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Abstract

The exploration of highly active and durable cathodic oxygen reduction reaction (ORR) catalysts
with economical production cost is still the bottleneck to realize the large-scale commercialization of
fuel cells. In recent years, remarkable progresses have been achieved in fabricating effective non-
precious metal based ORR catalysts. Particularly, modified carbon materials have aroused extensive
research interest because of their excellent performance and low cost. In this review, we present an
overview on recent advancement in developing defective carbon based materials for catalyzing the ORR.
Specifically, three general kinds of defective carbons electrocatalysts will be summarized. They are non-
metal induced defective carbons (modified by heteroatoms), intrinsic defective carbons (defects created
by a physical or chemical method), and atomic metal species induced/coordinated defective carbons
(metal-macrocycle complexes with different coordination environments). The common configurations
of various defective carbons will be discussed, with typical examples on recently developed both metal-
free and precious/non-precious metal species coordinated carbons. At last, the future research directions
of the defective carbon materials are proposed. The newly established defects promoted catalysis
mechanism will be beneficial for the design and fabrication highly effective electrocatalysts for practical

energy storage and conversion applications.



1 Introduction

The explosive growth of the world population and the rapid development of modern economy have
resulted in a series of problems, such as the deterioration of the ecological environment and the dramatic
reduction of fossil-based fuels. In order to tackle these serious issues that threaten and slow down the
advancement of human beings, the exploration and utilization of clean energy is of pivotal importance.
Typical examples include the promotion and popularization of the advocated “Hydrogen Economy”,
and developing technologies to store and utilize clean energy. Particularly, hydrogen fuel cells have
been intensively investigated because of their guaranteed safety, high-energy conversion efficiency as
well as pollution-free features. It is believed that fuel cell is one of the cleanest technologies to be used
in the future portable electronic products and transportation systems. However, one of the major
drawbacks of fuel cells is the sluggish cathodic oxygen reduction reaction (ORR) that greatly restricts
the overall cell performance. Normally, a catalyst is used to accelerate the ORR. Unfortunately, the
expensive platinum (Pt) is still the current most active ORR electrocatalyst, particularly in acidic
media.' In recent years, extensive research work has been devoted to exploiting cost-effective and
efficient alternatives to replace the commercial Pt-based ORR catalysts, including: (i) Downsize the Pt
particles to maximize the atomic efficiency or alloy Pt with non-precious metals, such as Fe, Co, Ni and
Cu to reduce the utilization of Pt;>* (ii) Explore non-precious metal-based ORR catalysts to completely
replace Pt-based counterparts;'®!> and (iii) Develop metal-free electrocatalysts.!®!® Comparatively,
metal-free based carbon materials are ideal as the cathodic ORR catalysts for practical fuel cell
applications from a long-term perspective. Primarily because it is not a durable and sustainable way of
using Pt-containing materials as the ORR catalysts due to the scarcity of Pt resources. Besides, transition
metal-based materials are subject to dissolve and aggregate under fuel cell operating conditions. This
will make them unsuitable for practical applications because both their activity and durability would

suffer severe losses.?" 2!

The distinct natures of carbon materials, such as good electrical conductivity, high surface area,
excellent thermal stability, and outstanding chemical stability in non-oxidizing atmospheres render them

appropriate for a wide range of applications,***

a case in point is as the ORR catalyst. During the past
decade, tremendous research work has been concentrated on developing modified carbon materials for
catalyzing the ORR, since the unadulterated carbons are not active for electrocatalysis. One approach is
to incorporate various heteroatoms, such as nitrogen (N), phosphorus (P), sulphur (S), boron (B) and
fluorine (F), into the carbon materials. This was marked by the investigation on synthesizing nitrogen-
doped carbon nanotube arrays for efficient catalyzing the ORR in Dai’s group in 2009.'® The other
effective method is to create topological defects in carbon materials to enhance their ORR performance.
Recently published papers have been reviewed heteroatoms doped carbon materials for the ORR,**32 or

non-precious metal based ORR catalysts**-** from the aspect of design, synthesis and characterization.

