.2 V versus RHE, it had a higher FE 
(10.10%) and ammonia yield (8.3 μg h−1 mg−1 

cat) (Fig. 9.6d), which was signifi-
cantly higher than the crystal counterpart (c-Au/RGO). It could even be comparable 
to the output and efficiency under severe temperature and/or pressure. Li et al. [88] 
proposed an effective method to increase the electron density of Au electrocata-
lysts by constructing an inorganic donor–acceptor coupling of Ni and Au nanopar-
ticles (Fig. 9.6e), thereby significantly improved the NRR. The energy dispersive 
X-ray spectroscopy (EDX) elemental mapping images showed that Au nanoparti-
cles were successfully deposited adjacent to Ni nanoparticles on a nitrogen-doped 
carbon carrier. At − 0.14 V, the highest NH3 yield was 7.4 μg h−1 mg−1 

cat, and the FE 
was 67.8% (Fig. 9.6g). Most importantly, the Au6/Ni-based electrode also provided 
a stable current density for NRR and provided repeatable NH3 yield and FE at − 
0.14 V (vs. RHE) for 6 consecutive runs (Fig. 9.6h). Through theoretical simulation 
and experimental verification, the electron-rich Au surface induced the polarization 
of the adsorbed N2 molecules, which was conducive to further adding hydrogen 
atoms to the electron-deficient N. After the catalytic surface changed from Au to the 
electron-rich Au model which happened obvious difference in the electron density 
of N2 (Fig. 9.6i). This strong polarization effect also enhanced the pre-adsorption 
of N2 molecules on the electron-rich Au surface, as predicted by the theoretically 
higher adsorption energy, and then passed through the N2 temperature programmed
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desorption (TPD) isotherm of the Au6/Ni sample. The strong adsorption peak of N2 

was verified by experiments (Fig. 9.6k). It was also found that the desorption energy 
of NH3 molecules on the electron-rich Au surface was reduced (Fig. 9.6j), indicating 
that the active sites were released quickly and new reactions could be carried out.

9.6 Conclusion and Perspectives 

Understanding the relationship of structure and NRR activity is the key to exploring 
high-efficiency electrocatalysts. Effective electrocatalytic NRR depends to a large 
extent on electrocatalysts designed to solve interrelated competitive challenges: 
selectivity, efficiency and stability. This chapter summarizes the research progress of 
new carbon-based electrocatalytic NRR catalysts at home and abroad in recent years, 
including metal and its compound carbon materials, monoatomic carbon materials 
and non-metallic materials. It is a potential NRR catalyst that needs in-depth research 
in the future. 

From experimental research and theoretical simulation, the activity of nanocarbon 
in electrocatalytic nitrogen reduction can be summarized into the following aspects: 
(1) The highly graphitized framework structure of nano-carbon provides a high-
speed channel for electron migration; in addition, the porous structure facilitates 
the exposure of active sites, and the nano-confinement effect accelerates the reaction 
kinetics; (2) Surface defect sites of carbon nanomaterials, including structural vacan-
cies, edges, surface functions and heteroatom doping are also critical to the catalytic 
activity of the active center. Fine-tuned electronic properties (such as electron density, 
charge transfer rate, and work function) and changes in surface physical properties 
enhance the affinity of nanocarbon materials for reactants; (3) The metal compo-
nent, especially the transition metal species and the carbon nanomaterial composite, 
through the formation of the chemical bond between the two components on the 
interface and the synergistic effect of electron transfer, the catalytic performance of 
the surrounding carbon is further improved. The regulated spin structure improves the 
charge transfer ability, thereby promoting the redox cycle of metal ions as catalytic 
sites. At the same time, encapsulating the transition metal in the carbon frame or 
introducing a single-atom metal catalyst can provide abundant free electrons for the 
redox reaction, which significantly improves the reusability. 

In some cases, the active center of the electrocatalyst may change, especially for 
variable structure and variable valence metal-based materials. Therefore, the struc-
ture/composition characteristics after electrolysis are recommended to determine the 
stable NRR active center of the electrocatalyst. In particular, in-situ photoelectron 
spectroscopy, synchrotron radiation and transmission electron microscopy are very 
useful for identifying the active structures/components of nitrogen-containing inter-
mediates and their interaction with nitrogen-containing intermediates. In addition, it 
is recommended to design corresponding theoretical models for calculations based 
on stable structure information as much as possible. So as to provide a more reliable 
mechanism basis for the design of electrocatalysts. Most theoretical studies, such as
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DFT calculations used to predict the research direction of high-efficiency electrocata-
lyst design, are based on appropriate simplifications of theoretical models. However, 
in the real-time operation of NRR, many factors need to be considered, such as struc-
ture/component evolution, adsorbent surface coverage, solvation effect, etc., in order 
to narrow the evaluation gap. In addition, it is very important to conduct theoretical 
research on electrocatalytic systems involving parameters such as salt concentration, 
pH and N2 transport dynamics. Combining these two aspects can realize the design 
of an integrated, innovative and efficient non-nuclear reserve system. 

In short, the conversion of N2 to NH3 in nature condition can show a broad 
potential for fertilizer production and significantly reduce global energy costs and 
carbon emissions. Despite the huge challenges, the combination of theoretical and 
experimental research, the combination of in-situ/operating parameter characteriza-
tion techniques, and the combination of on-line rapid and accurate measurement of 
ammonia will further promote the development of high-efficiency catalytic activity 
and selective electrocatalysts for the production of NH3. Moreover, the rational design 
of carbon catalysts with low cost, high activity, selectivity without sacrificing stability 
will be the focus of future research. 

References 

1. V. Rosca, M. Duca, M. Groot, M. Koper, Nitrogen cycle electrocatalysis. Chem. Rev. 109, 
2209–2244 (2009). https://doi.org/10.1021/cr8003696 

2. B. Patil, Q. Wang, V. Hessel, J. Lang, Plasma N2-fixation: 1900–2014. Catal. Today 256, 49–66 
(2015). https://doi.org/10.1016/j.cattod.2015.05.005 

3. L. Shi, Y. Yin, S. Wang, H. Sun, Rational catalyst design for N2 reduction under ambient condi-
tions: strategies toward enhanced conversion efficiency. ACS Catal. 10, 6870–6899 (2020). 
https://doi.org/10.1021/acscatal.0c01081 

4. R. Song, J. Yang, M. Wang, Z. Shi, X. Zhu, X. Zhang, M. He, G. Liu, G. Qiao, Z. Xu, Theoretical 
study on P-coordinated metal atoms embedded in arsenene for the conversion of nitrogen to 
ammonia. ACS Omega 6, 8662–8671 (2021). https://doi.org/10.1021/acsomega.1c00581 

5. J. Erisman, M. Sutton, J. Galloway, Z. Klimont, W. Winiwarter, How a century of ammonia 
synthesis changed the world. Nat. Geosci. 1, 636–639 (2008). https://doi.org/10.1038/ngeo325 

6. J. Chen, R. Crooks, L. Seefeldt, K. Bren, R. Bullock, M. Darensbourg, P. Holland, B. Hoffman, 
M. Janik, A. Jones, M. Kanatzidis, P. King, K. Lancaster, S. Lymar, P. Pfromm, W. Schneider, 
R. Schrock, Beyond fossil fuel–driven nitrogen transformations. Science 360 (2018). https:// 
doi.org/10.1126/science.aar6611 

7. Y. Huang, N. Zhang, Z. Wu, X. Xie, Artificial nitrogen fixation over bismuth-based photocat-
alysts: fundamentals and future perspectives. J. Mater. Chem. A 8, 4978–4995 (2020). https:// 
doi.org/10.1039/c9ta13589h 

8. A. Martín, T. Shinagawa, J. Pérez-Ramírez, Electrocatalytic reduction of nitrogen: from haber-
bosch to ammonia artificial leaf. Chem 5, 263–283 (2019). https://doi.org/10.1016/j.chempr. 
2018.10.010 

9. W. Guo, K. Zhang, Z. Liang, R. Zou, Q. Xu, Electrochemical nitrogen fixation and utilization: 
theories, advanced catalyst materials and system design. Chem. Soc. Rev. 48, 5658–5716 
(2019). https://doi.org/10.1039/c9cs00159j 

10. H. Jia, E. Quadrelli, Mechanistic aspects of dinitrogen cleavage and hydrogenation to produce 
ammonia in catalysis and organometallic chemistry: relevance of metal hydride bonds and 
dihydrogen. Chem. Soc. Rev. 43, 547–564 (2014). https://doi.org/10.1039/c3cs60206k

https://doi.org/10.1021/cr8003696
https://doi.org/10.1016/j.cattod.2015.05.005
https://doi.org/10.1021/acscatal.0c01081
https://doi.org/10.1021/acsomega.1c00581
https://doi.org/10.1038/ngeo325
https://doi.org/10.1126/science.aar6611
https://doi.org/10.1126/science.aar6611
https://doi.org/10.1039/c9ta13589h
https://doi.org/10.1039/c9ta13589h
https://doi.org/10.1016/j.chempr.2018.10.010
https://doi.org/10.1016/j.chempr.2018.10.010
https://doi.org/10.1039/c9cs00159j
https://doi.org/10.1039/c3cs60206k


204 Y. Wang et al.

11. P. Wang, F. Chang, W. Gao, J. Guo, G. Wu, T. He, P. Chen, Breaking scaling relations 
to achieve low-temperature ammonia synthesis through LiH-mediated nitrogen transfer and 
hydrogenation. Nat. Chem. 9, 64–70 (2016). https://doi.org/10.1038/nchem.2595 

12. X. Yan, D. Liu, H. Cao, F. Hou, J. Liang, S. Dou, Nitrogen reduction to ammonia on atomic-
scale active sites under mild conditions. Small Methods 3 (2019). https://doi.org/10.1002/smtd. 
201800501 

13. X. Li, Q. Li, J. Cheng, L. Liu, Q. Yan, Y. Wu, X. Zhang, Z. Wang, Q. Qiu, Y. Luo, Conversion 
of dinitrogen to ammonia by FeN3-embedded graphene. J. Am. Chem. Soc. 138, 8706–8709 
(2016). https://doi.org/10.1021/jacs.6b04778 

14. R. Schrock, Catalytic reduction of dinitrogen to ammonia by molybdenum: theory versus 
experiment. Angew. Chem. Int. Ed. 47, 5512–5522 (2008). https://doi.org/10.1002/anie.200 
705246 

15. Y. Wan, J. Xu, R. Lv, Heterogeneous electrocatalysts design for nitrogen reduction reaction 
under ambient conditions. Mater. Today 27, 69–90 (2019). https://doi.org/10.1016/j.mattod. 
2019.03.002 

16. B. Yang, W. Ding, H. Zhang, S. Zhang, Recent progress in electrochemical synthesis of 
ammonia from nitrogen: strategies to improve the catalytic activity and selectivity. Energy 
Environ. Sci. 14, 672–687 (2021). https://doi.org/10.1039/d0ee02263b 

17. Y. Peng, B. Lu, S. Chen, Carbon-supported single atom catalysts for electrochemical energy 
conversion and storage. Adv. Mater. 30 (2018). https://doi.org/10.1002/adma.201801995 

18. K. Zhao, X. Quan, Carbon-based materials for electrochemical reduction of CO2 to C2+ 

oxygenates: recent progress and remaining challenges. ACS Catal. 11, 2076–2097 (2021). 
https://doi.org/10.1021/acscatal.0c04714 

19. S. Zhao, X. Lu, L. Wang, J. Gale, R. Amal, Carbon-based metal-free catalysts for electrocat-
alytic reduction of nitrogen for synthesis of ammonia at ambient conditions. Adv. Mater. 31 
(2019). https://doi.org/10.1002/adma.201805367 

20. Y. Yang, L. Zhang, Z. Hu, Y. Zheng, C. Tang, P. Chen, R. Wang, K. Qiu, J. Mao, T. Ling, S. 
Qiao, The crucial role of charge accumulation and spin polarization in activating carbon-based 
catalysts for electrocatalytic nitrogen reduction. Angew. Chem. Int. Ed. 59, 4525–4531 (2020). 
https://doi.org/10.1002/anie.201915001 

21. L. Han, X. Liu, J. Chen, R. Lin, H. Liu, F. Lü, S. Bak, Z. Liang, S. Zhao, E. Stavitski, J. Luo, 
R. Adzic, H. Xin, Atomically dispersed molybdenum catalysts for efficient ambient nitrogen 
fixation. Angew. Chem. Int. Ed. 58, 2321–2325 (2019). https://doi.org/10.1002/anie.201811728 

22. S. Liu, M. Wang, T. Qian, H. Ji, J. Liu, C. Yan, Facilitating nitrogen accessibility to boron-rich 
covalent organic frameworks via electrochemical excitation for efficient nitrogen fixation. Nat. 
Commun. 10 (2019). https://doi.org/10.1038/s41467-019-11846-x 

23. X. Guo, S. Chen, H. Wang, Z. Zhang, H. Lin, L. Song, T. Lu, Single-atom molybdenum 
immobilized on photoactive carbon nitride as efficient photocatalysts for ambient nitrogen 
fixation in pure water. J. Mater. Chem. A 7, 19831–19837 (2019). https://doi.org/10.1039/c9t 
a06653e 

24. Y. Ma, T. Yang, H. Zou, W. Zang, Z. Kou, L. Mao, Y. Feng, L. Shen, S. Pennycook, L. Duan, 
X. Li, J. Wang, Synergizing Mo single atoms and Mo2C nanoparticles on cnts synchronizes 
selectivity and activity of electrocatalytic N2 reduction to ammonia. Adv. Mater. 32 (2020). 
https://doi.org/10.1002/adma.202002177 

25. L. Li, J. Martirez, E. Carter, Prediction of highly selective electrocatalytic nitrogen reduction 
at low overpotential on a Mo-doped g-GaN monolayer. ACS Catal. 10, 12841–12857 (2020). 
https://doi.org/10.1021/acscatal.0c03140 

26. D. Liu, M. Chen, X. Du, H. Ai, K. Lo, S. Wang, S. Chen, G. Xing, X. Wang, H. Pan, Development 
of electrocatalysts for efficient nitrogen reduction reaction under ambient condition. Adv. Funct. 
Mater. 31 (2020). https://doi.org/10.1002/adfm.202008983 

27. C. Ling, X. Niu, Q. Li, A. Du, J. Wang, Metal-free single atom catalyst for N2 fixation driven 
by visible light. J. Am. Chem. Soc. 140, 14161–14168 (2018). https://doi.org/10.1021/jacs.8b0 
7472

https://doi.org/10.1038/nchem.2595
https://doi.org/10.1002/smtd.201800501
https://doi.org/10.1002/smtd.201800501
https://doi.org/10.1021/jacs.6b04778
https://doi.org/10.1002/anie.200705246
https://doi.org/10.1002/anie.200705246
https://doi.org/10.1016/j.mattod.2019.03.002
https://doi.org/10.1016/j.mattod.2019.03.002
https://doi.org/10.1039/d0ee02263b
https://doi.org/10.1002/adma.201801995
https://doi.org/10.1021/acscatal.0c04714
https://doi.org/10.1002/adma.201805367
https://doi.org/10.1002/anie.201915001
https://doi.org/10.1002/anie.201811728
https://doi.org/10.1038/s41467-019-11846-x
https://doi.org/10.1039/c9ta06653e
https://doi.org/10.1039/c9ta06653e
https://doi.org/10.1002/adma.202002177
https://doi.org/10.1021/acscatal.0c03140
https://doi.org/10.1002/adfm.202008983
https://doi.org/10.1021/jacs.8b07472
https://doi.org/10.1021/jacs.8b07472


9 Carbon-Based Nanomaterials for Nitrogen Reduction Reaction 205

28. X. Cui, C. Tang, Q. Zhang, A review of electrocatalytic reduction of dinitrogen to ammonia 
under ambient conditions. Adv. Energy Mater. 8 (2018). https://doi.org/10.1002/aenm.201 
800369 

29. G. Chen, Y. Xu, L. Huang, A. Douka, B. Xia, Continuous nitrogen-doped carbon nanotube 
matrix for boosting oxygen electrocatalysis in rechargeable Zn-air batteries. J. Energy Chem. 
55, 183–189 (2021). https://doi.org/10.1016/j.jechem.2020.07.012 

30. G. Chen, X. Cao, S. Wu, X. Zeng, L. Ding, M. Zhu, H. Wang, Ammonia electrosynthesis with 
high selectivity under ambient conditions via a Li+ incorporation strategy. J. Am. Chem. Soc. 
139, 9771–9774 (2017). https://doi.org/10.1021/jacs.7b04393 

31. X. Liu, M. Antonietti, Moderating black powder chemistry for the synthesis of doped and highly 
porous graphene nanoplatelets and their use in electrocatalysis. Adv. Mater. 25, 6284–6290 
(2013). https://doi.org/10.1002/adma.201302034 

32. L. Peng, L. Shang, T. Zhang, G. Waterhouse, Recent advances in the development of single-
atom catalysts for oxygen electrocatalysis and zinc–air batteries. Adv. Energy Mater. 10 (2020). 
https://doi.org/10.1002/aenm.202003018 

33. K. Tu, D. Tranca, F. Rodríguez-Hernández, K. Jiang, S. Huang, Q. Zheng, M. Chen, C. Lu, Y. 
Su, Z. Chen, H. Mao, C. Yang, J. Jiang, H. Liang, X. Zhuang, A novel heterostructure based on 
RuMo nanoalloys and N-doped carbon as an efficient electrocatalyst for the hydrogen evolution 
reaction. Adv. Mater. 32 (2020). https://doi.org/10.1002/adma.202005433 

34. Y. Liu, Y. Su, X. Quan, X. Fan, S. Chen, H. Yu, H. Zhao, Y. Zhang, J. Zhao, Facile ammonia 
synthesis from electrocatalytic N2 reduction under ambient conditions on N-doped porous 
carbon. ACS Catal. 8, 1186–1191 (2018). https://doi.org/10.1021/acscatal.7b02165 

35. S. Mukherjee, D. Cullen, S. Karakalos, K. Liu, H. Zhang, S. Zhao, H. Xu, K. More, G. Wang, 
G. Wu, Metal-organic framework-derived nitrogen-doped highly disordered carbon for elec-
trochemical ammonia synthesis using N2 and H2O in alkaline electrolytes. Nano Energy 48, 
217–226 (2018). https://doi.org/10.1016/j.nanoen.2018.03.059 

36. W. Qiu, X. Xie, J. Qiu, W. Fang, R. Liang, X. Ren, X. Ji, G. Cui, A. Asiri, G. Cui, B. Tang, 
X. Sun, High-performance artificial nitrogen fixation at ambient conditions using a metal-free 
electrocatalyst. Nature Commun. 9 (2018). https://doi.org/10.1038/s41467-018-05758-5 

37. L. Xia, X. Wu, Y. Wang, Z. Niu, Q. Liu, T. Li, X. Shi, A. Asiri, X. Sun, S-doped carbon 
nanospheres: an efficient electrocatalyst toward artificial N2 fixation to NH3. Small Methods 
3 (2018). https://doi.org/10.1002/smtd.201800251 

38. J. Wang, S. Wang, J. Li, S-doped three-dimensional graphene (S-3DG): a metal-free electro-
catalyst for the electrochemical synthesis of ammonia under ambient conditions. Dalton Trans. 
49, 2258–2263 (2020). https://doi.org/10.1039/c9dt04827h 

39. H. Li, C. Huang, Recent advances in the application of structural-phase engineering strategies 
in electrochemical nitrogen reduction reaction. Adv. Mater. Interf. 7 (2020). https://doi.org/10. 
1002/admi.202001215 

40. Q. Zhang, J. Guan, Single-atom catalysts for electrocatalytic applications. Adv. Funct. Mater. 
30 (2020). https://doi.org/10.1002/adfm.202000768 

