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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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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
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Chapter 1 ®)
Introduction Check for

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 (Cgp) 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 Cg 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
(OD) 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, Cg 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 Cgy by evaporating graphite electrodes in a helium
atmosphere. Numerous studies have reported that fullerene Cgg, 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 (SWCNTSs) and multi-walled carbon nanotube (MWCNTSs) [21].
SWCNTs consists of a single layer graphene sheet, while MWCNTSs 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 sp? carbon atoms bonded to adjacent carbon atoms in 3¢ 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
CNDMs 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
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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
(Pt;/FeQy) 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, OD 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 CO, into valuable chem-
ical fuels using renewable electricity (CO, reduction reaction (CO,RR)) offers new
opportunities to reduce resource extraction and achieve a carbon—neutral [16, 19].
In addition, the conversion of airborne N, to NHj 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, CO;RR, 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 Tllustration 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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