However, systematic and comprehensive reviews on carbons catalyzed ORR from the angle of defect



engineering have not been reported. As an emerging field, it is indispensable to review the latest work
on defects promoted ORR, which will provide timely guidelines for the further development of this

thriving area.

Fig. 1 Schematic illustration of three general kinds of carbon defects.*®3” Schemes of the intrinsic defect:
Reprinted with permission from ref. 36. Copyright 2016, John Wiley and Sons; schemes of the single

metal atoms induced defects: Reprinted with permission from ref. 37. Copyright 2018, Springer Nature.

In this review, three general kinds of defective carbons for efficient catalyzing the ORR will be
summarized. They are non-metal induced defective carbons (such as N, S, B, P, F altered carbon
materials), intrinsic defective carbons (such as various defects created by the removal of heteroatoms,
C5, G585 and G7557),°® and atomic metal species induced/coordinated defective carbons (metal-
macrocycle complexes with different coordination environments).*” The representative configurations
of the three kinds of defective carbons are shown in Fig. 1. Generally, heteroatoms modification is an
alternative way of introducing defects into carbon materials, as the electronic structures of the bulk
carbon materials are interrupted after the incorporation of foreign elements. Therefore, heteroatoms
doped carbon materials are defective carbons as well. Herein, typical heteroatoms modified carbon
materials, such as carbon nanotubes, graphene and mesoporous carbons doped/co-doped with N, S, B,
P, F or halogenated with enhanced ORR performance will be presented briefly. It will mainly focus on

uncovering the intrinsic relationships between the performance and their structures from the aspect of



defect engineering. Particularly, recently reported defective carbon based ORR catalysts derived from
different precursors by using different defect creation methods will be discussed in details, both
theoretically and experimentally. At last, as a promising frontier, the newly developed atomic metal
species coordinated defective carbons for electrocatalysis will be presented as well. For carbon materials
coordinated with various atomic metal species, including transition metals (Fe, Co and Ni)?® 40 and
precious metals (Pt, Au),*** it can also be categorized into defective carbons for the following reasons:
(i) The total metal atoms incorporated into carbon materials are relatively low, normally below 1.0 at.%
(or 5.0 wt.%). Therefore, the majority of the catalyst component is still carbon; (ii) Similar to the
introduction of non-metal heteroatoms into the carbon matrix, atomic metal species can also be regarded
as heteroatoms. They are capable of tuning the electronic structures and configurations of the carbon
materials, thus producing defective carbons with improved electrocatalytic performance;* (iii) The
metal species themselves may not be the actual active sites and need to be coordinated with the
surrounding non-metal atoms; and (iv) The local coordination environment plays a key role for the
catalysis.*> % Accordingly, recently reported carbon materials, particularly defective carbons captured
single metal atoms, such as Fe, Co, Ni and Pt will be presented as well. The discussions will mainly on
how the single metal atoms coordinate with the carbon/non-metal heteroatoms. This review will provide
an overall and prompt update on the newly developed defective carbon based ORR electrocatalysts. It
will reveal the intrinsic relationships between the structures/configurations of the defective carbons and

the electrocatalysis performance, which will shed some light on the advancement of this prosperous area.

2 Basic Concepts of Fuel Cells and ORR Mechanisms
2.1 Fuel Cell Description

A fuel cell is an electrochemical device that converts chemical energy from a fuel into electricity
and thermal energy through chemical reactions. Theoretically, a fuel cell will produce electricity as long
as it has a fuel supply. Fuel cells are expected to play a remarkable role in decreasing the dependency
on traditional fossil fuels because of their multiple advantages. For example, the high energy conversion
efficiency, low environmental impact, fuel flexibility, rapid load response and modular design. All these
merits render them to be one of the most promising sources of distributed energy.*® Based on the
electrolyte they are using, fuel cells can be divided into different types, such as alkaline fuel cells (AFCs),
proton exchange membrane fuel cells (PEMFCs), phosphoric acid fuel cells (PAFCs), molten carbonate
fuel cells (MCFCs) and solid oxide fuel cells (SOFCs).*” Of which, PEMFC has attracted the most
research attention because of its wide applications. For instance, it can be used in fuel cell vehicles,
stationary power supply as well as portable devices. The PEMFC is considered as a potential
replacement for the internal combustion engine in transportation applications.*®>° For the PEM fuel cells,