41. Y. Chen, S. Ji, C. Chen, Q. Peng, D. Wang, Y. Li, Single-atom catalysts: Synthetic strategies 
and electrochemical applications. Joule 2, 1242–1264 (2018). https://doi.org/10.1016/j.joule. 
2018.06.019 

42. J. Kim, H. Kim, H. Lee, Single-atom catalysts of precious metals for electrochemical reactions. 
Chemsuschem 11, 104–113 (2018). https://doi.org/10.1002/cssc.201701306 

43. M. Hu, J. Zhang, W. Zhu, Z. Chen, X. Gao, X. Du, J. Wan, K. Zhou, C. Chen, Y. Li, 50 ppm 
of Pd dispersed on Ni(OH)2 nanosheets catalyzing semi-hydrogenation of acetylene with high 
activity and selectivity. Nano Res. 11, 905–912 (2017). https://doi.org/10.1007/s12274-017-
1701-5 

44. Y. Lykhach, A. Bruix, S. Fabris, V. Potin, I. Matolínová, V. Matolín, J. Libuda, K. Neyman, 
Oxide-based nanomaterials for fuel cell catalysis: the interplay between supported single Pt 
atoms and particles. Catal. Sci. Technol. 7, 4315–4345 (2017). https://doi.org/10.1039/c7cy00 
710h

https://doi.org/10.1002/aenm.201800369
https://doi.org/10.1002/aenm.201800369
https://doi.org/10.1016/j.jechem.2020.07.012
https://doi.org/10.1021/jacs.7b04393
https://doi.org/10.1002/adma.201302034
https://doi.org/10.1002/aenm.202003018
https://doi.org/10.1002/adma.202005433
https://doi.org/10.1021/acscatal.7b02165
https://doi.org/10.1016/j.nanoen.2018.03.059
https://doi.org/10.1038/s41467-018-05758-5
https://doi.org/10.1002/smtd.201800251
https://doi.org/10.1039/c9dt04827h
https://doi.org/10.1002/admi.202001215
https://doi.org/10.1002/admi.202001215
https://doi.org/10.1002/adfm.202000768
https://doi.org/10.1016/j.joule.2018.06.019
https://doi.org/10.1016/j.joule.2018.06.019
https://doi.org/10.1002/cssc.201701306
https://doi.org/10.1007/s12274-017-1701-5
https://doi.org/10.1007/s12274-017-1701-5
https://doi.org/10.1039/c7cy00710h
https://doi.org/10.1039/c7cy00710h


206 Y. Wang et al.

45. X. Zhang, Z. Wu, X. Zhang, L. Li, Y. Li, H. Xu, X. Li, X. Yu, Z. Zhang, Y. Liang, H. 
Wang, Highly selective and active CO2 reduction electrocatalysts based on cobalt phthalo-
cyanine/carbon nanotube hybrid structures. Nat. Commun. 8 (2017). https://doi.org/10.1038/ 
ncomms14675 

46. H. Zhang, G. Liu, L. Shi, J. Ye, Single-atom catalysts: Emerging multifunctional materials 
in heterogeneous catalysis. Adv. Energy Mater. 8 (2018). https://doi.org/10.1002/aenm.201 
701343 

47. A. Guan, Z. Chen, Y. Quan, C. Peng, Z. Wang, T. Sham, C. Yang, Y. Ji, L. Qian, X. Xu, G. 
Zheng, Boosting CO2 electroreduction to CH4 via tuning neighboring single-copper sites. ACS 
Energy Lett. 5, 1044–1053 (2020). https://doi.org/10.1021/acsenergylett.0c00018 

48. Y. Xiong, J. Dong, Z. Huang, P. Xin, W. Chen, Y. Wang, Z. Li, Z. Jin, W. Xing, Z. Zhuang, J. 
Ye, X. Wei, R. Cao, L. Gu, S. Sun, L. Zhuang, X. Chen, H. Yang, C. Chen, Q. Peng, C. Chang, 
D. Wang, Y. Li, Single-atom Rh/N-doped carbon electrocatalyst for formic acid oxidation. Nat. 
Nanotechnol. 15, 390–397 (2020). https://doi.org/10.1038/s41565-020-0665-x 

49. X. Li, X. Yang, J. Zhang, Y. Huang, B. Liu, In Situ/Operando techniques for characterization of 
single-atom catalysts. ACS Catal. 9, 2521–2531 (2019). https://doi.org/10.1021/acscatal.8b0 
4937 

50. Y. Wang, W. Cheng, P. Yuan, G. Yang, S. Mu, J. Liang, H. Xia, K. Guo, M. Liu, S. Zhao, G. 
Qu, B. Lu, Y. Hu, J. Hu, J. Zhang, Boosting nitrogen reduction to ammonia on FeN4 sites by 
atomic spin regulation. Adv. Sci. 8 (2021). https://doi.org/10.1002/advs.202102915 

51. G. Yang, J. Zhu, P. Yuan, Y. Hu, G. Qu, B. Lu, X. Xue, H. Yin, W. Cheng, J. Cheng, W. Xu, 
J. Li, J. Hu, S. Mu, J. Zhang, Regulating Fe-spin state by atomically dispersed Mn-N in Fe-N-
C catalysts with high oxygen reduction activity. Nat. Commun. 12 (2021). https://doi.org/10. 
1038/s41467-021-21919-5 

52. J. Su, R. Ge, Y. Dong, F. Hao, L. Chen, Recent progress in single-atom electrocatalysts: concept, 
synthesis, and applications in clean energy conversion. J. Mater. Chem. A 6, 14025–14042 
(2018). https://doi.org/10.1039/c8ta04064h 

53. W. Zang, T. Yang, H. Zou, S. Xi, H. Zhang, X. Liu, Z. Kou, Y. Du, Y. Feng, L. Shen, L. Duan, 
J. Wang, S. Pennycook, Copper single atoms anchored in porous nitrogen-doped carbon as 
efficient pH-universal catalysts for the nitrogen reduction reaction. ACS Catal. 9, 10166–10173 
(2019). https://doi.org/10.1021/acscatal.9b02944 

54. H. Tao, C. Choi, L. Ding, Z. Jiang, Z. Han, M. Jia, Q. Fan, Y. Gao, H. Wang, A. Robertson, S. 
Hong, Y. Jung, S. Liu, Z. Sun, Nitrogen fixation by Ru single-atom electrocatalytic reduction. 
Chem 5, 204–214 (2019). https://doi.org/10.1016/j.chempr.2018.10.007 

55. C. Lv, C. Yan, G. Chen, Y. Ding, J. Sun, Y. Zhou, G. Yu, An amorphous noble-metal-free 
electrocatalyst that enables nitrogen fixation under ambient conditions. Angew. Chem. Int. Ed. 
57, 6073–6076 (2018). https://doi.org/10.1002/anie.201801538 

56. Y. Zhang, W. Qiu, Y. Ma, Y. Luo, Z. Tian, G. Cui, F. Xie, L. Chen, T. Li, X. Sun, High-
performance electrohydrogenation of N2 to NH3 catalyzed by multishelled Hollow Cr2O3 
microspheres under ambient conditions. ACS Catal. 8, 8540–8544 (2018). https://doi.org/10. 
1021/acscatal.8b02311 

57. J. Han, X. Ji, X. Ren, G. Cui, L. Li, F. Xie, H. Wang, B. Li, X. Sun, MoO3 nanosheets for 
efficient electrocatalytic N2 fixation to NH3. J. Mater. Chem. A 6, 12974–12977 (2018). https:// 
doi.org/10.1039/c8ta03974g 

58. L. Zhang, X. Ji, X. Ren, Y. Ma, X. Shi, Z. Tian, A. Asiri, L. Chen, B. Tang, X. Sun, Electro-
chemical ammonia synthesis via nitrogen reduction reaction on a MoS2 catalyst: theoretical 
and experimental studies. Adv. Mater. 30 (2018). https://doi.org/10.1002/adma.201800191 

59. X. Yang, J. Nash, J. Anibal, M. Dunwell, S. Kattel, E. Stavitski, K. Attenkofer, J. Chen, Y. 
Yan, B. Xu, Mechanistic insights into electrochemical nitrogen reduction reaction on vanadium 
nitride nanoparticles. J. Am. Chem. Soc. 140, 13387–13391 (2018). https://doi.org/10.1021/ 
jacs.8b08379 

60. Y. Luo, G. Chen, L. Ding, X. Chen, L. Ding, H. Wang, Efficient electrocatalytic N2 fixation 
with mxene under ambient conditions. Joule 3, 279–289 (2019). https://doi.org/10.1016/j.joule. 
2018.09.011

https://doi.org/10.1038/ncomms14675
https://doi.org/10.1038/ncomms14675
https://doi.org/10.1002/aenm.201701343
https://doi.org/10.1002/aenm.201701343
https://doi.org/10.1021/acsenergylett.0c00018
https://doi.org/10.1038/s41565-020-0665-x
https://doi.org/10.1021/acscatal.8b04937
https://doi.org/10.1021/acscatal.8b04937
https://doi.org/10.1002/advs.202102915
https://doi.org/10.1038/s41467-021-21919-5
https://doi.org/10.1038/s41467-021-21919-5
https://doi.org/10.1039/c8ta04064h
https://doi.org/10.1021/acscatal.9b02944
https://doi.org/10.1016/j.chempr.2018.10.007
https://doi.org/10.1002/anie.201801538
https://doi.org/10.1021/acscatal.8b02311
https://doi.org/10.1021/acscatal.8b02311
https://doi.org/10.1039/c8ta03974g
https://doi.org/10.1039/c8ta03974g
https://doi.org/10.1002/adma.201800191
https://doi.org/10.1021/jacs.8b08379
https://doi.org/10.1021/jacs.8b08379
https://doi.org/10.1016/j.joule.2018.09.011
https://doi.org/10.1016/j.joule.2018.09.011


9 Carbon-Based Nanomaterials for Nitrogen Reduction Reaction 207

61. M. Jin, S. Lu, L. Ma, M. Gan, Y. Lei, X. Zhang, G. Fu, P. Yang, M. Yan, Different distribution 
of in-situ thin carbon layer in hollow cobalt sulfide nanocages and their application for super-
capacitors. J. Power Sources 341, 294–301 (2017). https://doi.org/10.1016/j.jpowsour.2016. 
12.013 

62. F. Luo, Q. Zhang, K. Qu, L. Guo, H. Hu, Z. Yang, W. Cai, H. Cheng, Decorated PtRu elec-
trocatalyst for concentrated direct methanol fuel cells. ChemCatChem 11, 1238–1243 (2019). 
https://doi.org/10.1002/cctc.201801801 

63. P. Chen, N. Zhang, S. Wang, T. Zhou, Y. Tong, C. Ao, W. Yan, L. Zhang, W. Chu, C. Wu, Y. 
Xie, Interfacial engineering of cobalt sulfide/graphene hybrids for highly efficient ammonia 
electrosynthesis. Proc. Natl. Acad. Sci. 116, 6635–6640 (2019). https://doi.org/10.1073/pnas. 
1817881116 

64. Y. Xu, W. Tu, B. Zhang, S. Yin, Y. Huang, M. Kraft, R. Xu, Nickel nanoparticles encapsu-
lated in few-layer nitrogen-doped graphene derived from metal-organic frameworks as efficient 
bifunctional electrocatalysts for overall water splitting. Adv. Mater. 29 (2017). https://doi.org/ 
10.1002/adma.201605957 

65. D. Chung, S. Jun, G. Yoon, H. Kim, J. Yoo, K. Lee, T. Kim, H. Shin, A. Sinha, S. Kwon, K. 
Kang, T. Hyeon, Y. Sung, Large-scale synthesis of carbon-shell-coated FeP nanoparticles for 
robust hydrogen evolution reaction electrocatalyst. J. Am. Chem. Soc. 139, 6669–6674 (2017). 
https://doi.org/10.1021/jacs.7b01530 

66. P. Chen, T. Zhou, L. Xing, K. Xu, Y. Tong, H. Xie, L. Zhang, W. Yan, W. Chu, C. Wu, Y. 
Xie, Atomically dispersed iron-nitrogen species as electrocatalysts for bifunctional oxygen 
evolution and reduction reactions. Angew. Chem. Int. Ed. 56, 610–614 (2017). https://doi.org/ 
10.1002/anie.201610119 

67. G. Chai, K. Qiu, M. Qiao, M. Titirici, C. Shang, Z. Guo, Active sites engineering leads to 
exceptional ORR and OER bifunctionality in P, N Co-doped graphene frameworks. Energy 
Environ. Sci. 10, 1186–1195 (2017). https://doi.org/10.1039/c6ee03446b 

68. Y. Hou, M. Qiu, T. Zhang, J. Ma, S. Liu, X. Zhuang, C. Yuan, X. Feng, Efficient electrochemical 
and photoelectrochemical water splitting by a 3d nanostructured carbon supported on flexible 
exfoliated graphene foil. Adv. Mater. 29 (2017). https://doi.org/10.1002/adma.201604480 

69. Y. Li, Y. Kong, Y. Hou, B. Yang, Z. Li, L. Lei, Z. Wen, In situ growth of nitrogen-doped 
carbon-coated γ-Fe2O3 nanoparticles on carbon fabric for electrochemical N2 fixation. ACS 
Sustain. Chem. Eng. 7, 8853–8859 (2019). https://doi.org/10.1021/acssuschemeng.9b00852 

70. Y. Liu, X. Chen, J. Yu, B. Ding, Carbon-nanoplated CoS@TiO2 nanofibrous membrane: 
an interface-engineered heterojunction for high-efficiency electrocatalytic nitrogen reduction. 
Angew. Chem. Int. Ed. 58, 18903–18907 (2019). https://doi.org/10.1002/anie.201912733 

71. Q. Yan, P. Yin, H. Liang, Engineering the electronic interaction between metals and carbon 
supports for oxygen/hydrogen electrocatalysis. ACS Mater. Lett. 3, 1197–1212 (2021). https:// 
doi.org/10.1021/acsmaterialslett.1c00266 

72. J. Wang, Z. Wei, S. Mao, H. Li, Y. Wang, Highly uniform Ru nanoparticles over N-doped carbon: 
pH and temperature-universal hydrogen release from water reduction. Energy Environ. Sci. 11, 
800–806 (2018). https://doi.org/10.1039/c7ee03345a 

73. J. Lu, B. Fu, M. Kung, G. Xiao, J. Elam, H. Kung, P. Stair, Coking- and sintering-resistant 
palladium catalysts achieved through atomic layer deposition. Science 335, 1205–1208 (2012). 
https://doi.org/10.1126/science.1212906 

74. Q. Fu, W. Li, Y. Yao, H. Liu, H. Su, D. Ma, X. Gu, L. Chen, Z. Wang, H. Zhang, B. Wang, 
X. Bao, Interface-confined ferrous centers for catalytic oxidation. Science 328, 1141–1144 
(2010). https://doi.org/10.1126/science.1188267 

75. O. Leenaerts, B. Partoens, F. Peeters, A. Volodin, C. Van Haesendonck, The work function 
of few-layer graphene. J. Phys. Condensed Matter 29, 035003 (2017). https://doi.org/10.1088/ 
0953-8984/29/3/035003 

76. R. Garg, N. Dutta, N. Choudhury, Work function engineering of graphene. Nanomaterials 4, 
267–300 (2014). https://doi.org/10.3390/nano4020267 

77. P. Liu, Q. Sun, F. Zhu, K. Liu, K. Jiang, L. Liu, Q. Li, S. Fan, Measuring the work function of 
carbon nanotubes with thermionic method. Nano Lett. 8, 647–651 (2007). https://doi.org/10. 
1021/nl0730817

https://doi.org/10.1016/j.jpowsour.2016.12.013
https://doi.org/10.1016/j.jpowsour.2016.12.013
https://doi.org/10.1002/cctc.201801801
https://doi.org/10.1073/pnas.1817881116
https://doi.org/10.1073/pnas.1817881116
https://doi.org/10.1002/adma.201605957
https://doi.org/10.1002/adma.201605957
https://doi.org/10.1021/jacs.7b01530
https://doi.org/10.1002/anie.201610119
https://doi.org/10.1002/anie.201610119
https://doi.org/10.1039/c6ee03446b
https://doi.org/10.1002/adma.201604480
https://doi.org/10.1021/acssuschemeng.9b00852
https://doi.org/10.1002/anie.201912733
https://doi.org/10.1021/acsmaterialslett.1c00266
https://doi.org/10.1021/acsmaterialslett.1c00266
https://doi.org/10.1039/c7ee03345a
https://doi.org/10.1126/science.1212906
https://doi.org/10.1126/science.1188267
https://doi.org/10.1088/0953-8984/29/3/035003
https://doi.org/10.1088/0953-8984/29/3/035003
https://doi.org/10.3390/nano4020267
https://doi.org/10.1021/nl0730817
https://doi.org/10.1021/nl0730817


208 Y. Wang et al.

78. G. Gupta, D. Slanac, P. Kumar, J. Wiggins-Camacho, J. Kim, R. Ryoo, K. Stevenson, K. 
Johnston, Highly stable Pt/ordered graphitic mesoporous carbon electrocatalysts for oxygen 
reduction. J. Phys. Chem. C 114, 10796–10805 (2009). https://doi.org/10.1021/jp907015j 

79. S. Campisi, C. Chan-Thaw, A. Villa, Understanding heteroatom-mediated metal–support inter-
actions in functionalized carbons: a perspective review. Appl. Sci. 8 (2018). https://doi.org/10. 
3390/app8071159 

80. I. Gerber, P. Serp, A theory/experience description of support effects in carbon-supported 
catalysts. Chem. Rev. 120, 1250–1349 (2020). https://doi.org/10.1021/acs.chemrev.9b00209 

81. Y. Liu, H. Wang, T. Zhao, B. Zhang, H. Su, Z. Xue, X. Li, J. Chen, Schottky barrier induced 
coupled interface of electron-rich N-doped carbon and electron-deficient Cu: in-built lewis 
acid-base pairs for highly efficient CO2 fixation. J. Am. Chem. Soc. 141, 38–41 (2019). https:// 
doi.org/10.1021/jacs.8b08267 

82. Y. Lin, S. Zhang, Z. Xue, J. Zhang, H. Su, T. Zhao, G. Zhai, X. Li, M. Antonietti, J. Chen, 
Boosting selective nitrogen reduction to ammonia on electron-deficient copper nanoparticles. 
Nat. Commun. 10, 4380 (2019). https://doi.org/10.1038/s41467-019-12312-4 

83. Y. Cao, S. Mao, M. Li, Y. Chen, Y. Wang, Metal/Porous carbon composites for heterogeneous 
catalysis: old catalysts with improved performance promoted by N-doping. ACS Catal. 7, 
8090–8112 (2017). https://doi.org/10.1021/acscatal.7b02335 

84. A. Wu, Y. Xie, H. Ma, C. Tian, Y. Gu, H. Yan, X. Zhang, G. Yang, H. Fu, Integrating the active 
OER and HER components as the heterostructures for the efficient overall water splitting. Nano 
Energy 44, 353–363 (2018). https://doi.org/10.1016/j.nanoen.2017.11.045 

85. T. Li, T. Lu, Y. Li, J. Yin, Y. Tang, M. Zhang, H. Pang, L. Xu, J. Yang, Y. Zhang, 
Interfacial engineering-induced electronic regulation drastically enhances the electrocatalytic 
oxygen evolution: immobilization of janus-structured NiS/NiO nanoparticles onto carbon 
nanotubes/nanofiber-integrated superstructures. Chem. Eng. J. 428 (2022). https://doi.org/10. 
1016/j.cej.2021.131094 

86. S. Jeong, K. Hu, T. Ohto, Y. Nagata, H. Masuda, J. Fujita, Y. Ito, Effect of graphene encapsu-
lation of NiMo alloys on oxygen evolution reaction. ACS Catal. 10, 792–799 (2019). https:// 
doi.org/10.1021/acscatal.9b04134 