catalysts play key roles in accelerating the electrode reactions, particularly for the cathodic oxygen



reduction reaction (ORR). This is because the ORR is kinetically quite sluggish due to the O=0 bond is
strong and needs high energy input to break. Besides, it also requires four coupled electron and proton
transfer during the reaction process.’! It is estimated that the catalyst accounts for over 55% of the cell
cost since the expensive platinum is still an essential component.’” In the past decades, tremendous
studies have been carried out to develop inexpensive ORR catalysts with high performance, and great
achievements have been reached, both experimentally and theoretically.™®>° In this review, only

modified carbon based ORR catalyst will be summarized owing to their high activity and low cost.

2.2 Reaction Mechanisms of the ORR

The specific reaction pathway is complicated because the ORR is a three-phase reaction. Generally,
the ORR can be divided into a one-step four-electron (4e°) path and a two-step two-electron (2e°) route,
regardless the type of the catalyst and electrolyte.’® Apparently, a higher selectivity toward the 4e
pathway is more efficient to catalyze the ORR. For modified carbon based ORR catalysts, the nature of
the active site is being uncovered since remarkable effort has been devoted in the past years. Previously,
the origin of the ORR activity in heteroatoms modified carbon materials was controversial. For example,
some researchers stated that the introduced heteroatoms were the ORR active sites in the doped carbon

structures.>’>°

However, others claimed that the incorporated foreign elements were possibly not the
active center, but served as a channel to create special carbon structures, such as defects, which may the
actual ORR active site.®® Recent research on defects promoted ORR is a strong support to the second
mechanism.*® 67 The combination of recent theoretical and experimental investigations on defects
promoted electrocatalysis reveal that the modified carbon atoms themselves are more likely the catalytic
active sites. Gradually, a catalysis mechanism based on defect structures is established to explain the
origin of the ORR activity in various carbon based materials. In the following sections, we will give

specific examples on different defective carbon materials promoted ORR.

3 Non-Metal Induced Defective Carbons for the ORR

In recent years, the newly developed carbon materials, including carbon nanotubes, graphene and
mesoporous carbons have attracted intensive investigations. The unique physical and chemical
properties of these carbons render them as potential metal-free ORR catalysts, particularly after the
modification of heteroatoms (such as N, S, B, P and F). Of which, nitrogen has been more intensively
investigated than other foreign elements. Comparted to other heteroatoms, nitrogen could more
effectively alter the electronic and crystal structures of the carbons, enhance their chemical stability,
surface polarity, electric conductivity, and electron-donor properties.®®° Therefore, it could effectively
promote the ORR.!® 3% 71-72 Normally, four types of nitrogen states are considered to be relevant to the
ORR. They are pyridinic N, pyrrolic N, quaternary N and pyridine-N-oxide. Pyridinic N is the nitrogen

atoms located at the edge of the graphene planes, where each N atom coordinates with two carbon atoms
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and donates one p-electron to the aromatic z-system.” ™ Pyrrolic N refers to the nitrogen atoms that are
incorporated into the five-membered heterocyclic rings, which are bonded with two carbon atoms and
offer two p-electrons to the z-system.”> Quaternary N, also known as graphitic N, in which nitrogen
atoms are merged into the graphene plane and bonded to three carbon atoms.” Pyridine-N-oxide can be

described as the N atoms that are bonded to two carbon atoms and one oxygen atom.”