87. S. Li, D. Bao, M. Shi, B. Wulan, J. Yan, Q. Jiang, Amorphizing of Au nanoparticles by CeOx-
RGO hybrid support towards highly efficient electrocatalyst for N2 reduction under ambient 
conditions. Adv. Mater. 29 (2017). https://doi.org/10.1002/adma.201700001 

88. Z. Xue, S. Zhang, Y. Lin, H. Su, G. Zhai, J. Han, Q. Yu, X. Li, M. Antonietti, J. Chen, Elec-
trochemical reduction of N2 into NH3 by donor–acceptor couples of Ni and Au nanoparticles 
with a 67.8% faradaic efficiency. J. Am. Chem. Soc. 141, 14976–14980 (2019). https://doi.org/ 
10.1021/jacs.9b07963

https://doi.org/10.1021/jp907015j
https://doi.org/10.3390/app8071159
https://doi.org/10.3390/app8071159
https://doi.org/10.1021/acs.chemrev.9b00209
https://doi.org/10.1021/jacs.8b08267
https://doi.org/10.1021/jacs.8b08267
https://doi.org/10.1038/s41467-019-12312-4
https://doi.org/10.1021/acscatal.7b02335
https://doi.org/10.1016/j.nanoen.2017.11.045
https://doi.org/10.1016/j.cej.2021.131094
https://doi.org/10.1016/j.cej.2021.131094
https://doi.org/10.1021/acscatal.9b04134
https://doi.org/10.1021/acscatal.9b04134
https://doi.org/10.1002/adma.201700001
https://doi.org/10.1021/jacs.9b07963
https://doi.org/10.1021/jacs.9b07963


Chapter 10 
Carbon-Based Nanomaterials 
for Metal-Ion Batteries 

Yifan Wei, Huicong Xia, and Gan Qu 

Abstract With the increasing dependence on fossil energy, environmental pollu-
tion has become a serious problem for human beings. Renewable energy has been 
developed to reduce the use of non-renewable sources. Clean energy, such as wind, 
solar and tidal power, suffers from time and space factors. Therefore, energy storage 
system is required to match the development of clean energy. Metal-ion batteries 
(MIBs) have attracted much attention due to their high-energy density and cycle 
life. Among MIBs, lithium-ion batteries (LIBs), sodium-ion batteries (SIBs), and 
potassium-ion batteries (PIBs) have attracted the most attention. However, metal ion 
batteries also face some problems. Due to the large radius of sodium/potassium ions, 
the active site cannot be fully utilized during the insertion/deinsertion process. In 
addition, charge transfer, ion transfer and volume change should be paid attention to 
in the exploit of electrode materials. In this regard, carbon-based nanomaterials show 
great potential. This chapter focuses on the application of carbon-based nanomate-
rials in MIBs, including metal-free carbon-based materials, atomically dispersed 
metal on carbon-based materials, metal nanoparticles encapsulated by carbon-based 
materials and metal nanoparticles supported on carbon-based materials. Finally, the 
application of carbon-based nanomaterials in metal batteries is briefly prospected, 
aiming to provide some enlightenment for the design and manufacture of MIBs.
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10.1 Introduction 

With the rapid development of society, the overuse of coal, oil, diesel, and other 
non-renewable energy resources results in the extreme shortage of traditional fossil 
energy in the world [1–5]. At the same time, over-consumption of fossil energy brings 
about serious environmental problems, such as the greenhouse effect, acid rain, haze, 
etc. Therefore, the development and utilization of renewable clean energy become 
the key to solving the energy crisis and environmental problems. 

Metal-ion batteries (MIBs), such as lithium-ion batteries (LIBs), [6, 7] sodium-
ion batteries (SIBs), [8–10] and potassium-ion batteries (PIBs) [11–13] have been 
widely studied in the fields of electrochemical energy storage. MIBs show well 
electrochemical stability with excellent specific density and energy density [14]. 
Because of the high specific density and abundant reserves, MIBs have achieved 
large-scale commercial applications. At present, LIBs are the most widely used MIBs 
in the market. LIBs play an indispensable role in the portable backup power supply, 
electronic devices, and electric vehicles, etc. Furthermore, LIBs act as a necessary 
part to promote the development of other clean energy sources. In addition, recent 
studies have shown that SIBs and PIBs also have the potential for commercialization 
in the future. 

LIBs have firstly applied in the portable instrument (Fig. 10.1) but have not been 
effectively exploited in grid-scale supply systems. LIBs are the most promising

Fig. 10.1 Schematic diagram of metal-ion batteries in application
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energy storage devices. Rachid et al. [15] firstly realized the assembly of LIBs in the 
early 1980s by intercalation/deintercalation of Li+ in graphite. During the charging 
process, lithium ions move from the cathode, which goes across the separator and 
the electrolyte, and arrive on the anode side. Several common commercial cathodes 
have been developed, such as lithium cobalt oxide (LCO), lithium manganese oxide 
(LMO), lithium iron phosphate (LFP), lithium nickel cobalt aluminum oxide (NCA), 
and lithium nickel manganese cobalt oxide (NMC) [16]. The lithium oxides show the 
lower conductivity, which means the higher impedance. By mixing the lithium oxides 
with conductive carbon can improve the conductivity. The electrolyte is obtained by 
dissolving the lithium salts in organic solvents. Usually, lithium-hexafluorophosphate 
(LiPF6) is widely used in laboratory research and commercial production [17].

SIBs have also attracted a great deal of attention in the energy storage field because 
of its high reserves in the earth. As mentioned above, lithium source is limited, and 
the price of LIBs is high. In order to mitigate this issue, the recent research focused 
on the next-generation energy storage systems. SIBs seem to be the best candidate. 
The SIBs and LIBs are more wildly available and the SIBs exhibit similar electro-
chemistry as LIBs. Importantly, the sodium source is more abundant than that of 
Li. The cathode materials of SIBs are mainly categorized into polyanions, organic 
compounds and metal oxides, etc. Hard carbon materials, transition metals and their 
alloys are often used as anode materials. The electrolytes in SIBs should meet the 
following properties: (1) chemically stable, (2) thermally stable, and (3) electro-
chemically stable [18, 19]. NaClO4 and NaPF6 are often used as the electrolytes in 
SIBs [20]. 

PIBs show super-fast ionic conductivity in electrolytes and high working voltage, 
but the research on PIBs is still in the infancy [21–23]. The reserve of potassium in the 
earth is the most abundant, which leads to a low cost (the price of K2CO3 is similar 
to Na2CO3, much cheaper than Li2CO3). Potassium shows a larger atomic radius 
(1.38 Å), while the Stokes radius of K+ (3.6 Å) is the smallest among the Li, Na, 
and K. Therefore, K+-electrolyte shows the highest ion mobility and conductivity. 
However, there are still many challenges to solve in PIBs, such as poor K+ reaction 
kinetics, large volume variations during the intercalation/deintercalation process, etc. 
[24]. 

For the kinds of MIBs, one of the biggest factors that restricting their energy 
density and specific density is the electrode materials. Thus, different electrode 
materials can lead to different energy densities and capacity densities. Taking 
the example of SIBs, Sb@porous carbon deriving from metal–organic frame-
work shows the higher reversible capacity (634.6 mA h g−1) compared with that 
of Fe3O4/Fe1-xS@carbon-coated MoS2 nanosheet (589 mA h g−1) [25]. There-
fore, the research on electrode materials is of great significance in improving the 
electrochemical performance in MIBs. 

In the past years, carbon-based electrode materials have attracted wide attention. 
Up to now, a large number of carbon-based electrode materials with different compo-
sitions, crystal structures and morphologies have been reported. Carbon-based mate-
rials display great potential in MIBs due to their renewable essence, low price, porous
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structure, and large specific surface area [26, 27]. In this section, carbon-based mate-
rials are classified as metal-free carbon-based materials, atomically dispersed metal 
on carbon-based materials, metal nanoparticles encapsulated carbon-based materials, 
and metal nanoparticles supported carbon-based materials. In this section, a series 
of carbon-based electrode materials are reviewed in MIBs. This chapter provides a 
clear direction for the future research and application of carbon-based materials in 
MIBs to achieve higher specific capacity and energy density. 

10.2 Metal-Free Carbon-Based Materials for MIBs 

As a widely used electrode material, carbon-based material shows the characteristics 
of low thermal expansion coefficient and low density. In addition, carbon-based mate-
rial shows excellent conductivity. Therefore, the carbon-based material has received 
extensive attention. The traditional carbon materials, such as Ketjen Black (KB) 
and carbon black (SP, super P), are widely used in MIBs. It is reported that the 
heteroatom-doped carbon deriving from the nutshell provides additional holes or 
electrons delivers increased the conductivity. This strategy to improve the conduc-
tivity is widely studied in the electrode materials of MIBs. However, it is still a huge 
challenge to synthesize heteroatom-doped two-dimensional and three-dimensional 
(3D) carbon-based electrode materials with hierarchical pores. 

The reported doping-atoms in electrode materials mainly include N, [28] P, [29] 
S, [30] etc. Huang et al. [31] synthesized the N-doped 3D mesoporous carbon 
nanosheets (N-CNS) by rational design. As shown in Fig. 2a, a carbon layer was 
uniformly deposited on the MgO nanosheet template after thermal annealing of the 
phenyl carbon (PC). The PC carbonizes on the surface of MgO during the annealing 
process. Then, the N-CNS can be obtained after acid pickling (HCl). It was worth 
mentioning that this method can be widely used to prepare the similar porous N-doped 
carbon-based materials after replacing the template with other nanostructures (e.g., 
SiO2).  As  shown inFig.  2b, the prepared electrode material showed numerous defects. 
The characterized graphite nitrogen, pyridine nitrogen and pyrrole nitrogen provided 
a large number of sites for adsorption of sodium and potassium ions. By adjusting the 
morphology, defect and nanostructures, the SIBs and PIBs have achieved excellent 
rate capability and cycle life. Zhang et al.[32] also utilized N as heteroatom to achieve 
the precise control of nitrogen-doped carbon-based materials through the pyrolysis 
of copolymers. Compared with graphitized N, edge nitrogen (pyrrole nitrogen and 
pyridine nitrogen) showed higher adsorption energy towards metal ion. The pyrolysis 
of polyaniline-co-polypyrrole (PACP) endowed more edge-nitrogen doped carbons 
(ENDCs) through releasing the free radicals from pyrrole and aniline. The pyrolysis 
conditions can be optimized to increase the doping level of N. The electron param-
agnetic resonance (EPR, Fig. 2c) spectra of ENDCs and NDC900 (N-doped carbons 
formed under 900 °C) was used to interpret the structure of ENDCs. The g value of 
2.0027 indicated the generation of unpaired electrons on p-conjugated carbon atoms.
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Fig. 10.2 Schematics of the synthesis process of hierarchical N-CNS and the N-CNS struc-
ture anode material in a SIBs and b PIBs. Reproduced with permission [31]. Copyright 2020, 
John Wiley. c EPR spectra of ENDCs and NDC900. d High-resolution XPS spectra of N 1s from 
ENDC500; inset: the atomic structure of ENDC500. Reproduced with permission [32]. Copyright 
2020, John Wiley. e Nyquist plots of DC-S and DC after the 1st cycle. Inserted image is the equivalent 
circuit. Reproduced with permission [30]. Copyright 2020, Royal Society of Chemistry 

Similarly, high-resolution spectra of N 1s for ENDC500 (Fig. 2d) proved the exis-
tence of pyrrole nitrogen and pyridine nitrogen. The doped N mainly existed in the 
form of pyrrole- and pyridine-N rather than graphitized-N. [32] The S-doping also 
received extensive attention, especially in the application of SIBs. Because sodium 
has a larger radius than that of lithium. Therefore, the traditional host materials are 
not suitable for SIBs. Li et al. [30] reported the S-doped carbon-based material with 
increased layer spacing. The prepared S-doped disordered carbon (DC-S) achieved 
rapid insertion/deinsertion of sodium ion. As shown in Fig. 2e, compared with disor-
dered carbon, the DC-S exhibits a lower SEI resistance (RSEI, 14.3 Ω) and lower 
charge transfer resistance (Rct, 52.4 Ω). 

The incorporation of heteroatoms displays a positive effect on the ion storage 
properties of carbon-based materials. However, the correlation between structure 
and capacity has not been systematically investigated. Li et al. [33] combined exper-
imental studies with first-principles calculations to study the mechanism of sodium 
ion storage. The charge profile of different atom-doped graphene-Na systems was 
simulated using Vienna Ab-initio Simulation Package (VASP, Fig. 3a-c) to show the
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Fig. 10.3 Charge distribution plots of different graphene/Na systems simulated in VASP with 
the binding energies of sodium ions shown. a Pristine graphene. b P-doped graphene. and c B-
doped graphene. Reproduced with permission [33]. Copyright 2017, John Wiley. d Raman spectra 
at selected voltages for N-FLG and the schematic of the staging and defect storage mechanism 
in N-FLG. e CVs at 0.05 mV/s for N-FLG. Reproduced with permission [34]. Copyright 2016, 
American Chemical Society

binding energy between sodium ions and the doped graphene samples. The repul-
sion between the heteroatoms and the positive charge made the Na ions closer to the 
negatively charged graphene sheet. In the region around the heteroatoms, the interac-
tion between the sodium atoms and the graphene sheet was stronger. Share et al. [34] 
proved the change of doped N (N-FLG, N-doped few-layer graphene) and non-doped 
N (FLG, few-layer graphene) during charge process by in-situ Raman spectroscopy. 
Figure 3d showed the CV curve at sweep rate of 0.05 mV s−1. Figure 3e showed  
the in-situ Raman spectra of N-FLG. With the increase of voltage, the intensity of 
Gce peak decreased, when that of Guc increased. These results illustrated that N-
doping provides sites that can locally store K ions without damaging the formation 
of graphite intercalation compound (GIC) at stage 1. 
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10.3 Atomically Dispersed Metal on Carbon Materials 
for MIBs 

In the field of energy storage, metal nanoparticles electrode materials often suffer 
from lower performances than the theoretical levels, which goes against the popular 
idea of green chemistry today. In recent years, atomically dispersed metal on carbon-
based materials have attracted extensive attention due to their advantages of the high 
atom efficiency, unique electronic structure, adjustable surface characteristics, and 
low cost. In the electrochemical reaction, the single atom catalysts (SACs) exhibit 
high chemical activity and can quickly adsorb the reaction intermediates. The inter-
mediate can eventually be completely reduced to the final product. At the same time, 
metal SAC receives electrons from the current and is further reduced to its original 
metal state [35]. 

However, atomically dispersed metal on carbon-based materials usually shows 
relatively low physical/chemical stability due to their high surface energy, which 
leads to a serious degradation in electrochemical process. In addition, metal atoms 
can easily agglomerate into metal nanoparticles during the preparation process. Many 
new synthetic strategies have been developed for SACs with better stability and 
improved performance. 

Most of the atomically dispersed metal on carbon-based electrode materials are 
transition metals such as Fe, Co, Mn, Ni, Cu, etc. Zhang et al. [36] synthesized the 
metal-bis(iminobenzosemiquinoid) linked structure using Cu and Ni metal sources. 
Two-dimensional (2D) conjugated metal–organic framework materials (C-MOFs) 
showed the advantages of high intrinsic conductivity and large specific surface area. 
The results of experiments and theoretical calculations showed that phthalocyanine 
monomer and metal-bis(iminobenzosemiquinoid) linkages acted as active sites for 
Na+ and SO4 

2− storage, respectively. The prepared electrode material showed a larger 
potential window, with an energy density of 51.6 Wh kg−1 and a peak power density 
of 32.1 kW kg−1. As shown in Fig. 4a, the molecular electrostatic potential (MESP) 
showed that the phthalocyanine N connected to the Ni site represented by the purple 
ball as the electrophilic center was conducive to the adsorption of SO4 

2−, while 
M-N4 connected to the Cu site represented by the yellow ball as the nucleophilic 
center was conducive to the adsorption of Na+. Through this strategy, Yuan et al. 
[37] synthesized the atomic-dispersed metal sites, including Ni, Fe, and Mn on N-
rich nanosheets, which were used as electrodes with desired cycling and extremely 
high specific capacity in LIBs. According to the XRD patterns of Mn-N-C, Ni-N-
C and Fe-N-C (Fig. 4b), there were no additional diffraction peaks except carbon, 
indicating that no impurity of metal-based particles. The N 1s spectra of XPS from 
Mn-N-C, Ni-N-C and Fe–N-C are shown in Fig. 4c. The formation of graphitic-
N (~400.7 eV), pyrrolic-N (~399.8 eV) and pyridinic-N (398.2 eV) indicated the 
chemical states of the N 1s. In MIBs, the adsorption sites of ions are almost the 
same. Li et al.  [38] synthesized cobalt atom-dispersed on graphene as an electrode 
material to solve the dendrite problem in LIBs. Generally, Li+ can be absorbed on 
one top site (T) and three hollow sites (H1, H2, and H3) of Co-N-C, of which H1
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Fig. 10.4 Schematics of the synthesis process and structural characterization of SACs. a 
Schematic illustration of the in-situ growth of M2[CuPc(NH)8] on carbon cloth. Reproduced with 
permission [36]. Copyright 2021, American Chemical Society. b XRD patterns. c N 1s spectra of 
XPS as-prepared Mn-N–C, Ni–N-C, Fe–N-C and NC. Reproduced with permission [37]. Copyright 
2020, Royal Society of Chemistry. d Li adsorption sites on CoNC, the carbon, nitrogen, and cobalt 
are marked with gray, blue, and deep pink, respectively. Reproduced with permission [39]. Copy-
right 2018, John Wiley. e Cyclic voltammetry curve at 0.1 mV s−1. Reproduced with permission 
[38]. Copyright 2014, Springer Nature. f Cyclic voltammetry curves at a scan rate of 0.01 mV s−1 

in the voltage range of 0.01–3.0 V. Reproduced with permission [40]. Copyright 2017, John Wiley. 
g Li-nucleation overpotentials on Cu, CoNC, and NGM electrodes at different current densities. 
Reproduced with permission [38]. Copyright 2018, John Wiley

site affords the largest binding energy (−1.58 eV) toward a Li atom (Fig. 4d) which 
was also lager than the N sites in the N-doped graphene (NG) (−0.86 eV). These 
results confirmed that the Co-Nx-C structures can greatly enhance the ionophilicity of 
graphene. As a comparison, the nucleation overpotential of different substrates was 
measured to evaluate the lithophile and nucleation process on the surface of electrode 
materials (Fig. 4e) [39]. Compared with Cu and NGM, Co-N-C exhibited the lowest 
nucleation overpotential at a series of current densities. In addition, the atomically
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dispersed metal on carbon-based materials is also widely used in PIBs. Xu et al. [40] 
synthesized N-doped carbon nanotubes with an edge-open layer-alignment structure 
by pyrolyzing the cobalt-containing metal–organic frameworks (ZIF-67). CV curves 
(Fig. 4f) showed that the strong peak at around 0 V corresponds to the intercalation 
of K+ and the peak at 0.3 V corresponds to the extraction of K+. Similarly, Chen 
et al. [39] synthesized nitrogen-doped porous carbon prepared from a metal–organic 
framework as lithium anode. As shown in Fig. 4g, a distinct peak appears at 0.2 V 
during discharge from the second cycle onward, which could be ascribed to the 
generation of a new SEI film during the charge and discharge processes.

10.4 Metal Nanoparticles Encapsulated Carbon-Based 
Materials for MIBs 

The theoretical specific capacity of transition metal oxides and alloy nanoparticles 
is much higher than that of conventional graphite anode. However, the poor conduc-
tivity and drastic volume changes in the charging/discharging processes often lead 
to irreversible capacity degradation. Through coating highly conductive carbon, the 
microstructure design and large specific surface area of the carbon shell can improve 
the electrochemical performance. 