Besides the configurations of the heteroatoms, it is revealed that their electronegativity may also
influence the charge density of the carbon atoms in the sp? lattice. No matter the heteroatoms are
electron-rich nitrogen and oxygen, or electron-deficient boron (the electronegativities of C, N, O and B
atoms are 2.55, 3.04, 3.44 and 2.04, respectively).'® 777 The modified carbon atoms may facilitate the
formation of adsorption sites for oxygen and thus being beneficial for the ORR. In this section, an
overview of recent development on three kinds of carbon-based ORR catalysts will be presented. They
are heteroatoms modified carbon nanotubes, graphene and mesoporous carbons, since the unadulterated
carbon materials normally show very low electrocatalytic activity. Particularly, the influence of the
carbon microstructure and configuration, the type of the heteroatoms on the ORR performance of the

synthesized defective catalysts will be discussed.

3.1 Carbon Nanotube-Based Materials for the ORR

Carbon nanotubes (CNTs) were firstly discovered by lijima in 1991.7® They are tubular cylinders
of carbon atoms that have extraordinary mechanical, electrical, thermal, optical and chemical properties.
These excellent characteristics render them ideal for a wide range of applications, such as catalyst
support,”® energy conversion catalysts,**3 biosensors,3* etc. According to the layer of the wall, CNTs
can be classified into single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes

(MWCNTs).

For modified CNTs to catalyze the ORR, Dai and co-workers did a series of pioneering and
significant work in this field.'® 3% For example, they synthesized a nitrogen-doped vertically aligned
carbon nanotubes (VA-NCNTs) as an ORR catalyst (Fig. 2 (a) and (b)). The VA-NCNTs show
comparable activity to that of the commercial Pt/C for the ORR in alkaline solutions (Fig. 2 (c)). The
quantum mechanics calculations show that the improved ORR performance of the VA-NCNTSs can be
ascribed to the high electronegativity of N and the generation of positive charge on the surrounding C
atoms. The modified carbon atoms enhanced the oxygen adsorption and readily attracted electrons from
the anode to facilitate the ORR (Fig. 2 (d) and (e)).!® This study shows that the carbon atoms near the
incorporated nitrogen are the possible active sites for the ORR. In addition, they employed a pure metal-
free method fabricated another kind of NCNTs.* As shown in Fig. 2 (f), a SiO./Si wafer was firstly
water-plasma treated to produce SiO, nanoparticles as a catalyst on the substrate. This nanoparticles
coated substrate was then transferred to a tubular furnace for the metal-free growth of CNTs by a

chemical vapour deposition (CVD) method. The results show that compared to the unmodified CNTs



synthesized by the same approach, the nitrogen modified sample NCNTs shows greatly improved ORR
activity in an acidic solution. They claim that the ORR performance enhancement is exclusively due to
the introduction of nitrogen into the tube structures.®® This result is consistent with their previous work

on nitrogen modified CNTs for the ORR.
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Fig. 2 (a) SEM image of the as-synthesized VA-NCNTs on a quartz substrate; (b) Digital photograph
of the VANCNT array after having been transferred onto a PS-nonaligned CNT conductive
nanocomposite film; (c) LSV curves of the prepared samples in an air-saturated 0.1 M KOH for Pt/C
(curve 1), VA-CCNT (curve 2), and VA-NCNT (curve 3); (d) Calculated charge density distribution for
the NCNTs; (e) Schematic representations of possible adsorption modes of an oxygen molecule at the
CCNTs (top) and NCNTs (bottom).'® Reprinted with permission from ref. 16. Copyright 2009, AAAS.
(f) Metal-free growth of nitrogen-doped CNTs for the ORR.* Reprinted with permission from ref. 86.
Copyright 2010, American Chemical Society.