As mentioned above, alloy particles and transition metal compounds tend to 
agglomerate during synthesis. In order to solve this problem, a series of synthesis 
strategies were explored. As shown in Fig. 5a, Zhao et al. [41] developed a 
simple solvothermal method to produce NiS2 nanocrystals with the NiCl2·6H2O, 
Na2S2O3·5H2O, and PVP (K-30) as precursors. NiS was successfully encapsulated 
by the amorphous N-doped box-like carbon (NiS@C) using polymerized dopamine 
(PDA) as carbon source. NiS particles are encapsulated by N-doped carbon cages 
via Ni-N bonds, exhibiting excellent sodium/potassium ions storage performance. 
The N-doped carbon makes the composites display high conductivity and fast ion 
diffusion channel, performing excellent rate performance. The top view (Fig. 5b) and 
side view (Fig. 5d) of the optimized geometry structures for NiS on N-doped carbon 
are corresponding to the XPS analysis. The DFT result shows that a spontaneous 
bridging between NiS and N-doped carbon via Ni-N bond is energetically favorable. 
The higher binding energy between NiS and N-doped carbon, which is much higher 
than the NiS without Ni-N bond (Fig. 5c), leads to a stronger adhesion between NiS 
and carbon shell, thus alleviating the volume change, pulverization, aggregation of 
NiS, and leading to a superior cycling stability [42]. The structural and chemical 
engineering of the solid electrolyte interface (SEI) in rechargeable batteries play a 
vital role in electrochemical performance. The underlying mechanism of the extrac-
tion sodium (Na) storage in metal-nitrogen was not yet revealed definitely due to the 
electrochemical inertness of metal-nitrogen (MNX) to Na in the charge and discharge 
processes.
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Fig. 10.5 Schematics of the synthesis process and structural characterization of Metal 
nanoparticles encapsulated carbon-based materials. a Schematic illustration of the preparation 
route of NiS@C. b Top view of optimized geometry structures of NiS adsorbed on N-doped carbon. 
c The binding energy of NiS on N-doped carbon (−3.40 eV) and undoped carbon (−0.44 eV). d 
Side view of optimized geometry structures of NiS adsorbed on N-doped carbon. Reproduced with 
permission [41]. Copyright 2020, Elsevier 

Xia et al. [43] firstly proposed to uncover the mechanism using the in-situ 
acquired temperature-dependent Nyquist plots and ex-situ X-ray photoelectron spec-
troscopies. As shown in Fig. 6a–i, all of FeNX/C samples contain Fe–N and Fe–Fe 
bonds, which means that the single atom site and cluster are on the carbon base. 
Wang et al. [44] encapsulated FeP and MnO (the related XPS spectrum shown in 
Fig. 7a and Fig. 7b) with the carbon shell respectively. Wang et al. [45] synthesized 
hollow FeP@carbon nanocomposite (H-FeP@C), which is prepared by phospha-
tizing the hollow Fe3O4 (H-Fe3O4) nanoparticles encapsulated with carbon. The 
hollow nanoparticles can solve the volume expansion problem and improve the 
utilization of electrode materials. The formation and disappearance of Li2Se was 
monitored by XRD characterization (Fig. 7c) at different stages in the charging and 
discharging processes. In order to further alleviate the volume change, Zhang et al. 
[46] prepared the Fe3O4@Fe3C core@shell nanoparticle which is well confined in the 
hollow carbon nanospindle. Among the charge and discharge processes, Fe3O4 will 
undergo volumetric expansion, dissolution, and fracture. Zhang innovatively coated 
the Fe3O4 with Fe3C layer and carbon layer (Fig. d, e), facilitating excellent storage 
capacity. It can be found that the nanoparticle with a diameter of 15–20 nm from the 
high-magnification TEM image of Fe3O4@Fe3C@C yolk-shell nanospindle owns 
a large void space of 75% in the nanospindle. The higher resolution TEM image
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Fig. 10.6 Schematics of the synthesis process and structural characterization of Metal 
nanoparticles encapsulated carbon-based materials. a K-edge XANES spectra and b Fourier 
transforms of k3-weighted K-edge EXAFS spectra of FeNX/C-600, FeNX/C-700, FeNX/C-800, 
Fe foil, and FePc, respectively. c Wavelet transform of the k3-weighted EXAFS data of FeNX/C-
700. d-f Room-temperature 57Fe Mössbauer spectra of FeNX/C-600, FeNX/C-700, and FeNX/C-
800, respectively. g–i Schematic illustration of model systems of FeNX/C-600, FeNX/C-700 and 
FeNX/C-800, respectively. Reproduced with permission [43]. Copyright 2022, Royal Society of 
Chemistry 

indicates that the thickness of carbon layer with amount of micropores is 3–5 nm. 
Therefore, Zhang et al. proposed a Li ion storage mechanism that lithium ions enter 
through the outermost porous carbon material and then store Li at the interface 
between Fe3O4 and Fe3C. 

10.5 Metal Nanoparticles Supported Carbon-Based 
Materials for MIBs 

In the charging and discharging processes, the drastic change of volume causes the 
decrease of cyclic performance and the increase of irreversible capacity limiting the 
performance of MIBs. In addition to the encapsulation strategy, the alloy particles
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and metal oxide, can be engineered through the in-situ growth and self-assemble 
technology to obtain the metal nanoparticles supported carbon-based anode mate-
rials. The metal particles and carbon layer connected by the van der Waals forces 
which resulting amounts of alkali metal ions (e.g., Na+, K+, and Li+) spread in the 
interlayer. In addition, the effect of volume change can be alleviated to obtain robust 
rate performance and excellent cyclic stability.

As shown in Fig. 8a, Wang et al. [47] synthesized the porous MnSe/FeSe2 (Mn-
Fe-Se) inserted with interlaced carbon nanotubes by a simple chemical precipitation 
approach and a subsequent one-step carbonization and selenization of Mn-Fe Prus-
sian blue analogs. Firstly, commercial carbon nanotubes were heated in a mixture 
of HNO3 and H2SO4. Then, the oxidized carbon nanotubes were obtained after the 
filter and drying processes. The oxidized carbon nanotubes were dispersed in the 
water with cetyltrimethylammonium bromide (CTAB). After adding the Mn(NO3)2

Fig. 10.8 Schematics of the morphology characterization and structural characterization. a 
Schematic representation of Mn-Fe-Se/CNTs composite. Reproduced with permission [47]. Copy-
right 2020, Elsevier. b Larger-magnification SEM images of SnS2 with flower-like feature. c Larger-
magnification SEM images of SnS2 on CC showing the well-aligned nanosheet architecture. Repro-
duced with permission [48]. Copyright 2019, Elsevier. d Rate performance of the CC@CN@MoS2 
and CC@MoS2 at various current densities, respectively. Reproduced with permission [49]. Copy-
right 2017, John Wiley. e In-situ Raman spectra of CF/NiO at different intercalated voltages. f In-situ 
Raman spectra of CF/ECF/NiO/CD at different intercalated voltages. Reproduced with permission 
[50]. Copyright 2020, Elsevier
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and K3[Fe(CN)6] precursors, Mn-Fe PBA/CNTs was obtained after agitation and 
centrifugation. Finally, Mn-Fe PBA/CNTs and selenium powder were physically 
mixed and heated in N2. Mn-Fe-Se /CNTs microspheres were obtained after the 
selenization process. Similarly, Mn-Se /CNTs can be prepared by the same method. 
Metal selenides show the special narrow-band gap and high theoretical specific 
capacity. In addition, Prussian blue analogues (PBAs), as a metal–organic frame-
work composed of metal centers and organic links, are widely used as precursors of 
porous materials. Therefore, Mn-Fe-Se/CNTs can alleviate the volume effect and 
improve the specific capacity in energy storage fields. Mn-Fe-Se system shown 
improved cycling and rate performance in SIB and PIB. When used as anode in 
SIBs, the Mn-Fe-Se/CNT delivers superior cycling stability (552 mA h g−1 over 
70 cycles) and favorable rate capability (411 mA h g−1 at 800 mA g−1). Further-
more, Mn-Fe-Se/CNT shows high specific capacity (351 mA h g−1) and unprece-
dented rate performance in PIBs. Wang et al. [48] prepared a vertically aligned SnS2 
nanosheets on carbon cloth by hydrothermal method. Firstly, carbon cloth (CC) 
was oxidized by H2O2 and washed by acetone and ethanol by ultrasonic treatment. 
Second, SnCl4·5H2O and thioacetamide (TAA) was dissolved in isopropanol. After 
hydrothermal treatment at 160 °C, the carbon cloth was washed with deionized water 
and anhydrous ethanol to obtain SnS2/CC. SEM images of SnS2 (Fig. 8b) show the 
densely agglomerated flower-like nanoplates on CC substrate, (Fig. 8c) showing the 
well-aligned nanosheet architecture. The thickness of each SnS2 layer is measured 
to be 20 nm. The SnS2 nanosheets array act as a network structure conducive to 
sodium ion migration in the electrolyte. In addition, CC has good flexibility, which is 
advantageous to alleviate the volume effect. Most importantly, the open 3D SnS2/CC 
configuration provides good electrical conductivity and well contact towards elec-
trolyte, reducing internal electron and ion transfer resistance and thereby improving 
power density. SnS2/CC anode exhibits remarkably enhanced electrochemical prop-
erties with excellent reversible capacity and robust rate capability. Ren et al. [49] 
also used carbon cloth as the matrix and prepares ultra-thin MoS2 nanosheets on the 
carbon cloth as the anode material. The CC@CN@MoS2 was obtained by doping-N 
in the carbon cloth, thus improving the capacity and rate performance of MoS2. As  
shown in Fig. 8d, when circulating at different current densities of 0.1, 0.2, 0.5, 1.0, 
and 2.0 A g−1, the CC@CN@MoS2 electrode exhibits average discharge capacities 
of 660, 580, 394, 306, and 235 mA h g−1, respectively. CC@CN@MoS2 shows 
the higher capacity than that of CC@MoS2, demonstrating its superior rate capa-
bility. Instead of sulfide and selenide, Tang et al. [50] successfully enhanced the 
lithium-ion storage chemistry of nickel oxide nanosheets by modulating the posi-
tions of p orbital energy levels through porous N-doped carbon fiber and carbon 
quantum dot (CDs) engineering. By comparing the ID:IG of CF/NiO (Fig. 8e) and 
CF/ECF/NiO/CD (Fig. 8f), it is shown that CF contributes little to the lithium storage 
process of CF/NiO, but CF/ECF is greatly beneficial to the lithium storage process 
of CF/ECF/NiO/CD anode. It is proved that CF/ECF is one of the reasons for the 
high area capacity of CF/ECF/NiO/CD electrode.
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10.6 Conclusion and Perspectives 

Na-ion batteries are an attractive alternative to replace Li-ion batteries for smart grid 
and electric vehicle applications. Compared with other commonly used batteries, 
metal-ion batteries have higher energy density, especially sodium ion batteries, which 
are favored by capital because of their wide sources and great reserves. With the 
in-depth research on the charging and discharging process of metal ion batteries, 
the mechanism of metal-ion batteries becomes more and more clear. Carbon-based 
materials play an indispensable role in the design and commercial application of 
electrode materials for metal ion batteries. As a widely used electrode material, 
carbon-based nanomaterials stand out among all electrode materials because of their 
high specific capacity, excellent conductivity, low density, and storage capacity for 
metal ion batteries. However, for the application of metal ion battery, we put forward 
higher requirements, and the electrochemical performance of metal-ion batteries 
need to be further improved to meet the application requirements of new energy 
devices in the future. In the process of research, the shortcomings of the discharge 
process of metal ion batteries are as followed: 

(1) In terms of the negative electrode, the evolution of lithium and sodium on 
the surface of the negative electrode is the main reason that restricts the rapid 
charging, and not only the graphite negative electrode, but also the negative 
electrode with low lithium embedding potential will face this key problem. 

(2) The development of embedded cathode materials for multivalent metal ion 
batteries, such as magnesium ion battery, face two challenges: strong elec-
trostatic effect and slow embedding/de-reaction kinetics. Polyvalent ions with 
high charge density have higher migration barrier in electrode materials, which 
will cause great structural change and lattice strain, and even lead to the collapse 
of electrode structure in the process of repeated embedding/stripping. 

(3) Take lithium-ion battery as an example, after the battery is charged and 
discharged for many times, the surface of lithium metal will continue to grow 
dendritic lithium crystal, a large number of sharp dendrites will produce stress 
on the diaphragm and Pierce it, resulting in short circuit explosion and other 
thermal control, bringing uncontrollable safety problems. 

The electrode material prepared with carbon nanomaterials as the substrate has 
better electrical conductivity, which is also the basic condition for its good power 
density and energy density. Structural modification because of carbon-based nanoma-
terials, such as coated metal nanoparticles and loaded nanoparticles mentioned in the 
above paper, can solve the volume expansion problem in the charging and discharging 
process to a certain extent. At the same time, the outstanding three-dimensional grid 
structure can also be further experimental ion migration, to achieve the purpose of 
improving electrochemical performance. Of course, the challenges faced by metal 
ion batteries are far more than this. In the future, the infinite possibilities of carbon-
based nanomaterials will bring more excellent carbon-based nanomaterial applied to 
metal ion batteries.
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Chapter 11 
Carbon-Based Nanomaterials 
for Metal-Sulfur/Selenium Batteries 

Weijie Chen, Kai Guo, Huicong Xia, and Gan Qu 

Abstract With the rapid development of mobile electronic devices and electric vehi-
cles, traditional lithium-ion batteries (LIBs) can no longer satisfy human’s require-
ment due to the limited energy density. Nowadays, the metal-sulfur/selenium (M-
S/Se) batteries have attracted widespread attention due to the high theoretical energy 
density. Among the M-S/Se batteries, lithium-sulfur (Li-S) batteries receive more 
attention. Li-S batteries show a high theoretical specific capacity (1675 mA h g–1) 
and high energy density (2600 W h kg–1). However, Li-S batteries still face some 
problems: (i) Due to the soluble polysulfide (LiPSs), the “shuttle effect” can cause the 
loss of sulfur components and corrosion of Li anode. (ii) The electrical conductivity 
of S8 and Li2S2/Li2S is poor, lots of conductive additives need to be introduced into 
the sulfur cathode, making the theoretical energy density difficult to be achieved. (iii) 
The volume change during the charge/discharge processes is about 80%, which leads 
to the structural collapse. For the M-S/Se batteries, there exist the similar problems to 
be solved. Over the past years, efforts have been devoted to constructing conductive 
scaffolds to enhance the specific capacity, cycling stability and rate delivery of M-
S/Se batteries. Carbon-based materials present the porous nanostructures and high 
conductivity, which have been employed as host materials and interlayer materials 
to promote the electrochemical performance. In this chapter, the investigations of 
carbon-based materials in M-S/Se batteries are summarized. Finally, carbon-based 
materials applied in M-S/Se batteries were briefly prospected, aiming at providing 
some thoughts for the design of electrode materials in M-S/Se batteries.
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11.1 Introduction 

With the rapid development of electronic device and electric vehicle, traditional 
lithium-ion batteries cannot meet the market demand due to their low theoretical 
energy density [1]. Metal-sulfur/selenium batteries (M-S/Se batteries) have gradually 
grasped people’s attention for their higher energy density (both mass and volume 
energy density) Fig. 11.1. 

Among metal-sulfur/selenium batteries, Li-S batteries attract the most attention. 
Since the Li-S batteries were found in the 1960s, this new rechargeable system has 
drawn much public attention because of high specific capacity (1672 mA h g–1 and 
3467 mA h cm–3) and energy density (2600 W h kg–1).[2] However, the LIBs based on 
LiCoO2, [3] LiFePO4 [4] have been the most popular energy storage devices, which 
show the long cycle stability.[5] Although the traditional LIBs have a higher voltage 
platform, the specific capacity of those systems are much lower than that of sulfur.[6– 
8] Li-S batteries have a superhigh density capacity, calculated on the basis of the Li 
anode and S cathode.[9, 10] Furthermore, the sulfur is the byproducts of petroleum 
industry, which means the abundant resources of nature [11]. Meanwhile, sulfur 
is non-toxic compared to the traditional metal-based cathode, providing promising 
future for application [12] Table 11.1. 

Different from rocking chair batteries (intercalation/deintercalation chemistry 
[13]), Li–S batteries suffer from a multi-phase conversion (S8(solid)-Li2Sn(liquid)-
Li2S1/2(solid) [14]) during redox processes. In the discharge process, there are two 
obvious platform at 2.3–2.4 V and 2.1–2.0 V,[15] corresponding to phase-change 
reaction process. For the first platform at about 2.3 V, solid S8 transfers to soluble 
lithium polysulfides (LiPSs) mostly Li2S8, Li2S6, and Li2S4, when the second one

Fig. 11.1 Performance comparison of Li–S batteries with other batteries. The abscissa 
represents the mass energy density and the ordinate represents the volume energy density. 
Reproduced with permission [2]. Copyright 2018, John Wiley
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Table 11.1 Comparison of physical properties of cathode materials for Li-ion batteries and 
M-S/Se batteries. Bold represents the best performance, Italic represents average performance, and 
Bold italic represents the worst performance 

Cathode Parameter 

Conductivity 
(S m–1) 

Volume specific 
capacity 
(mA h cm–3) 

Density (g cm–3) Mass specific capacity 
(mA h g–1) 

LiFePO4 10–7 ~ 10–6 1080 0.7 (loose loading) 170 

S 5 × 10–28 3467 2.07 1675 

Se 10–3 ~ 10–1 3270 4.82 672 

at about 2.1 V correspondes to the conversion of soluble LiPSs to insoluble lithium 
sulfides (Li2S2 and Li2S) [16, 17]. At the end of discharge process, the polar voltage 
suddenly increase because of the accumulation of insulated products (mostly Li-S) 
at cathode surface.

The overall reaction of Li-S batteries is: 

Li + 1/8 S8 → Li2S (11.1) 

Usually, the step-by-step reactions are: 

Li + S8 → Li2S8 (11.2) 

Li + Li2S8 → Li2S6 or Li2S4 (11.3) 

Li + Li2S6 or Li2S4 → Li2S2 or Li2S (11.4) 

Li-S batteries encounter the following problems: 

(i) The intermediate products Li2Sn (8 ≥ n ≥ 4) can be easily dissolved into 
ether-based electrolyte.[18] The dissolution of Li2Sn facilitate the faster ion 
transfer and reaction kinetics.[19] However, the sluggish kinetic of conversion 
from Li2S4/6/8 to Li2S1/2 leads to the accumulation of Li2Sn at the cathode side, 
which causes the serious “shuttle effect”.[20] Under the drive of concentration 
gradient, Li2Sn can pass through the separator and react with Li foil leading 
to the loss of active matter, low coulomb efficiency and fast capacity decay. It 
is more serious under high loading conditions. 

(ii) Meanwhile, the insulator nature of S8 (5 × 10–30 S m–1) and Li2S1/2 (10–12 

S m–1) introduces large polarization phenomenon, poor rate capacity, and 
sluggish reaction kinetics [21]. Therefore, lots of conductive additives are 
needed at the cathode side to ensure the fast electron transmission. Even so, 
part of S powder and conductive additive are still in poor contact (often named
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dead sulfur). As a result, theoretical energy density (2600 W h kg–1) is difficult 
to be achieved. 

(iii) The density of S and Li2S are 2.07 and 1.66 g cm–3, respectively. Calcu-
lated based on active matter, the volume change is about 80% during lithia-
tion/delithiation progress, which leads to structural degradation and poor cycle 
stability. 

Nearly all of the elements in group VIA are high-energy density cathode mate-
rials that can be coupled with alkali metal anode (such as Li, Na, K) [22]. Selenium, 
d-electron containing member of group 16 (VIA) with high electrical conductivity 
(~10–3 S m–1), was firstly regarded as positive electrode in Li, Na ion batteries 
by Abouimrane [23]. So far, two different mechanisms have been revealed in Li-
Se batteries. In ether-based electrolyte, the mechanism of Li-Se batteries is similar 
to that of Li–S batteries [24]: (i) there are two platform at 2.1 and 2.0 V, respec-
tively; (ii) there will present soluble polyselenides during discharge process. While 
in ester-based electrolyte, just one platform is shown [25]. Abouimrane et al. [26] 
verified the different mechanisms in the two types of electrolytes. When Li2Se, Se, 
and Li2Se + Se were introduced into EC (ethylene carbonate)/EMC (ethyl methyl 
carbonate), there was no dissolution phenomenon. Namely, the conversion mecha-
nism of Li-Se batteries was similar to that of the traditional Li-ion batteries (interca-
lation/deintercalation chemistry) in ester-based electrolyte, while the reaction mech-
anism in Li-Se batteries was the same as that of Li–S batteries in ether-based elec-
trolyte. Although Se showed much higher electrical conductivity, the volume expan-
sion of cathode was 153% leading to serious structural damage and poor cycling 
stability (Fig. 11.2). 

The anode based on sodium and potassium also has been studied for decades, 
including Na-S, K-S, Na-Se, and K-Se batteries. Due to the higher reserves of Na 
(2.30 wt.%) and K (2.10 wt.%) on earth (20 ppm for Li), these energy storage

Fig. 11.2 Schematic diagram of reaction mechanisms between cathode and anode in M-S/Se cell
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Table 11.2 The cathode density, discharge product density and volume change for Li–S, Na-S, 
K-S, Li-Se, Na-Se, and K-Se batteries 

Cathode Parameter 

Cathode matter density (g 
cm–3) 

Discharge product density 
(g cm–3) 

Volume charge (%, based 
on cathode) 

Li-S 2.07 1.66 (Li2S) 78 

Na-S 1.86 (Na2S) 170 

K-S 1.805 (K2S) 294 

Li-Se 4.81 2.0 (Li2Se) 153 

Na-Se 2.58 (Na2Se) 196 

K-Se 2.29 (K2Se) 320 

systems have also attracted extensive attention. These systems show the same reaction 
mechanism as Li-S and Li-Se batteries Table 11.2.

Although M-S/Se batteries have attracted considerable attention, the above prob-
lems still limited the industrialization of M-S/Se batteries. On the cathode side, a 
lot of efferts have devoted to designing host, interlayer materials, [27] and modifide 
separator to slove the problems [28]. Carbon-based nanomaterials have shown great 
potential in this regard. 

Carbon is one of the most important elements in nature, which has sp, sp2 and sp3 

hybrid electronic hybridizaition orbitals. The superhigh electrical conductivity can 
accelerate electron transfer during the redox reactions. In the conventional energy 
storage systems, carbon is often used as anode (such as Graphene and Hard Carbon) 
and conductive additives in electrodes (such as Super P, Carbon Black, and Ketjen 
Black) [29]. By controlling the synthesis condition, various types of carbon mate-
rials can be prepared, such as carbon spheres, nanotubes, fibers, etc. At the infancy 
state of the study, many works focused on constructing porous carbon with special 
morphology. The large specific surface area and pore volume can buffer the large 
volume change of sulfur cathode and facilitate the uniform deposition of sulfur during 
charge/discharge progress. 

In 2009, Nazar et al. [30] used CMK-3 as host materials to store sulfur by 
molten method, openning the door to the study of host materials for sulfur cathode. 
Heteroatom-doped carbon materials can introduce polar sites at atomic level, which 
show strong interaction between carbon matrix and polysulfides. Due to the introduce 
of heteroatoms, the polar carbon material in turn can enhance the adsorption ability 
and improve the sluggish reaction kinetics [31]. In addition, heteroatom-doped can 
improve the electric conductivity of carbon materials [32]. Through the doping of 
various heteroatoms, the polarity of the carbon material surface can be adjusted to 
achieve better catalytic effect. 

In order to further increase the adsorption ability between the host and LiPSs, 
metal-based compounds are focused on. The metal with unfilled d-orbit not only 
showed higher catalytic effect towards the multi-phase coversion in M-S/Se batteries
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but also displaied a higher adsorption energy for LiPSs, thus facilitating the improved 
cycling stability and high performance in M-S/Se batteries. 

In the field of oxygen reduction reaction, single atom catalysts (SACs) draw exten-
sive attention during the past decades [33–36]. Since 2018, SACs have been intro-
duced into M-S/Se batteries, showing large potential in the applications of M-S/Se 
batteries [37–39]. Researchers have constructed M-H-C (M: metal, H: heteroatom, 
and C: carbon) electrocatalysts by introducing metal atoms and heteroatoms into 
carbon materials simultaneously. Through such a combination, metal atom coupled 
with different nonmetallic atom (B, N, O, P, and S) can be built [40, 41]. Although 
the exact reaction mechanism is still unclear, the M-H-C structure can act as an ideal 
model to improve the elctrochmeical performance. 

Various metal-based compounds (metal borides, nitrides, oxides, phosphides, 
sulfides, and selenides) embeded in carbon materials are investigated in M-S/Se 
batteries [42, 43]. These metal compounds showed larger binding energy towards 
polysulfides, especially the metal oxides. In addition, the structure can be conve-
niently adjusted, showing a promising potential for application. The reserach on 
building (multi-components) metal compounds heterostructure became one of the 
most hot area in the past 3 years. 

Herein, we summarize different types of carbon-based nanomaterials in M-S/Se 
batteries, including metal-free carbon-based materials, atomically dispersed metal on 
carbon-based materials, metal nanoparticles encapsulated by carbon-based materials, 
and supported carbon-based materials in M-S/Se batteries. This chapter aims at 
discribing the recent progresses of carbon-based nanomaterials in M-S/Se batteries 
and puting forward an outlook in the future of carbon-based nanomaterials. 

11.2 Metal-Free Carbon-Based Materials for MSBs 

Metal-sulfur/selenium batteries (MSBs) have received extensive attention from the 
scientific community in recent years due to the higher theoretical energy density 
than that of the traditional lithium-ion batteries. However, the inherent shuttle effect 
of metal-sulfur/selenium batteries and the large-volume effect of sulfur/selenium 
still plague researchers. In the past ten years, scientists have made many efforts to 
improve the performance in MSBs. Metal-free carbon-based materials have become 
a promising candidate due to their larger specific surface area, higher conductivity, 
and better adjustability. 

Carbon materials showed great potential in the early stage of Li-S batteries cathode 
research. In 2009, Nazar et al. [30] creatively used CMK-3 as the sulfur cathode, 
which made a significant breakthrough in Li-S batteries. CMK-3 was one of the 
most famous members among the mesoporous carbon families. CMK-3 showed the 
uniform pore size, large pore volume, network of cross-linked pores and high elec-
trical conductivity. CMK-3 was synthesized using the nano-casting method, and then 
the CMK-3/sulfur composite cathode was prepared by the melt diffusion method. The 
molten sulfur entered the micropores of CMK-3 under capillary action. Figure 11.3a
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Fig. 11.3 Preliminary study on Li-S battery. a Schematic diagram of the sulfur (yellow) confined 
in the interconnected pore structure of CMK-3. b Schematic diagram of composite synthesis by 
impregnation of molten sulfur, followed by its densification on crystallization. The lower diagram 
represents subsequent discharging–charging with Li. c Galvanostatic charge–discharge curves for 
the first cycle of CMK-3/S material at a current rate of 168 mA g–1. Reproduced with permission [30]. 
Copyright 2009, Springer Nature. d TEM images of carbon spheres. Reproduced with permission 
[44]. Copyright 2010, RSC Publishing. e Hollow carbon nanofiber encapsulated sulfur. Reproduced 
with permission [45]. Copyright 2011, American Chemical Society. f Schematic configuration of a 
Li–S battery with a bifunctional microporous carbon interlayer inserted between the sulfur cathode 
and the separator. Reproduced with permission [46]. Copyright 2012, Springer Nature

is a schematic diagram of CMK-3/sulfur composite, which was composed of inter-
connected mesoporous carbon and sulfur distributed between the pores. Figure 11.3b 
is a schematic diagram of CMK-3 and the subsequent discharge process. The CMK-
3/sulfur composite showed great performance in the electrochemical performance 
test. The discharge curve presented two voltage platforms (Fig. 11.3c). Through 
this method, the CMK-3/sulfur composite provided nearly 80% of the theoretical 
capacity (1320 mA h g–1), bringing new hope in the application of Li-S batteries. In 
2010, Gao et al. [44] prepared a sulfur/carbon sphere composite by mixing the subli-
mated sulfur and microporous carbon spheres. The reaction of the sulfur cathode was 
well confined inside the carbon spheres, promoting the reversibility and discharge 
capacity and the reversible capacity remains at 650 mA h g–1 after 500 cycles at 
400 mA g–1(Fig. 11.3d). In 2011, Cui et al. [45] used anodized aluminum oxide 
(AAO) as a template to prepare hollow carbon nanofiber arrays through the thermal 
carbonization of polystyrene. The thin carbon wall ensured the rapid transmission of 
electrons. The high specific surface area of the carbon fiber array was favorable to 
the deposition of Li2S (Fig. 11.3e). In addition, researchers also tried to suppress the 
shuttle effect through the intermediate layer. In 2012, Manthiram et al. [46] reported a 
new strategy to suppress the shuttle effect. Dual-function microporous carbon paper
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acted as interlayer between the cathode and the separator, which improved the utiliza-
tion of active materials and achieves high capacity, long cycle life and fast charging 
rate (Fig. 11.3f).

Although carbon materials show the advantages of high conductivity and specific 
surface area, the binding energy towards polysulfides is weak. Thus, Heteroatom-
doped carbon materials with polar groups were studied. In 2016, Zhang et al. [47] 
used density functional theory calculations to simulate a series of heteroatom-doped 
graphene nanoribbons and evaluated their ability to anchor sulfur and polysulfides 
(Fig. 11.4a, b). In addition, multi-heteroatom co-doping was further put forward and 
investigated in Li–S batteries. In 2020, Huang et al. [31] used heteroatom-doped 
porous graphene framework (HGF) to accelerate the sulfur reduction reaction (SRR) 
kinetics. Figure 11.4c shows the EIS curves of different heteroatom-doped materials. 
Through Fig. 11.4d, we can use the Arrhenius formula to calculate the activation 
energy (Ea) of SRR  (Fig.  11.4e). 

In addition to Li–S batteries, batteries with sodium/potassium anode materials and 
sulfur/selenium cathode materials were also researched. In 2012, Amine et al. [23]

Fig. 11.4 Heteroatom-doped carbon materials for Li–S battery. a The schematic diagram of 
X-doped nanocarbon materials (X = N, O, F, B, P, S, Cl). b The binding energy Eb (eV) between 
different polysulfides intermediates and doped graphene, and the binding energies of Li2S, Li2S4, 
Li2S8, and  S8 interacting with pristine materials are shown as grey bars and dashed lines for refer-
ence. Reproduced with permission [47]. Copyright 2016, John Wiley. c Electrochemical impedance 
spectroscopy (EIS) of heteroatom-doped HGFs in SRR. d The linear relationship between loga-
rithmic values of the reciprocal of charge transfer resistance and the reciprocal of absolute temper-
atures. e Activation energies for the SRR process among various heteroatom-doped HGFs at the 
onset potential. Reproduced with permission [31]. Copyright 2020, Springer Nature
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Fig. 11.5 Metal-free carbon-based materials for other M-S/Se batteries (except Li-S battery). 
a Voltage profiles for Li/Se-C and Na/Se-C during the first discharge/charge. b, c The capacity reten-
tion of Li/Se-C b and Na/Se-C c cycled at 50 and 10 mA g–1 (inset) current density. Reproduced with 
permission [23]. Copyright 2012, American Chemical Society. d Mechanism schematic diagram 
during discharge–charge process in rechargeable K-Se batteries. e The galvanostatic discharge– 
charge curves. f Rate capability at different current densities. Reproduced with permission [48]. 
Copyright 2019, Elsevier 

reported an S/Se composite coupled with Li and Na anodes. Figure 11.5a shows  the  
1st charge/discharge curves of Li/Se-C and Na/Se-C. The reversible capacity of the 
Li/Se-C can be maintained at 500 mA h g–1 after 25 cycles at low current density. The 
SexSy-C cathode was also produced with the S and Se as precursors, which showed a 
higher theoretical specific capacity than the pure Se and better conductivity than the 
pure S. In 2018, Xu et al. [48] used Se/N doped porous carbon composite cathode for 
secondary K-Se batteries (Fig. 11.5d-f). The specific discharge capacities at 0.05, 0.1, 
0.2, 0.5, and 1 C are 405, 267, 211, 150, and 101 mA h g–1, respectively. Therefore, 
in addition to Li–S batteries, carbon materials also presented promising application 
in Na/K-S/Se batteries.

11.3 Atomically Dispersed Metal on Carbon-Based 
Materials for MSBs 

Although pure carbon materials and doped carbon materials have shown improved 
performance in M-S/Se batteries. However, the weak electrostatic force towards 
LiPSs still cannot meet the industrial demand in M-S/Se batteries. Therefore, atomi-
cally dispersed metal on carbon-based materials were investigated to further advance 
the performance in M-S/Se batteries.
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As a kind of atomically dispersed metal on carbon-based materials, SACs have 
gained extensive attention for the nearly 100% atom utilization and the high-efficient 
active sites. Meanwhile, the optimized SACs were ideal model in researching the 
whole reaction kinetics during redox processes. In 2018, Hou et al. [49] successfully 
produced porous Fe, N co-doped graphene through a one-step scalable calcination 
process. According to X-ray absorption spectroscopy and DFT calculations, iron 
atoms not only coordinated with the four nitrogen atoms in graphene layer and 
formed Fe-N4 sites, but also coordinated with the two nitrogen atoms on the edge of 
graphene and form Fe-N2 sites (Fig. 11.6a). The Fe, N co-doped graphene achieved 
an efficient suppression of the shuttle effect. In 2021, Xiong et al. [50] used the self-
template and self-reduction method to prepare nitrogen-doped graphene SACs with 
a unique W-O2N2-C coordination structure (W/NG) and high W loading (8.6 wt.%). 
The theoretical calculations and experiments proved that the MSBs with W/NG 
modified separator showed a great improvement in performance. Figure 11.6b shows  
the HAADF-STEM image of W/NG. A large number of isolated W atoms were 
observed on the surface of W/NG. Through the X-ray near-edge absorption fine 
structure spectrum (XANES) in Fig. 11.6c, the white line intensity of W/NG was 
higher than that of W foil and WO2, indicating that W element in W/NG shows an 
oxidized electronic structure. Figure 11.6d shows  the k3-weighted Fourier transform 
extended X-ray absorption fine structure (FT-EXAFS) curve of W/NG, W-foil and 
WO2. The main peak at 1.42 Å belongs to the W–O coordination. The main peak of 
W/NG at 1.32 Å moved to the lower R position, indicating the changed coordination. 
What’s more, the W-W coordination peak of W-foil located at 2.6 Å, which was 
negligible in the W/NG spectrum, indicating that most W atoms were dispersed 
and coordinate with N and O. From Fig. 11.6e, the i0 of the W/NG@PP batteries 
is higher than that of the other two samples, which proved that W/NG is more 
efficient in promoting the redox reaction kinetics. Through this work, W from W-
N2O2-C was a multifunctional active center, which can not only effectively adsorb 
polysulfides, but also promoted the kinetic transformation of LiPSs. Pan et al. [51] 
developed a simple strategy to assemble uniformly dispersed Co-N4 active sites. The 
cross-linked carbon left with a three-dimensional porous layered carbon structure. 
The porous carbon layer not only improved ion conductivity, but also buffered the 
volume expansion (Fig. 11.6f). In 2020, Li et al. [52] was inspired by the biocatalytic 
molybdenase with stable Mo-S bonds and developed porous Mo-N-C nanosheets 
with atom-dispersed Mo-N2/C sites as the host. Theoretical calculations showed that 
Mo-N-C can not only reduce the activation energy of Li2S4 to Li2S conversion, but 
also reduce the decomposition barrier of Li2S (Fig. 11.6g). In 2017, Dong et al. [53] 
designed a quasi-two-dimensional Co@N-C composite with a honeycomb structure 
as a multifunctional sulfur host through template method. The honeycomb structure 
provided high specific surface area to load sulfur and promoted the transmission of 
electrons (Fig. 11.6h–j). 

In summary, by virtue of the high atom utilization, the single-atom catalysts 
favored the adsorption and catalytic conversion of polysulfides/selenides, achieving 
the improved electrochemical performance in M-S/Se batteries.
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Fig. 11.6 SACs for M-S/Se batteries. a Schematic illustration of the confinement of sulfur and 
polysulfides in the layer structure and the additional ionic diffusion pathways (purple arrow line) 
through the holey structure (the black sheets). Reproduced with permission [49]. Copyright 2018, 
John Wiley. b Magnified HAADF-STEM image of W/NG. c XANES of W-SA, W-foil and WO2. 
d k3-weighted FT-EXAFS spectra at W L3-edge of W/NG and the references. e Tafel plots of the 
Li2S oxidation process. Reproduced with permission [50]. Copyright 2021, John Wiley. f Energy 
profiles for the reduction of LiPSs on Co-N4@2D/3D carbon and 2D carbon substrates, the inset 
showing the optimized adsorption conformations of intermediate species on Co-N4@2D/3D carbon 
and 2D carbon substrates. Reproduced with permission [51]. Copyright 2021, Springer Nature. g 
Decomposition pathways of Li2S to LiS  and LiS  to  S on Mo-N2/C and N–C. Reproduced with 
permission [52]. Copyright 2020, American Chemical Society. h The schematic illustration of the 
step-by-step synthesis strategy for the cellular Co@N–C composite. i The discharge and charge 
voltage profiles at increasing current rates from 0.05 to 10 C. j The rate performances of the 
90S/cellular Co@N–C and 90S/Co–N-C electrodes at different current rates (inset: coulombic 
efficiency versus cycle number). Reproduced with permission. [53] Copyright 2017, American 
Chemical Society
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11.4 Metal Nanoparticles Encapsulated by Carbon-Based 
Materials for MSBs 

In recent years, metal oxides, [54] metal sulfides, [55] metal phosphides [56] and 
bimetal compounds [57–59] have been studied to not only effectively adsorb polysul-
fides/selenides, but also further promote the polysulfides/selenides conversion. Metal 
compounds encapsulated by carbon shell showed higher conductivity and lighter 
weight than pure metal compounds. Therefore, metal nanoparticles encapsulated by 
carbon-based materials have attracted lots of attention. 