In addition to the work carried out by Dai and co-workers, other researchers also revealed that
heteroatom modification plays vital roles in improving the ORR activity of the CNTs, especially with
nitrogen.’”” For example, via the density functional theory (DFT) simulations, Jiang ef al. studied the

reaction mechanisms of the ORR on graphite-like N groups (Ng) and pyridine-like N groups (Np)
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nitrogen-doped carbon nanotubes (NCNTs).”! The calculations show that there is no big difference
regarding the two-electron and four-electron pathways for the ORR at Ng and Np defect sites in the
lower potential range. However, at higher potentials, Np defect sites are more advantageous than Ng
over the four-electron reduction. It is also suggested that the reason why the pure CNT's show very low
activities toward the ORR is that OOH cannot be adsorbed on the pure CNTs.”! In addition, Kauppinen
and co-workers also applied the DFT model probed the origin of the ORR in the NCNTs.”” Based on
their simulations, a kind of defect N4V,H> (N: N atoms, V: carbon vacancies, H: H atoms) is regarded
to be the ORR active sites in the NCNTs. Besides, they found that the formation of defects and the
binding energy of oxygen to the defects are related to the radius of the nanotubes. Only when the
nanotube radius is large enough, then it will be effective for the ORR.’ This investigation further proves

that the actual ORR active sites in the nitrogen modified CNTs are the defective carbons.
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Fig. 3 (a) The influence of precursors on the diameter distribution of the prepared NCNTs; (b) Steady-
state polarization curves comparison of the NCNTs that synthesized by different precursors; (c) The
dependence of onset potential on N distribution and tube diameter (N1, N2, and N3 stand for pyridinic,
pyrrolic, and graphitic nitrogen, respectively).”® Reprinted with permission from ref. 98. Copyright 2015,

American Chemical Society.

Recently, this presumption was experimentally examined by Ajayan et al..”® Through a liquid CVD
method by elaborately selecting different nitrogen containing precursors, they successfully synthesized
a series of NCNTs with variable diameters, as shown in Fig. 3 (a). The electrochemical test results in

Fig. 3 (b) indicate that the prepared NCNTs with larger diameters are more favorable for the ORR. For



example, NCNT-ACN with the largest diameter shows the most positive onset potential as well as
highest current density compared to its smaller diameter counterparts (Fig. 3 (c)). They conclude that
the larger diameter nanotubes could lower the oxygen adsorption energy, enhance the conductivity, and
increase the nitrogen content in the NCNTs. All these modifications finally contributed to the high ORR
activity. Besides, it reveals from Fig. 3 (c) that both pyridinic-N and graphitic-N are beneficial for the
ORR.” This result is in agreement with previous investigations that NCNTs with higher content of
pyridinic-N show higher catalytic activity and selectivity toward the ORR.*>*’ Moreover, Jousselme et
al. also found that NCNTs with a relatively higher content of graphitic-N exhibit better ORR
activities.'® In order to probe the active sites of the NCNTs and optimize the ORR performance,
Wagberg et al. used a NCNT that contains six different types of nitrogen functionalities as the starting
material, and fabricated a series of modified NCNTs.!”! It is shown that the quaternary nitrogen
(graphitic-N) located at the edge of the graphene planes is more active for the ORR, since the edges are
enriched with carbon defects. These defect sites will facilitate the incorporation of nitrogen and
accordingly the activation of the carbon atoms. In addition, the heat treatment process will unavoidably
remove the doped nitrogen from the carbon structures. This process is highly possible to cause the re-
arrangement of the carbon atoms and subsequently form certain types of defects. Apparently, the newly

created defects are quite possible beneficial for the ORR.

Besides nitrogen atoms, another heteroatom boron (B) was also utilized to modify the carbon
materials for catalyzing the ORR. It is shown that B can accept electrons from carbon due to its three
valence electrons configuration, which could shift the Fermi level to the conducting band.”” To dope B
into the carbon structures, the frequently used methods are treating carbon precursors with B sources
(such as boron powder!'%? and boric acid!®®) at high temperatures, or by the CVD approach.”® For example,
Hu et al. successfully introduced B into the CNTs through the CVD method. They found that the B-
doped CNTs show high ORR performance from the aspect of activity and stability.”® Inspired by this
finding that B-doping could also effectively catalyze the ORR, Dai et al. employed a facile pyrolysis
method prepared boron and nitrogen co-doped vertically aligned (VA-BCN) nanotubes,?” aiming to
further improve its performance. As expected, the VA-BCN nanotubes exhibit higher ORR activity than
that of the single B or N doped CNTs in an alkaline medium. Possibly due to the incorporation of both
B and N into the CNTs produced a synergetic effect that is beneficial for the ORR.}” However, the
subsequent study carried out by Hu et al. revealed that not all B and N co-doped CNTs show improved
ORR activity. The investigation shows that the ORR is also related to the dopants’ configuration.'%*
Through well designed experiments, they successfully synthesized two kinds of B and N co-doped CNTs,
one is dominated by bonded B and N, the other is feathered by separated B and N (illustrated in Fig. 4).
Both the experimental and theoretical results show that it is very difficult to break the inert property of
the CNTs when the doped B and N are bonded together. The possible reason is that the majority of the