In 2017, Manthiram et al. [60] rationally designed carbon@Fe3O4 (YSC@Fe3O4) 
yolk-shell nanobox as the sulfur host (Fig. 11.7a–d). Benefiting from the unique 
structure, YSC@Fe3O4 showed many advantages. As a polar center, Fe3O4 can effec-
tively adsorb polysulfides and promote the conversion of polysulfides. Meanwhile, 
the porous structure of the yolk-shell structure can retain sulfur and buffer the large 
volume expansion of sulfur during the lithiation process. Finally, the carbon shell 
acted as a nanocontainer, restricting the diffusion of polysulfides. Through this yolk-
shell structure, they succeeded in improving the performance of Li-S batteries. In 
addition to metal oxides, metallic compounds formed with non-metallic elements of 
the main oxygen group are also introduced into Li-S batteries.[61, 62] As a similar 
work, Tan et al. [63] obtained the S/FeSe2@C composite material based on the 
S/Fe3O4@C through the selenization reaction. Compared with S/Fe3O4@C cathode, 
S/FeSe2@C cathode showed better sulfur utilization, higher rate performance and 
longer cycle life. FeSe2 was utilized because the metal selenide is theoretically more 
conductive than that of metal oxides and metal sulfides. In short, they further devel-
oped the potential of metal nanoparticles encapsulated by carbon-based materials, 
which once again improved the performance of Li-S batteries (Fig. 11.7e–g). Instead 
of using single metal compounds in the middle layer, carbon materials encapsu-
lating alloy nanoparticles were also a competitive choice. In 2021, Zhang et al. [64] 
successfully developed Nitrogen-doped carbon-coated CoFe alloy (CoFeCN@C) 
nanoparticles for the functionalization of commercial polypropylene separators in 
Li-S batteries. The N-doped carbon provided abundant transport channels for ions 
and electrons, when CoFe nanoparticles provided active sites to adsorb and catalyze 
polysulfides conversion (Fig. 11.7h–j). 

11.5 Metal Nanoparticles Supported Carbon-Based 
Materials for MSBs 

Carbon can not only be used as a shell for coating alloy nanoparticles, but also 
can be used as a substrate to load various metal nanoparticles and form the metal 
nanoparticles supported carbon-based materials. 

Choosing a metal-based compound is the most important problem. In 2016, Cui 
et al. [65] used kapok tree as a template and carbon source to synthesize a series of
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Fig. 11.7 Metal nanoparticles encapsulated by carbon-based materials for MSBs. a Schematic 
of the synthetic procedure of the S/YSC@Fe3O4 composite. b TEM images of YSC@Fe3O4. c 
Rate performances at various cycling rates of the S/C@Fe3O4, S/YSC@Fe3O4, and S/C nanobox 
electrodes. d Cycling performance of the S/YSC@Fe3O4 electrodes with different sulfur loadings. 
Reproduced with permission [60]. Copyright 2017, John Wiley. e The optimized configurations 
and electronic differential density of FeSe2(111) binding with Li2Sn. f Density of states analysis 
of p bands of anions and d bands of Fe in the pristine Fe3O4 (311) and FeSe2 (111). g Calculated 
energy gap of Fe3O4 (311) and FeSe2 (111) absorbed with S8, Li2S4, Li2S6, and  Li2S8, respectively. 
Reproduced with permission [63]. Copyright 2021, Elsevier. WT-EXAFS spectra of h Co and i Fe 
K-edge at different states of charge in the first cycle. j Galvanostatic charge/discharge profiles at 
0.1C. Reproduced with permission [64]. Copyright 2021, Elsevier

non-conductive metal oxide nanoparticles supported on porous carbon nanoplates 
through the biological template method. They used a series of carbon nanopar-
ticles composite matrix as the host to improve the performance. Among them, 
MgO, CeO2 and La2O3 composite carbon matrix showed higher capacity and better 
cycle stability (Fig. 11.8a). In 2018, Ding et al. [66] developed a multifunctional
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Fig. 11.8 Metal compound composite carbon material. a Optimized geometries of most stable 
Li2S and  Li2S8 on the metal oxide surface. Reproduced with permission [65]. Copyright 2016, 
Springer Nature. b and c Tafel plots for C@TiN and C@TiO2 electrodes during reduction and 
oxidation processes. Reproduced with permission [66]. Copyright 2019, Elsevier 

polysulfides medium based on hollow carbon nanospheres supported on titanium 
nitride (C@TiN) double-shell nanospheres, which successfully achieved the phys-
ical confinement, chemical adsorption and catalysis effect towards the sulfur species 
conversion. C@TiN-S composite material (with a sulfur content of about 70%) as 
cathode material exhibited faster reaction kinetics and stronger adsorption ability 
towards polysulfides than C@TiO2-S composite material (Figs. 11.8b, c).

In addition to metal oxides and metal nitrides, researchers have also studied the 
metal phosphides and metal borides combining with carbon matrix. In 2021, Sun 
et al. [67] prepared rGO-CNT-CoP (amorphous) as sulfur host to gain insight into 
the advantages of amorphous CoP in Li-S batteries. Through the experiments and 
calculations, the strategy of amorphous cobalt phosphide grown on reduced graphene 
oxide-multi-walled carbon nanotubes (rGO-CNT-CoP (amorphous)) improved the 
electrochemical performance in Li-S batteries (Fig. 11.9a–c). Wang et al. [68] 
reported the molten salt-assisted dissolution and growth on ZIF-8 and ZIF-67 to 
prepare a new type of 2D heterostructure nanosheets composed of binary sulfiphilic 
CoB and nitrogen, boron-codoped porous carbon (NBC). Figure 11.9d shows the rate 
performance for CoB/NBC-S, CoB-S and NBC-S. CoB/NBC-S performed higher
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Fig. 11.9 Metal phosphides and metal borides combining with carbon matrix. a EXAFS 
spectra for Co K-edge of rGO-CNT-CoP (crystalline) and rGO-CNT-CoP (amorphous). b CV curves 
results of Li2S6-symmetric cells employing rGO-CNT, rGO-CNT-CoP(crystalline), and rGO-CNT-
CoP (amorphous) as electrodes at 200 mV s–1. c CV curves of S/rGO-CNT, S/rGO-CNT-CoP (crys-
talline), and S/rGO-CNT-CoP (amorphous) electrodes at 0.1 mV s–1. Reproduced with permission 
[67]. Copyright 2021, American Chemical Society. d Rate performance for CoB/NBC-S, CoB-S, 
and NBC-S. e The energy profiles for the reduction of sulfur and polysulfides. Reproduced with 
permission [68]. Copyright 2021, John Wiley 

specific capacity than that of the other two samples. As shown in Fig. 11.9e, the 
Gibbs free energy of the reduction reaction on the surface of CoB/NbC was signifi-
cantly lower than that of CoB and NBC, which indicated that CoB/NBC was more 
thermodynamically favorable for the reduction of sulfur than CoB and NBC. Based 
on these experiments and electrochemical analysis, the interface electron interac-
tion between NBC and CoB caused charge redistribution in the interface region, 
accelerating ion/electron transfer and facilitating the uniform deposition of solid 
sulfur species. The advanced catalytic effect and binary sulfophilicity for CoB/NBC 
greatly promoted the oxidation–reduction kinetics and chemical adsorption towards 
polysulfides, even at high sulfur content, high sulfur loading and high rates. 

Researchers have gradually realized that single metal compound cannot meet 
the development for high energy batteries. Thus, a new efficient catalyst with high 
conductivity was urgently needed. In recent works, heterostructure materials have 
attracted widespread attention due to their strong adsorption ability and high catalytic 
activity. In 2017, Yang et al. [69] reported a TiO2-TiN heterostructure that combined 
the advantages of strong adsorption towards polysulfides (from TiO2), high elec-
trical conductivity, and catalytic effect (Fig. 11.10a–c). This strategy provided a new 
way to prepare a multifunctional interlayer in Li-S batteries. In 2018, Qiao et al. [70] 
prepared a 2D heterostructure of MoN-VN as a new type of sulfur host. Figure 11.10d 
shows the in-situ synchrotron radiation X-ray contour map of S/MoN-VN and the 
corresponding discharge curve. The whole reduction process can be clearly revealed.
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Fig. 11.10 Heterostructure materials for Li–S battery. a Schematic diagram of a heterostructure 
combined with a carbon-based material. b Schematic of LiPSs conversion processes on TiO2-TiN 
heterostructure surface. c Charge/discharge profiles of the cell with the 7TiN: 3TiO2-G coating 
layer at different C-rates within a potential window of 1.7–2.8 V versus Li+/Li. Reproduced with 
permission [69]. Copyright 2017, RSC Publishing. d In situ synchrotron XRD contour plot of the 
S/MoN-VN with the corresponding discharge curve. Reproduced with permission [70]. Copyright 
2018, John Wiley. e Schematic of the principle of the Mn3O4-MnPx heterostructure. Reproduced 
with permission [71]. Copyright 2021, Elsevier 

In 2021, Zhang et al. [71] prepared a Mn3O4-MnPx heterostructure by in-situ crystal-
lization of Mn3O4-MnPx on amorphous phosphorus nanoparticle-decorated carbon 
nanosheets. Experiment and DFT calculations show that Mn3O4 has a strong adsorp-
tion capacity for polysulfides. Meanwhile, MnPx can also significantly catalyze the 
conversion reaction between sulfur and polysulfides. The synergistic effect of Mn3O4 

and MnPx facilitates simple redox kinetics and efficient absorption of polysulfides. 

11.6 Conclusion and Perspectives 

In the past ten years, M-S/Se batteries have made considerable progresses with the 
understanding on the basic principles of M-S/Se batteries. Carbon-based materials 
as host materials and interlayer materials play a vital role in the commercialization in 
Li-S batteries. The catalysts represented by carbon-based nanomaterials stand out by 
virtue of high electrical conductivity, light weight, excellent mass transfer rate, strong 
adsorption, and highly catalytic ability. The superhigh electrical conductivity can 
accelerate electron transfer during redox processes. Even heteroatom-doped carbon 
matrix shows weak adsorption towards polysulfides. By coupling with SACs or metal 
compounds, the strong binding energy and highly catalytic activity can be achieved. 
In addition, single-component compound show limited catalytic effect towards multi-
conversion reactions. Therefore, heterostructure (with two phases or more) supported
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on carbon matrix are developed for the adjustable composites and structure in past 
three years, showing great potential for industrial application. Although there are 
many studies on the cathode side, the problems of Li-S batteries are still serious, 
including the unstable performance for catalysts, poor rate capability, and limited 
performance under high sulfur/selenium loading. These difficulties and challenges 
bring a huge block on the development and promotion of M-S/Se batteries. In addi-
tion, the catalytic mechanism should be further studied in future. Finally, we believe 
that the carbon-based nanomaterials will play important role in boosting the elec-
trochemical performance and promoting the industrialization in M-S/Se batteries. 
Meanwhile, the Li-S batteries are complex energy storage system, including elec-
trolyte, host materials, separator, and Li anode. Each part needs to be reasonably 
investigated and optimized. It is believed that M-S/Se batteries will be industrialized 
in the energy market in combination with carbon-based nanomaterials in the future. 
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Chapter 12 
Carbon-Based Nanomaterials 
for Metal-Air Batteries 

Yue Yu and Huicong Xia 

Abstract Metal-air batteries (MABs) recently have received much attention due to 
their possible higher energy efficiency and lower cost. However, the full utilization 
of the high specific capacity remains challenging and requires the exploration of 
appropriate electrode materials. Carbon nanomaterials simultaneously display high 
electrical conductivities, high specific surface areas and good stabilities with little 
volume expansion during the charge–discharge process. The high electrical conduc-
tivity facilitates charge transfer and high specific surface area provide channels for 
electrolyte and oxygen diffusion. Porous structures with high surface areas enable 
rapid electrolyte diffusions and charge transfers, which is beneficial for fast charge 
and discharge. The chemical properties of carbon nanomaterials can be varied via 
introducing chemical dopants. The incorporation of heteroatoms can significantly 
change the nanostructure and electrochemical performance of carbon nanomate-
rials. In this chapter, we summarize research progress on carbon-based nanomaterials 
with enhanced performance for rechargeable metal-air batteries. In each section, we 
describe the synthesis, physical and chemical characterizations, and innovation of 
carbon-based nanomaterials for each application. Finally, we conclude the perspec-
tives and critical challenges that need to be addressed for designing carbon nano-
materials to improve the electrochemical performance of MABs with higher energy 
density and power density. 

12.1 Introduction 

With the ever-increasing demand for the transition from fossil fuels to clean and 
renewable energy, great efforts have been devoted to the development of sustain-
able energy harvesting, conversion, and storage [1–3]. Batteries of various types
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have been an essential medium bridging energy harvesting and utilization. Li-ion 
batteries (LIBs), due to the high energy storage capability, have successfully domi-
nated the consumer market since their initial commercialization in the 1990s [4]. 
However, LIBs face a number of challenges, especially the safety issues and the 
uprising cost of battery materials [5–7]. To avoid these problems, the development of 
alternative electrochemical energy storage and conversion technologies (e.g., Na-ion 
batteries, Li-metal batteries, metal-sulfur batteries, fuel cells, and metal-air batteries) 
has led to intensive research activity [8, 9]. MABs are assembled from a metal anode 
(e.g., Li, Na, K, Mg, Al, Zn) and an air-breathing cathode that are immersed in 
a proper electrolyte, generating electricity through the redox reaction between the 
metal anode and oxygen [10–12]. The half-open structure of a metal-air battery 
allows the direct oxygen supply from ambient air as the cathode reactant, therefore 
enabling high capacities and energy densities. Generally, based on the electrolyte, 
these MABs can be divided into aqueous and nonaqueous systems, corresponding to 
two typical batteries of Zn–air and Li–air, respectively. Li-air batteries (LABs) and 
Zn-air batteries (ZABs) are two types of metal-air batteries that have attracted most 
attention [13, 14]. Li-air batteries (with Li2O2 as the discharge product) can deliver 
a superior theoretical performance of a large energy density of 11,429 W h kg−1 

(based on the mass of Li metal), a high specific capacity of 3860 mA h g−1 (based 
on the mass of Li metal), and a cell voltage as high as 2.96 V. For Zn-air batteries 
the theoretical energy density is 1350 W h kg−1 (based on the mass of Zn metal), 
still about fivefold higher than Li-ion batteries. Moreover, Zn-air batteries also have 
the advantage of low cost (∼$10 kW−1 h−1) compared with Li-ion batteries ($400– 
800 kW−1 h−1). Besides Li-air and Zn-air batteries, other types of MABs also have 
their own superiorities. For example, Al-air batteries exhibit the highest volumetric 
capacity (8040 A h L−1), and Na-air batteries show smaller charge overpotentials than 
Li-air batteries.[15, 16] Therefore, the metal-air battery family has great potential to 
serve as next-generation electrochemical energy-storage devices. 

MABs usually contain four major parts: an air electrode, metal electrode, elec-
trolyte, and separator, as illustrated in Fig. 12.1. For most MABs, the air electrode 
reactant O2 is obtained from the ambient air rather than encapsulated in the cell. 
Therefore, the air electrode usually consists of only an electrocatalyst layer to reduce 
the electrode overpotential and a gas-diffusion layer (GDL) to enhance the oxygen 
diffusion between the ambient air and the catalyst surface [17]. 

The electrode reactions of rechargeable MABs vary with the metal electrodes and 
the type of electrolytes. Generally, for metal-air batteries with aqueous electrolyt99es 
the electrode reactions are in the following form: 

Metal electrode: M ↔ Mn+ = ne− (12.1) 

Air electrode: O2 + 4e− ↔ 2H2O + 4OH− (12.2) 

where M stands for the metal (Zn, Al, Mg, Fe, etc.) and n represents the metal ion 
charge number. The metal ions generated on the metal electrode during the discharge
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Fig. 12.1 Schematic diagram of MABs 

process may further react with OH- in the alkaline electrolyte. On the air electrode, 
the conversions between oxygen and water take place during the discharge and charge 
processes, which have been widely investigated as oxygen reduction reaction (ORR, 
discharge) and oxygen evolution reaction (OER, charge) for the applications in fuel 
cells, water splitting, and so forth [18]. 

For Li-, Na-, and K-air batteries with aprotic electrolytes, oxygen reacts with 
metal ions on the air electrode, and the discharge product on the air electrode can be 
metal superoxides or peroxides. The electrode reactions are as follows: 

Metal electrode : M ↔ M+ + e− (12.3) 

Air electrode : xM+ + O2 + xe− ↔ MxO2(x = 1 or 2) (12.4) 

The oxygen molecules are first reduced to superoxide ion and then bound with 
metal ions. However, according to the hard-soft acid–base theory (HSAB), Li+ with 
a small ionic radius is a hard Lewis acid, which is unstable with O2

−. Therefore, the 
Li superoxides will disproportionate to form Li2O2, the main discharge product for 
Li-air batteries, while for Na+ and K+ with increasing ionic radius, the combination 
with O2

− becomes more stable and the proportion of superoxides in the discharge 
product increases. The peroxides and superoxides generated during the discharge 
process deposit on the air electrode, and decompose to metal ion and oxygen when 
charging. The air electrode ORR and OER processes significantly distinguish from
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those in aqueous electrolytes. Moreover, as the Li, Na, and K metals are sensitive to 
the H2O and CO2 in air, metal-air batteries with these anodes are usually operated 
in pure O2 and are denoted as Li-O2, Na-O2, and K-O2 batteries [19–21]. 

Inspired by alkali metal-O2 batteries, alkali metal-CO2 batteries using green-
house gas as the active material, not only serve as energy storage devices, but also 
decrease CO2 accumulation in the atmosphere. The battery structure and electro-
chemical principles of alkali metal-CO2 batteries are similar to those of alkali metal-
O2 batteries, except for the electrolyte and the active material. The CO2 reduction 
reaction (CO2RR) and CO2 evolution reaction (CO2ER) happen at the surface of 
catalyst of the cathode as: 

3CO2 + 4M+ + 4e− ↔ 2M2CO3 + C. (12.5) 

The CO2 insulator/three-phase reaction interface and side reactions/high decom-
position barrier of M2CO3 are respectively the major challenges hindering CO2RR 
and CO2ER kinetics. Because the M2CO3 solid is more stable than the M2O2 solid, 
the reversible conversion of CO2RR and CO2ER in alkali metal-CO2 batteries is 
more difficult. 

The major obstacles that limit the practical applications of MABs are the overall 
energy efficiency and long-term cyclability, which are currently less than a quarter of 
the commercially available lithium-ion batteries. The air electrode is the key factor 
that determines the battery performance, where the conversion between oxygen and 
metal hydroxide takes place. Practical MABs leans on the development of a stable 
air-electrode with superior ORR and OER catalytic activities [22]. The air-electrode 
should also fulfill the following criteria: 

(i) High chemical/electrochemical stability for reversible electrochemical reac-
tion under acceptable charge/discharge voltage with minimum irreversible 
parasitic reaction [23]. 

(ii) Suitable porosity for controllable dictate product size and improved recharge-
ability. Less packed electrodes with large void volume (e.g., CNT vs. carbon 
black) can ease electrolyte penetration and assure arrival of both active species, 
i.e., O2 and metal ion, to the catalytic reaction sites. Adequate porosity can 
not only facilitate mass transport and efficient product accumulation, but also 
dictate product size and efficient rechargeability [24]. 

(iii) High electrical conductivity for better electron transfer from the insulator and 
insoluble discharge product to cathode surface at low overpotentials [25]. 

The intrinsic sluggish reaction kinetics on the air electrode, including ORR during 
the discharge process and OER during the charging process, contribute most to the 
high polarization and the inferior electrode reversibility of MABs [26]. Therefore, 
the rational design of efficient bifunctional oxygen catalysts has attracted intensive 
research interest with the purpose of accelerating the reaction kinetics and lowering 
the discharge/charge overpotentials to achieve better battery performances [27]. So 
far, various materials have been explored as bifunctional oxygen electrocatalysts,
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including metal oxides, metal hydro oxides, metal sulfides, carbon materials, and 
their composites [28–31]. 

Amongst, carbon materials are the most popular candidates to construct efficient 
bifunctional oxygen catalysts for MABs, due to their high electrical conductivity, 
high chemical stability, versatile porous nanostructure, tunable physical and chemical 
properties, and low cost [32]. Remarkably, the electronic structure of carbon mate-
rials can be facilely modified via multiple regulation strategies (e.g., heteroatom 
doping, defect engineering, surface engineering, etc.) to achieve variable electro-
catalytic properties [33]. Because of its attractive properties, such as high electronic 
conductivity, lightweights, and cost-effectiveness, porous carbon structures had been 
mostly employed in MABs [34]. 