lone-pair electrons from the N dopant are neutralized by the vacant orbital from the B dopant. Therefore,
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the activation of carbon x electrons is hardly to happen due to the lack of electrons or vacant orbitals.
This is why it did not show improved ORR activity compared to the undoped CNTs. Besides, this
investigation is in good agreement with previous DFT simulation results that B and N will be transparent
to conduction electron if they are in a bonded state within the doped CNTs.!% On the contrary, the
separated arrangement could interrupt the electroneutrality of the sp? carbon in a large extent. This
alteration could create adequate active sites for oxygen absorption and reduction, thus it shows obviously
improved ORR performance.'® 19 Apparently, all these studies prove that if the heteroatoms could
effectively alter the electronic structures of the adjacent carbon atoms, the modified carbon materials

will effectively catalyze the ORR.
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Fig. 4 ORR performance comparison of the B and N co-doped CNTs that dominated by bonded or
separated B and N.!% Reprinted with permission from ref. 104. Copyright 2013, American Chemical
Society.

Essentially, CNTs and graphene are the same material, only present in different configurations. In
principle, it is possible to unzip the outer layer of the MWCNTSs and develop a “new” material that
couples with CNTs and graphene. This new composite material could take advantage of the unique
physical and chemical properties of both CNTs and graphene, and may ideal for efficient ORR catalysis.
It is interesting that Tour and co-workers successfully unzipped the CNTs by a simple solution-based
oxidation method. Particularly, the opening extent of the CNTs can be controlled by tuning the amount
of potassium permanganate (KMnQO,). For example, from partly unzipped CNTs to fully opened single
layer graphene nanoribbons.!% Subsequently, they optimized the reaction conditions and fabricated high
quality graphene oxide nanoribbons from the MWCNTs with less defects and holes on the basal plane.'%’
To extend the application of such new materials, Dai et al. used few-walled CNTs as the starting material,
and then exfoliated their outer layer via an oxidation method. Afterwards, nitrogen was introduced into
the complex under an ammonia atmosphere at a high temperature.'® It can be seen from Fig. 5 (a) and

(b) that the outer walls of the CNTs are partially unzipped, and the formed small graphene sheets are
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connected to the intact inner walls of the CNTs. It is suggested that the synthesized complex with plenty
of edge and defect spots is favorable to form catalytic sites for the ORR when treated with ammonia. As
shown in Fig. 5 (c) and (d), the resulting sample carbon nanotube-graphene complex (NT-G) not only
exhibits excellent ORR activity in alkaline media, but also shows remarkable ORR performance in
acidic solutions. According to the atomic level investigations regarding the ORR active sites by a series
of advanced characterizations, such as annular dark-field imaging and electron energy loss (EEL)
spectrum imaging in an aberration-corrected scanning transmission electron microscopy (STEM), X-
ray photoelectron spectroscopy (XPS), and inductively coupled plasma mass spectroscopy (ICP-MS), it
is found that both the doped nitrogen and the Fe impurities from the growth of CNTs are crucial to the
ORR. Meanwhile, the novel structure of the catalyst is also indispensable. The unzipped and damaged
outer walls of the CNTs could provide abundant defective sites for oxygen absorption and reaction, and

the intact inner tubes are responsible for the rapid charge transfer during electrocatalysis process.!'*®