The standard air-breathing cathode is composed of a high surface area carbona-
ceous material, a polymer binder, and possibly a catalyst mixed together and applied 
on a metal (commonly nickel or stainless steel) current collector [35]. The carbon 
serves as a conductive substrate supporting ORR and OER, providing channels for 
oxygen diffusion and, in some cases, accommodating catalysts for improved elec-
trochemical activity, and is thus regarded as one of the most important components 
affecting MABs performance [36]. 

Herein, we introduce the advanced development of materials for MABs electrode 
by systematically summarizing the four types of carbon-based materials that have 
been widely reported so far: (1) metal-free carbon-based materials; (2) atomically 
dispersed metal carbon-based materials; (3) metal nanoparticles supported carbon-
based materials; (4) metal nanoparticles encapsulated carbon-based materials. This 
chapter aim to discribe the recent progress and prospects of carbon-based nanomate-
rials for metal-air batteries and put forward an outlook on the future of carbon-based 
nanomaterials. 

12.2 Metal-Free Carbon-Based Materials for MABs 

The premier application of cathode in MABs is thin carbon composite electrode. 
Given the advantages of porosity, lightweight, and high electrical conductivity, 
porous carbon materials, for example, Ketjen Black, and carbon-related materials, 
for example, graphene, are the most potential candidates for MABs. [37, 38]. A 
series of results about discharge product and specific capacity were published based 
on these carbon electrodes, in addition, the technology of MABs has also progressed 
greatly [34, 39]. 

Carbon nanotubes (CNTs) have relatively high surface areas and also a high 
aspect ratio, which is favorable to the formation of the continuous path from the 
current collector to the electrochemical active sites as the material for composite 
electrode [40]. Hirokazu et al. [41] present the fabrication of solid-state lithium–air 
cells using an air electrode with an inorganic solid electrolyte and a CNT catalyst. 
That air electrodes using inorganic solid electrolytes and carbon materials for solid-
state lithium–air batteries show good potential for development. Although the carbon
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nanotubes used as catalyst and as conductive additive aggregated, a cell capacity of 
about 400 mA h g−1 was obtained. 

Mirzaeian et al. [45] found that the battery performance depended on the 
morphology of the carbon as well. Therefore it is important to develop new carbon-
based electrodes to improve the kinetics of the air cathode and to enhance the battery 
performance. Generally speaking, the introduction of defects into host materials can 
generate more active sites for electrochemical reactions. Recently, nitrogen-doped 
carbon powder as cathode material in lithium–air batteries showed improvement to 
the discharge capacity because of the high surface area, porosity and electrocatalytic 
activity The doped heteroatoms are available to tailor the chemical and electronic 
nature of carbon-based materials. Li et al. [42] employed Nitrogen-doped carbon 
nanotubes (N-CNTs) as cathode for Li–air batteries (Fig. 12.2a). The N-CNTs were 
synthesized by a floating catalyst chemical vapor deposition (FCCVD) method. It 
was demonstrated that nitrogen doping into carbon nanotubes not only increased 
the discharge capacity but also enhanced the reversibility in the charge/discharge 
process. This finding is opening a rational and promising direction in developing 
carbon electrode for Li–air batteries. N-CNTs were investigated as cathode material 
for Li–air batteries and exhibited a specific discharge capacity of 866 mA h g−1, 
which was about 1.5 times as that of CNTs (Fig. 12.2f). The results indicated that the 
N-CNTs electrode showed high electrocatalytic activities for the cathode reaction 
thus improving the Li–air battery performance. 

a b  c 

d e  f

100 nm 

 

Fig. 12.2 Morphology of 1D, 2D, and 3D carbon nanomaterials and performance in metal-air 
batteries. SEM image of  a CNTs. Reproduced with permission [42]. Copyright 2011, Elsevier B.V. 
b Graphene nanosheets. Reproduced with permission [43]. Copyright 2011, The Royal Society of 
Chemistry. c 3D CNT papers. d XRD patterns of the CNT paper cathode after deep discharging and 
charging. e First two discharge/charge cycles with cut-off potentials from 1.8 to 4.2 V. Reproduced 
with permission [44]. Copyright 2013, Elsevier B.V. f The voltage profiles of N-CNTs electrodes 
cycled in a voltage range of 2.0–4.5 V at a current density of 75 mA g−1 in the first three cycles. 
Reproduced with permission [42]. Copyright 2011, Elsevier B.V
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The carbon nanotubes presented good performance in MABs, but the limited 
surface area of the one-dimensional (1D) morphology restricted the active sites. two-
dimensional (2D) carbon materials possess abundant active sites, thus exhibiting 
much enhanced electrochemical and catalytic properties compared to 1D carbon 
materials. Li et al. [43] reported graphene nanosheets (GNSs) introduced as 
cathode active materials in non-aqueous LABs and delivered a high capacity of 
8705.9 mA h−1 at a current density of 75 mA g−1. The unique structures of GNSs 
form an ideal 3D 3-phase electrochemical area and the diffusion channels for the elec-
trolyte and O2, which increase the efficiency of the catalyst reaction (Fig. 12.2b). 
In addition, the active sites at the edge significantly contribute to the superior elec-
trocatalytic activity towards ORR. Although the detailed mechanism for the oxygen 
reduction reaction on GNSs in a nonaqueous electrolyte is unclear, it has revealed 
that GNSs can deliver an extremely high discharge capacity, showing promising 
applications in MABs. 

Although the performance is improved in the 1D and 2D carbon electrodes to some 
extent, the reversible capacity is relatively limited, due to the structural anisotropy of 
the 1D or 2D electrodes. As a result, both the electron transport and mass transport 
of reactants in 1D or 2D electrodes are restricted by the structural characteristics of 
the 1D and 2D electrodes. To resolve this issue, the nanostructure design of three-
dimensional (3D) carbon electrodes has been developed. It has been confirmed that 
3D architectures are effective for facilitating the mass transport of reactants through 
the electrode, improving both the power density and the energy density of metal– 
air batteries simultaneously. Jian et al. [44] demonstrate that a 3D interpenetrating 
CNT paper without binders and additives could serve as an ideal catalyst for Na-
O2 batteries. The CNT paper exhibits the discharge and charge capacities of 7530 
and 3300 mA h g−1, respectively, at a current density of 500 mA g−1 (Fig. 12.2e). 
The overpotential gap is as small as 200 mV. The XRD pattern confirms that the 
crystalline discharge product particles in the positive electrode of the battery after 
full discharge are Na2O2·2H2O (Fig. 12.2d). Many Na2O2·2H2O particles distributed 
along the carbon nanotubes can be observed in the SEM image of the CNT paper 
cathode after deep discharge, which leads to the high capacity of the carbon nanotube 
paper (Fig. 12.2c). 

It can be said that non-metallic carbon-based materials have considerable research 
value as electrode materials for non-aqueous electrolyte metal-air batteries. In addi-
tion, non-metallic carbon-based materials can also play an important role as carriers 
in composite electrode materials. 

In addition, researchers have also conducted extensive research on metal-free 
carbon-based electrode materials for metal-air batteries with aqueous electrolytes. 
Rechargeable zinc-air batteries have attracted the most attention among aqueous 
electrolyte metal-air batteries due to their abundant zinc reserves, high theoretical 
energy density (1086 W h kg−1), and intrinsic safety. However, due to the inherently 
slow kinetic processes of ORR and OER during cathode discharge and charging, 
insufficient power density and energy efficiency greatly hinder the wide applica-
tion of rechargeable Zn-air batteries. However, the best-performing industrial-level 
OER/ORR catalysts still rely heavily on noble metal catalysts. The high cost and poor
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stability make the development of efficient and stable non-precious metal OER/ORR 
bifunctional catalysts an urgent problem. Because of great potential in high perfor-
mance and high stability as well as abundant carbon resources, carbon materials have 
become a promising substitute for precious metal catalysts. 

In 2022, Wu et al. [46] developed a high-throughput plasma-enhanced chemical 
vapor deposition method to fabricate N and O co-doped vertical graphene films with 
favorable morphologies and preferred doping configurations. The vertically aligned 
graphene arrays are excellent substrates for anchoring active catalytic species due to 
their unique morphology and excellent charge transfer ability, and the co-doping of 
N and O is mainly at pyridinic sites next to C vacancies in the graphene structure and 
is extremely active in promoting the ORR-OER redox process in Zn-air batteries. 

Fig. 12.3 Schematic diagram of electrochemical performance test and reaction mechanism 
of VGNO. a LSV polarization curves of different catalysts for ORR and OER in 0.1 m KOH 
solutions with iR-correction; b Comparison of potential gap between EOER and EORR for VGN, 
VGNO, and Pt/C + RuO2. Tafel plots and corresponding slopes of various catalysts for c ORR 
and d OER. e Nyquist plots of various catalysts (the inset is the equivalent circuit). f Current 
density differences at 1.07 V plotted against scan rates and corresponding electrical double-layer 
capacitance of various catalysts. g Schematic representation of synergistic morphology and defects 
benefits for ORR and OER of VGNO catalysts. Reproduced with permission [46]. Copyright 2022, 
The Authors. Advanced Science published by Wiley-VCH GmbH
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In Fig. 12.3a, the N and O co-doped vertical graphene (VGNO) catalyst exhibits 
remarkable ORR activity with an onset potential (Eonset) of 0.92 V, half-wave poten-
tial (E1/2) of 0.83 V and a diffusion limiting current density (jL) of 6.3  mA  cm−2 

(at 0.3 V), which is comparable to that of commercial Pt/C (Eonset of 0.98 V and 
E1/2 of 0.83 V). Meanwhile, the OER performance of VGNO surpasses that of VG 
and vertical graphene (VGN) with a low overpotential below 500 mV acquired at 
10 mA cm−2, which is very close to that for the benchmark RuO2 catalyst. The bifunc-
tional ORR-OER activity of catalysts was assessed by the potential gap between the 
OER potential acquired at 10 mA cm–2 and half-wave potential of ORR (Fig. 12.3b). 
Generally, a smaller potential gap indicates superior oxygen catalytic activity. as 
shown in Fig.  12.3b, VGNO yields a low potential gap value of 0.89 V, outperforming 
single doped VGN and being comparable to the mixed catalyst Pt/C + RuO2. VGNO 
also gives a smaller Tafel slope with respect to VGN and non-doped samples, indi-
cating accelerated electrochemical reaction kinetics of ORR and OER (Fig. 12.3c, 
d). The superior kinetics was also verified by the electrochemical impedance spec-
troscopy (EIS), with the smallest electron transfer resistance (Rct) during the ORR 
process (Fig. 12.3e). electrochemical surface areas (ECSA) of vertically aligned 
graphene arrays (VG), VGN, and VGNO were estimated by the double layer capac-
itance (CDL) calculated via CV measurement at different scan rates. The CDL of 
VGNO is as large as 23.73 mF cm−2, compared with the low value of 16.14 mF cm−2 

for VGN and 0.36 mF cm−2 for VG,  as  shown in Fig.  12.3f. This indicates that the 
ECSA of VGNO is higher than VG and VGN. The higher ECSA could also indi-
cate porous and well-exposed graphene surficial structure, which is indicative of the 
population of electrochemically active sites. Overall, such data are demonstrative 
of the advantageous morphologies and preferable doping configurations of the co-
doped VGNO, which help enable fast redox kinetics behind the outstanding ORR 
and OER performances without using precious and expensive Pt and Ru resources 
(Fig. 12.3g). 

It can be seen that carbon-based materials also have considerable potential in 
aqueous electrolyte metal-air batteries. 

12.3 Atomically Dispersed Metal Carbon-Based Materials 
for MABs 

Heterogeneous single-atom catalysts (SACs) referring to atomically dispersed active 
metal centers on a support have attracted considerable interest in recent years 
[47]. The attention is because of the special electronic structure and maximized 
atomic utilization of such materials, which differ greatly from those of conventional 
nano- or subnano-counterparts [48]. Moreover, the single-atom nature of the active 
centers in SACs and the resulting low-coordination environment and the enhanced 
metal-support interactions all provide robust catalytic performance in a number of 
heterogeneous reactions, such as the carbon dioxide reduction, hydrogen evolution
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reaction and photocatalytic reactions [49]. In principle, it is vital to explore the 
electrochemistry and catalytic mechanism when SACs are applied in MABs. 

Zhao et al. [50] synthesized a single-atom Pt catalyst supported on holey ultra-
thin g-C3N4 nanosheets (Pt-CNHS) via a facile liquid-phase reaction of g-C3N4 and 
H2PtCl6 (Fig. 12.4a). The single-atom Pt can achieve high dispersibility and stability, 
which can promote the utilization efficiency as well as enhance the electrochemical 
activity. When employed as LABs cathode catalyst, Pt-CNHS exhibits excellent elec-
trocatalytic activity. LABs utilizing Pt-CNHS show much higher discharge specific 
capacities than those with pure CNHS. LABs with Pt-CNHS cathode can be cycled 
stably for 100 times under the discharge capacity of 600 mA h g−1. Based on experi-
mental results and density functional theory calculations, the superior electrocatalytic 
activity of Pt-CNHS can be ascribed to the large surface area, the enhanced electrical 
conductivity and the efficient interfacial mass transfer through Pt atoms and porous 
structure of CNHS. 

Hu et al. [51] employ metal–organic frameworks (MOF)-assisted spatial confine-
ment and ionic substitution strategies to synthesize Ru single atoms riveted 
with nitrogen-doped porous carbon (Ru SAs-NC) as the electrocatalytic material 
(Fig. 12.4b). By using the optimized Ru0.3 SAs-NC as electrocatalyst in the oxygen-
breathing electrodes, the developed LAB can deliver the lowest overpotential of only

Fig. 12.4 Schematic synthetic procedure of Atomically dispersed metal carbon-based mate-
rials. a Schematic synthetic of Pt-CNHS. Reproduced with permission [50]. Copyright 2019, Else-
vier B. V. b Ru SAs-NC on the flexible CC. Reproduced with permission [51]. Copyright 2020, 
American Chemical Society
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0.55 V at 0.02 mA cm–2. Moreover, in-situ DEMS results quantify that the e–/O2 

ratio of LOBs in a full cycle is only 2.14, indicating a superior electrocatalytic perfor-
mance in LAB applications. Theoretical calculations reveal that the Ru–N4 serves as 
the driving force center, and the amount of this configuration can significantly affect 
the internal affinity of intermediate species. The rate-limiting step of the ORR on the 
catalyst surface is the occurrence of 2e– reactions to generate Li2O2, while that of the 
OER pathway is the oxidation of Li2O2. This work broadens the field of vision for 
the design of single-site high-efficiency catalysts with maximum atomic utilization 
efficiency for LABs.

Due to the high-cost constraints of noble metal-based catalysts, the development 
of non-noble metal catalysts is a difficult and necessary topic. Wu et al. [52] prepared 
an efficient ORR electrocatalyst by co-anchoring atomic dispersed Fe and Ni dual 
metal sites on N-S co-doped defect-rich porous carbon frameworks by pyrolysis 
of metal precursors. When used to assemble the air cathode of the liquid or flexible 
solid-state primary Mg-air battery and Zn-air battery, the obtained Fe, Ni-SAs/DNSC 
delivers high voltage and power density, superior than that of the benchmark cathode 
based on Pt catalyst (Fig. 12.5a–c). 

Recently, Liu et al. [53] used density functional theory (DFT) calculations to 
screen SACs on N-doped graphene (SAMe@NG, Me = Cr, Mn, Fe, Co, Ni, Cu) for 
CO2 reduction and evolution reaction. Among them, SACr@NG shows the promising 
potential as an effective electrocatalyst for the reversible Li-CO2 batteries. To verify 
the validity of the DFT calculations, a two-step method has been developed to fabri-
cate SAMe@NG on a porous carbon foam (SAMe@NG/PCF) with similar loading 
of ~8 wt.% (Fig. 12.5d). Consistent with the theoretical calculations, batteries with 
the SACr@NG/PCF cathodes exhibit a superior rate performance and cycling ability, 
with a long cycle life and a narrow voltage gap of 1.39 V over 350 cycles at a rate of 
100 µA cm–2. This work not only demonstrates a principle for catalysts selection for 
the reversible Li-CO2 batteries but also a controllable synthesis method for single 
atom catalysts. 

In summary, metal atom-dispersed carbon-based materials can be used as catalysts 
for key reactions in metal-air batteries with excellent performance and great research 
prospects. 

12.4 Metal Nanoparticles Encapsulated Carbon-Based 
Materials for MABs 

Nano-confinement of metal nanoparticles in various carbon-based materials enables 
novel functionalities with unique physical and chemical properties for metal-air 
batteries with enhanced performance. The nanocarbon-based encapsulated metal 
particle materials can combine the high catalytic activity of metal particles with the 
large specific surface area and high electrical conductivity of carbon-based materials, 
and produce a synergistic effect to maintain electrode stability [54]. Furthermore,
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Fig. 12.5 Characterization and charge–discharge performance evaluation. a Specific capac-
ities for primary Zn-air battery. b Specific capacities for liquid Mg-air batteries with Fe, Ni-
SAs/DNSC and Pt/C cathode. c The discharge polarization curves of liquid Mg-air battery. Repro-
duced with permission [52]. Copyright 2021, Elsevier B.V. d Schematics of the synthesis of 
SAMe@NG/PCF. e Discharge and charge voltage and f time–voltage curves of the four cath-
odes at a current density of 100 µA cm–2 with a limited capacity of 100 µA h cm–2. Reproduced 
with permission [53]. Copyright 2021, American Chemical Society 

encapsulation of catalysts into nanocarbons has been shown to effectively suppress 
aggregation [55]. Meanwhile, the regional enrichment of electron density caused 
by the direct exposure of catalyst nanoparticles is one of the main reasons for the 
local distribution of discharge products, and the encapsulation of nanoparticles can 
eliminate the local electron density enrichment caused by direct exposure of cata-
lyst nanoparticles, so metal Encapsulation of nanoparticles is an extremely critical 
approach to the development of cathode materials for MABs. 

Huang et al. [56] prepared a series of carbon nanotubes-encapsulated noble 
metal nanoparticles (Pd, Pt, Ru and Au) by wet impregnation followed by thermal 
annealing, and systematically investigated their performances in LABs. The as-
prepared hybrid materials exhibited superior OER activity than the conventional 
cathodes materials with noble metal nanoparticles direct supported on CNTs, thus 
demonstrating the feasibility of the strategy.
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Wu et al. [57] reported the synthesis of the ultrasmall Pt-coated hollow graphene 
nanocages as cathode in LABs. They first developed a novel architecture of porous 
carbon material, the 3D hollow graphene nanocages (HGNs). Subsequently, Pt-HGN 
was obtained by depositing Pt catalysts on HGNs by physical vapor deposition (PVD) 
(Fig. 12.6a). The charge voltage plateau can reduce to 3.2 V at the current density 
of 100 mA g−1, even maintain below 3.5 V when the current density increased to 
500 mA g−1 (Fig. 12.6b, c). The unique hollow graphene nanocages matrix can not 
only provide numerous nanoscale tri-phase regions as active sites for efficient oxygen

Fig. 12.6 Synthesis strategy, performance and mechanism of Pt-HGN. a Schematic illustration 
for synthesis of Pt-coated hollow graphene nanocages. b Galvanostatic discharge/charge profiles of 
LABs with Pt-HGNs as cathode catalysts at 100 mA g−1 in the voltage range of 2.2–4.5 V versus 
Li+/Li with the fixed capacity of 1000 mAh g−1. c Discharge/charge profiles of Li-O2 batteries with 
Pt-HGNs cathode catalysts at different current densities in the voltage range of 2.2–4.5 V versus 
Li+/Li with the fixed capacity of 1000 mAh g−1. d The schematic illustrations of the active sites in 
the substrate of Pt-HGNs. e The mechanism for the nucleation of Li2O2 on Pt catalyst. Reproduced 
with permission [57]. Copyright 2016, WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim
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reduction, but also offer sufficient amount of mesoscale pores for rapid oxygen diffu-
sion (Fig. 12.6d). Furthermore, with strong atomic-level oxygen absorption into its 
subsurface, ultrasmall Pt catalytically serves as the nucleation site for Li2O2 growth 
(Fig. 12.6e). The Li2O2 is subsequently induced into a favorable form with small 
size and amorphous state, decomposed more easily during recharge. Meanwhile, the 
conductive hollow graphene substrate can enhance the catalytic activity of noble 
metal Pt catalysts due to the graphene-metal interfacial interaction. Benefiting from 
the above synergistic effects between the hollow graphene nanocages and the nano-
sized Pt catalysts, the ultrasmall Pt-decorated graphene nanocage cathode exhibits 
enhanced electrochemical performances.

Although noble metal materials have outstanding performance as cathode mate-
rials for MABs, the excessively expensive cost has drawn attention to the devel-
opment of non-precious metal materials as substitutes for noble metal materials 
Although noble metal materials have outstanding performance as cathode materials 
for MABs, the excessively expensive cost has drawn attention to the development of 
non-precious metal materials as substitutes for noble metal materials. 

Li et al. [58] developed FeNi nanoparticles encapsulated in nitrogen-doped carbon 
frame (FeNi-NP/NC) as the cathode catalyst for Al-air batteries via confined pyrol-
ysis of the polydopamine-coated MOF. The battery equipped with FeNi-NP/NC 
cathode, at a discharge current density of 1 mA cm−2, can achieve a discharge voltage 
above 1.55 V and maintained for over 24 h. 

In addition, Xia et al. [59] further improved the catalytic performance by alloying 
noble metals with non-noble metals while reducing the loading of noble metals. 
They designed and prepared a composite catalyst for high-performance LABs, which 
comprises of CoPt NPs loaded on functionalized porous carbon with hydroxyl (OH−) 
and amino (NH2

−) groups as the link bridge. Density functional theory (DFT) 
calculations suggest the enhanced metal-support interaction and reduced theoret-
ical ORR/OER overpotential via introducing functional groups on the surface of the 
carbon substrate. Moreover, these two functional groups are ubiquitous in biochar, 
and the preparation process is common and simple. For this, they use crab shell waste 
as a sustainable carbon source through carbonization, activation, and sol–gel method 
to synthesize activated functional carbon (AFC) and fabricate CoPt/AFC catalyst. 
The as-prepared catalyst is expected to have a large specific surface area, rich pore 
structures, and good electrical conductivity. Attributed to these favorable features, 
the LOBs with the CoPt/AFC cathode could present a large discharge capacity, low 
charge and discharge overpotential, and good cycle stability. In-situ Raman was also 
used to confirm that CoPt/AFC cathode could effectively suppress the formation 
of Li2CO3 in the reaction. This work could introduce a new avenue to design and 
fabricated high-performance and sustainable cathode catalyst for LABs. 

In conclusion, the encapsulation of metal nanoparticles in carbon-based materials 
provides great development prospects for advancing the application of MABs.
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12.5 Metal Nanoparticles Supported Carbon-Based 
Materials 

Despite the unique advantages of metal nanoparticles encapsulated in carbon-based 
materials, the design of encapsulation structures is still a major challenge [60]. There-
fore, loading metal nanoparticles on carbon-based materials has more structural 
possibilities and is more feasible. 

Kang et al. [61] reported the use of Ru-modified CNTs (CNT/Ru) as cathode 
catalysts of Na-air batteries, which exhibited excellent catalytic performance and 
stable cycling performance. The dual catalytic role of CNT/Ru is confirmed to be 
responsible for promoting oxygen reduction at low potentials. 

Luo et al. [62] synthesized a series of AuPt nanoparticles supported on multi-
walled carbon nanotubes (AuxPt/MWNTs) catalysts with ultrafine distribution for 
Al-air battery cathode to enhance the oxygen reduction reaction. Among them, 
Au0.67Pt/MWNTs catalyst with metal loading of 10.2 wt.% (Au: 4.1 wt.%, Pt: 
6.1 wt.%) exhibited a superior ORR catalytic activity and competitive durability 
to 20 wt% Pt/C catalyst. When applied as Al-air battery, appropriate increasing Au 
loading encourage better battery performance. Au1.68Pt/MWNTs with 8.95 wt.% of 
Au and as little as 5.3 wt.% Pt content exhibit larger specific capacity (921 mA h g−1) 
and power density (146.8 mW cm−2) as well as better durability than 20 wt.% Pt/C 
catalyst when it is assembled as cathode in Al-air battery. 

Dai et al.  [63] synthesized a well-dispersed catalyst of ruthenium nanoparticles 
anchored on the nitrogen-doped reduced graphene oxide (Ru/N-rGO), acting as an 
efficient bifunctional catalyst for Li–O2 batteries. The introduction of N dopants 
provides an enhanced metal–support interaction and homogeneous anchoring sites 
for ruthenium nanoparticles on the graphene substrate with a high specific surface 
area. Upon the initial discharge process, the homogeneous ruthenium nanoparticles 
serve as the nucleation sites for the growth of film-like Li2O2, which preferentially 
decomposes at a reduced charge overpotential; the subsequent deep discharge is 
associated with a modified Li2O2 morphology via LiO2 disproportionation in solu-
tion, endowing substantial improvement of the specific capacity in Li-O2 batteries. 
Meanwhile, in comparison with the pristine nitrogen-doped rGO (N-rGO) electrode, 
the surface coordination of ruthenium promotes charge transfer and mass transport 
through the discharge product layer, leading to faster reaction kinetics toward Li2O2 

formation and decomposition. Moreover, the strong ruthenium–support interaction is 
helpful to reduce carbon defects and thus suppresses Li2CO3 formation. As a result, 
the electrodes exhibit a high specific capacity of 17,074 mA h g–1 (Fig. 12.7a), a low 
charge polarization of 0.51 V (Fig. 12.7b), a superior power density of 25.6 mW mg–1 

at a current density of 11.1 mA mg−1 and a voltage of 2.3 V (Fig. 12.7c), as well as 
a long-term cycling stability (Fig. 12.7d). The strong superoxide adsorption ability 
of Ru/N-rGO was the major decipher for the structural modulation of the discharge 
products. As shown in Fig. 12.7e, Ru/N-rGO exhibited a much higher superoxide 
adsorption efficiency of 84.7% compared to those of 55.5% for Ru/rGO, 48.8% for 
N-rGO, and 29.4% for rGO. Remarkably, both N doping and Ru loading promoted
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Fig. 12.7 Cell performance and discharge mechanism of Ru/N-rGO catalysts. a The initial 
deep galvanostatic discharge–charge curves of Ru/N-rGO (orange), Ru/rGO (blue), and N-rGO 
(dark) electrodes at a current density of 500 mA g−1. b Discharge–charge profiles for the first cycle 
with the cathode catalyst of Ru/N-rGO (orange), Ru/rGO (blue), and N-rGO (dark) at a limited 
capacity of 1000 mA h g−1 at a current density of 100 mA g−1; c Polarization/power density curves 
(0.01 mA s−1) of Ru/N-rGO;  d Galvanostatic cycling profiles of Ru/N-rGO electrodes at a current 
density of 100 mA g−1 to the fixed capacity of 500 mA h g−1; e Superoxide adsorption efficiency 
for rGO, N-rGO, Ru/rGO, and Ru/N-rGO calculated from the corresponding UV–vis spectra. f 
Schematic of the discharge mechanism for Ru/N-rGO



12 Carbon-Based Nanomaterials for Metal-Air Batteries 265

the adsorption of superoxide species due to the large adsorption strength of Ru and 
N dopants toward superoxide. Furthermore, the authors speculate that the growth of 
discharge products on Ru/N-rGO at low DOD is mainly a surface growth model. 
When the further discharging proceeded, the reaction interface was transferred from 
the discharge product|cathode interface to the discharge product|electrolyte interface. 
At this stage, the solution model dominated the growth of the discharge product. 
based on such morphology evolution, a two-stage discharge mechanism on Ru/N-
rGO catalysts is proposed, including a surface model and a solution model for Li2O2 

growth (Fig. 12.7f). Reproduced with permission. [63] Copyright 2021, American 
Chemical Society.

Nevertheless, there exist shortcomings with mono metal catalysts from mate-
rials preparation to electrochemical processes. First, for example, the preparation 
for monodispersed Ru nanoparticles was often achieved under mild experimental 
conditions without the generation of stable crystal surfaces, further affecting catalytic 
activity in Li-CO2 batteries. Second, the incompatibility between the discharge prod-
ucts and mono metal nanomaterials might lead to severe agglomeration and drop-
ping during long cycles. Zhang et al. [64] designed a composite of ruthenium– 
copper nanoparticles highly co-dispersed on graphene (Ru-Cu-G) as efficient air 
cathodes for Li–CO2 batteries. The Li-CO2 batteries with Ru-Cu-G cathodes exhibit 
ultra-low overpotential and can be operated for 100 cycles with a fixed capacity of 
1000 mA h g−1 at 200 and 400 mA g−1. The synergistic effect between Ru and Cu not 
only regulates the growth of discharge products, but also promotes CO2 reduction and 
evolution reactions by changing the electron cloud density of the surface between Ru 
and Cu. This work may provide new directions and strategies for developing highly 
efficient air cathodes for Li-CO2 batteries, or even practical Li-air batteries. 

Furthermore, when metal nanoparticles coexist with atomically dispersed sites, 
the electronic synergy between the two can further enhance the performance of the 
catalyst. Recently, Lin et al. [65] fabricate a new catalyst containing well defined 
ruthenium atomic cluster (RuAC) and single atom Ru-N4 (RuSA) composite sites on 
carbon nanobox substrate (RuAC+SA@NCB), by utilizing the different complexation 
effects between Ru cation and amine group (-NH2) on carbon quantum dots (CQDs) 
or nitrogen moieties on NCB (Fig. 12.8a–d). Systematic experimental and theoretical 
investigations demonstrate the vital role of electronic synergy between RuAC and 
Ru-N4 in improving the electrocatalytic activity toward CO2ER and CO2RR. The 
electronic properties of Ru-N4 sites are essentially modulated by the adjacent RuAC 
species, which optimize the interactions with key reaction intermediates thereby 
reduce the energy barriers in the rate-determining steps of CO2RR and CO2ER. 
Remarkably, the RuAC+SA@NCB based cell displays unprecedented overpotentials 
as low as 1.65 and 1.86 V at ultrahigh rates of 1 and 2 A g−1, and two-fold cycling 
lifespan than the baselines. The findings provide a novel strategy to construct catalysts 
with composite active sites comprising multiple atom assemblies for high-perform 
metal-CO2 batteries.



266 Y. Yu and H. Xia

Fig. 12.8 Synthesis strategy and characterization. a Schematic illustrating the synthesis proce-
dure for RuAC+SA@NCB. b and c EXAFS fitting curves at R space for RuAC+SA@NCB and 
RuSA@NCB sample, respectively. d HAADF-STEM images of RuAC+SA@NCB. Reproduced with 
permission [65]. Copyright 2022, Wiley–VCH GmbH 

12.6 Conclusion and Perspectives 

Enormous progress has been made in carbon-based nanomaterials as cathode bifunc-
tional catalysts for metal-air batteries. However many metal-air batteries in published 
work still operate in pure oxygen environments. In-depth research is also required 
to suppress side reactions that occur when working in ambient air. In addition, the 
reactive oxygen intermediate species in the cathodic redox process can cause strong 
carbon corrosion of the carbon substrate, which can lead to insufficient catalyst 
stability. It is extremely important to study how to inhibit carbon corrosion to improve 
the cycling stability of carbon-based catalysts. The porous structure of carbon mate-
rials is extremely important for catalytic performance. Considering the enrichment of 
discharge products at the micrometer scale, the diffusion of gases, and the exposure 
of active sites, careful exploration of the optimal combination of pore size and distri-
bution is required. Single-atom catalysts have been extensively studied. However, 
isolated atoms may not be able to accommodate multiple reaction steps and reaction 
intermediates, and the introduction of dual-active sites provides a promising solution 
to this problem. In addition, metal clusters inevitably appear during the synthesis of
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single-atom catalysts, and understanding the synergy between metal clusters and 
single-atom sites is also an attractive topic. 

During the exploration of cathode materials for MABs, carbon-based materials 
have received extensive attention due to their high electrical conductivity, large 
specific surface area, and low cost. With the improvement of people’s understanding 
of the battery mechanism of MABs and the understanding of material design engi-
neering, starting from the use of pure carbon materials as the air electrode of metal-
air batteries, and then trying the doping of heteroatoms, various composite methods 
with metal materials, the development of MABs have made considerable progress. 
However, there is still a long way to go before the large-scale application of metal-
air batteries. The slow kinetics of key reactions on the electrode during charge and 
discharge, the deposition of by-products, and the low stability of catalysts are all 
problems that need to be overcome. Carbon-based nanomaterials have shown great 
research prospects in MABs, and we believe that with continued in-depth research, 
carbon-based nanomaterials will continue to lead the advancement of MABs. 
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Chapter 13 
Summary and Perspectives 

Huicong Xia, Dongping Xue, and Jia-Nan Zhang 

Abstract With the popularization of portable electronic products and the progress 
of technology, portable, flexible, portable and wearable electronic devices have 
attracted many scientists and developers because of their potential applications, such 
as artificial electronic skin, multi-dimensional energy storage devices and biocom-
patible electronic devices. The booming of carbon-based electrode materials affords 
broader options towards practical applications of energy storage and conversion under 
different conditions. Facing the opportunities and challenges, many researchers have 
devoted a lot of time and energy. However, there are still many challenges in practical 
industrial applications. In this chapter, the challenges as well as perspective for the 
advancement of the carbon-based electrode materials are discussed. 

Research on the exploration of carbon-based materials as platforms for electro-
chemical catalysis for energy conversion and storage is certainly one of the most 
active topics among the chemistry and materials community. Thanks to the efforts of 
researchers, significant progress have been made in recent years in the development 
of carbon-based, and electrochemical catalysis for energy conversion and storage. 

The increasing demand for energy sources and the shortage of fossil fuels have 
become the major concerns these days. To make full use of renewable energy sources, 
researches on energy storage and conversion have attracted extensive attention. To 
meet the ever-increasing demand for energy sources, a large number of researchers 
focus on developing high-performance energy conversion and storage devices. Exten-
sive studies on catalysts have been carried out and applied in various types of elec-
trochemical reactions. The design and optimization of catalysts are considered as
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one of the main routes to achieve high performance of the electrochemical energy 
conversion and storage device. In this regard, carbon-based nanomaterials have 
drawn considerable attention due to the high surface areas, which provides a large 
number of active sites for electrochemical reaction and facilitate ion/electron diffu-
sion kinetics. In addition, the various electrochemical reaction can be effectively 
catalyzed by carbon-based materials, such as metal-free carbon-based nanomate-
rials, atomically dispersed metal carbon-based nanomaterials, metal nanoparticles 
supported/encapsulated carbon-based materials. With the flourishing development of 
various carbon-based nanomaterials, there have been some insights into the design 
and mechanisms for electrocatalysts. However, there is still a lack of books with 
related works and research frontier in this area, which is conducive to the scientific 
researchers and novices. 

This book aims at covering all these aspects and discussing the recent achieve-
ments and various electrochemical reactions. The book is comprised of four sections. 
The first section discusses the fundamental synthesis, characterization techniques, 
and catalytic effects on the energy conversion and storage mechanism. The second 
section elaborately reviews various types of electrocatalytic reactions on carbon-
based materials and their performance. The third section focuses on batteries about 
carbon-based materials with different storage mechanisms. At the last one, the 
following enlightenment in terms of theoretical development and experimental 
research will be provided to the general readers: (1) Precise design and construction 
of local atomic and electronic structures at the interface of catalysts; (2) Selective 
activation and directed the conversion of carbon-based energy-carrying molecules 
at the interface; 3) Interaction mechanism and regulation of catalyst solid surface 
interface properties under environment and external field. 

There is no doubt that carbon-based nanomaterials in electrochemical catalysis 
are useful platforms for energy conversion and storage applications. It is anticipated 
that the content will further supply unambiguous understanding for all these compo-
nents and the importance of the field and discuss current trends of different carbon-
based materials for current ongoing works. We hope that this book can help readers 
design and develop new electrochemical energy materials based on carbon-based 
nanomaterials, and apply them to the world economy shortly.
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Reaction path of OER process, The, 148 
Reduced graphene oxide, 20 
Regional structure information, 69 
Relative content, 62 
Renewable clean energy, 210 
Renewable energy, 169, 170 
Reversible capacity, 211 
Rocking chair batteries, 228 

S 
Scanning Electron Microscopy (SEM), 54, 

55 
Scanning Tunneling Microscope (STM), 56 
Sea-water medium, 173 
Selected Area Electron Diffraction 

(SAED), 56 
Selective activation, 272 
Self-assemble technology, 221 
Self-supporting material, 38 
Shuttle effect, 236 
Simulation calculations, 53 
Single-atom catalyst, 27, 29, 129, 215, 232, 

266, 267 
Single-atom resolution, 56 
Single carbon shell, 137 
Sodium-ion batteries, 210 
Soft-template pyrolysis method, 175 
Solid surface interface, 272 
Sp2-conjugated carbon substrates, 129 
Spatial confinement, 89 
Spatial distribution, 62 
Specific surface area, 66, 259 
Spin density, 175 
Spin polarization, 191 
Spontaneous gas foaming, 20 
Stable anchor point, 136 
Strong Metal-Support Interactions (SMSI), 

126, 130, 179 
Structure-activity relationships, 53 
Structure-effect relationships, 171 
Sub-Ångstrom resolution, 59 
Sulfur reduction reaction kinetics, 234 
Superoxides, 251 
Supported carbon-based materials, 238 
Supported-catalysts, 133 
Surface and interface effects, 54 
Surface characteristics, 215 
Surface chemical states, 136 
Surface chemistry, 87 
Surface coupling reaction, 23 
Surface element species, The, 66 
Surface energy, 215 
Surface-Enhanced Infrared Absorption 

Spectroscopy (SEIRAS), 54 
Surface morphology, 56 
Surface reactivity, 129 
Synergistic effect, 177 
Synthesis of intramolecular defect formers, 

23 

T 
Tafel reaction, 125
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Target products, 181 
Theoretical calculations, 182, 191, 215 
Theoretical capacity, 233 
Thermally induced defects, 20 
Three-dimensional, 3 
Three-phase reaction interface, 252 
Topological defect, 23, 172 
Traditional adsorbate evolution mechanism, 

The, 149 
Transition metal compounds, 217 
Transmission Electron Microscopy (TEM), 

54, 55 
Turnover frequency, 178 
2D graphene, 136 
Two-dimensional, 3 
Two-electron, 104 

U 
Ultrasonic-assisted liquid phase exfoliation, 

20 
Unpaired electrons, The, 71 

V 
Vacancy, 19 
Valence and spin state, 74 

Vapor etching, 174 
Vibrating Sample Magnetometer (VSM), 
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Vibration frequency of the probe molecule, 

The, 73 
Vienna Ab-initio Simulation Package, 213 
Volmer reaction, 124 
Voltage platform, 233 
Volume effect, 232 
Volumertric capacity, 250 

X 
X-ray absorption fine structure, 236 
X-ray absorption near-edge structure 

spectrum (XANES), 69 
X-ray Absorption Spectrometer (XAS), 63 
X-ray absorption spectroscopy, 176 
X-Ray Diffractometer (XRD), 62 
X-ray near-edge absorption fine structure 

spectrum, 236 
X-ray Photoelectron Spectroscopy (XPS), 
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Z 
Zero-dimensional, 3 
Zn-air batteries, 255, 256
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