C od o mron d o- 01 MHCIO,
T‘E -1 ’T‘E 1o
o 1 [}
< 4 < -2
£ 2] £
> e RO 1
e =
{ =4 1 L =S
S -4 S -4
e e
£ <51 £ =5
= } =3
O 1 O
_6_ —6_
T T T T T T T T T T T T T T T
02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09
Potential (V versus RHE) Potential (V versus RHE)

Fig. 5 (a) and (b) Aberration-corrected TEM images of the NT-G material, showing damaged outer
walls and exfoliated graphene pieces attached to the double- or triple-walled CNTs; (c) and (d) RDE
polarization curves of the Pt/C and NT-G in O;-saturated 0.1 M KOH and 0.1 M HCIO; solutions,
respectively.!® Reprinted with permission from ref. 108. Copyright 2012, Springer Nature.

3.2 Modified Graphene as Metal-Free Catalysts for the ORR
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As a new rising star, graphene has been received tremendous research attention due to its unique
structure as well as its chemical, electronic, and mechanical properties. All these advantageous features
render it as a promising candidate for a wide variety of applications. For example, it can used in the
areas of electronics, biological engineering, photovoltaics, energy generation and storage.!®-!!'! A case
in point is as ORR catalysts.!'*!'7 Similarly, tailoring the electronic structures of the graphene by
heteroatoms modification should also be a feasible approach to fabricate highly active ORR catalysts

for fuel cell applications.

Henrard et al. employed scanning tunnelling microscopy (STM) simulations studied the electronic
properties of N and B modified graphene and CNTs.!!® The predicted STM patterns show common
fingerprints for graphene, metallic or semiconducting for CNTs. It is shown that the STM images are
highly relevant to the local density of states of the carbon atoms near the doping defects.!'® Recently,
Ducastelle et al. investigated the structural and electronic properties N-modified graphene by the STM
along with the DFT and the tight-binding calculations. They found that different arrangements of
nitrogen impurities can be clearly detected, such as the single graphitic N atoms are presented as typical
triangles.'!” These investigations provide strong theoretical assistance for future experimental researches
on chemically modified carbon nanomaterials via the STM. Besides, Hou et al. studied the influence of
inherent point defects in graphene on the nitrogen doping by the DFT simulations from the aspect of
energy profile.!? It is revealed that N doping in perfect graphene is endothermic, but it becomes
exothermic in defective graphene. It also shows that the carbon atoms near the defect sites are more
favourable to attract N atoms and energetically beneficial for the doping process.'?® Xia er al. applied
the DFT method probed the ORR mechanism on N-modified graphene as well. It is illustrated that the
introduction of nitrogen atoms could bring no-pair electrons to the graphene and modify its atomic
charge distribution. This will subsequently account for the high ORR performance.'! It can be seen that

after the modification of nitrogen, the resulting defective graphene is more active for the ORR.

The development of modern microscope technologies render it possible to capture some direct
evidences regarding the electronic structures of the graphene at atomic levels, particularly after the
modification of heteroatoms. For example, Bao et al. applied a one-step direct chemical method
successfully synthesized N-modified graphene under solvothermal conditions. Then they observed the
electronic perturbation in the graphene structures via the STM for the first time. The perturbation is
caused by the introduction of nitrogen atoms.!?? From Fig. 6 (a), it can be seen that the sample is a
bilayer graphene, which is further confirmed by the high resolution STM images in Fig. 6 (b) and (c).
In addition, this is also consistent with the previous reported results that the lattice constant of the small
triangular grid motif is 2.4 + 0.1 A.12212¢ According to the analysis, the bright areas in the STM images
were possibly induced by the incorporation of N atoms. The presence of defects and the electronic
structure perturbation in the graphene network can also be observed from these STM images. The

corresponding DFT simulations further supported this assumption from another angle, as shown in Fig.
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6 (c) and (d).'*? The ORR test results show that the N-modified graphene exhibits obviously improved
activity compared to the pristine graphene. This study demonstrates the crucial role of nitrogen in

interrupting the graphene to create defective active sites for the ORR.
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Fig. 6 (a) Isolated bilayer N-doped graphene, the black curve on top showing the height measurement
across this bilayer; (b) and (c) High resolution images with defects arranged in different configurations;
(d) Simulated STM image for (c). The inserted schematic structures represent N-modified graphene.'?

Reprinted with permission from ref. 122. Copyright 2011, American Chemical Society.

For preparing N-enriched graphene, many methods can be used. For example, the CVD method,*®
125,126 pitrogen plasma irradiation,'”’ post ammonia treatment,’® 1?2 and through the pyrolysis of
graphene oxide with nitrogen precursors.!3%!32 Ruoff et al. employed two different methods (ammonia
treatment and N-containing polymers pyrolysis) doped nitrogen into the graphene and investigated their
influence on the ORR. It is shown that the bonding state of nitrogen has obvious influence on the ORR.
Specifically, when treated the graphene under an ammonia atmosphere, it preferentially formed
graphitic N and pyridinic N. However, when utilizing polyaniline and polypyrrole as the nitrogen
sources, it is more likely to produce pyridinic and pyrrolic N. It is revealed that the modified graphene
with a higher content graphitic N shows higher limiting current density, while the one with higher
pyridinic N exhibits more positive ORR onset potential.”> Obviously, different configurations of

nitrogen in the carbon matrix will have different impact on the adjacent carbon atoms, thus it shows

distinct ORR behaviours.
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In addition to the heteroatom N, other foreign elements were also used to modify graphene to
improve its ORR performance. As shown in Fig. 7, N or S-doped graphene was successfully fabricated
by thermal reactions between graphene oxide and the guest gas NH3 or H,S at high temperatures on the
basis of graphene oxide-mesoporous silica sheets.!** Through this unique approach, the porous silica
layer is able to facilitate the mass transportation during the thermal reaction process. Besides, it could
also help to retain the layered graphene structures. It is shown that the resulting N-modified graphene
and S-modified graphene exhibit good electrocatalytic activity and long durability as metal-free ORR
catalysts. The ORR performance of those modified graphene is comparable to that of the commercial
Pt/C.!33 Apart from the traditional methods to prepare graphene from graphite, Liu et al. developed a
novel one-step magnesiothermic reduction approach synthesized a crumpled S-doped graphene with a

few layers.!™

The prepared S-modified graphene shows more positive onset potential and higher
limiting current density than those of the pure graphene. They pointed out that the high ORR activity of
the prepared catalyst is due to its graphitized and hierarchical porous structures. These unique structures

could provide abundant sites to absorb and reduce oxygen after the modification of sulfur.'3*

VYA Sy

S e s S o

{vv‘ o) ity
Attt oty

AR S A

'«I‘v\&/««w&/wg
A

S A g e

(4-1) Removal of silica__,

Cc e Graphitic N

N-doped graphene-porous silica sheets N-doped graphene : Pyrolic N o Pyridinic N

(NG-silica) (NG)

. “HNu
" Buijesuuy
(1-€)

(1) Adsorption of CTAB
e —
(2) Hydrolysis of TEOS
Graphene oxide-porous silica sheets Graphene oxide
{GO-silica) (GO)

g g g g B g
SN
Pt oL S A A
WA A® A A A b
AL SR

(4-2) Removal of silica

—

AV AR AA
GO0 20 2h 20 20 an
c < Thiophene S
S-doped graphene-porous silica sheets S-doped graphene . s-0 ophene
(SG-silica) (SG)
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permission from ref. 133. Copyright 2012, John Wiley and Sons.
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According to the work conducted by Huang and co-workers on S-doped graphene, the high ORR
activity of heteroatoms modified carbon nanomaterials may not derive from the electronegativity
differences between the carbon atoms and the foreign elements. This is because the electronegativities
of carbon and sulfur are very close (2.55 vs 2.58), but the S-doped graphene still exhibits excellent ORR
performance.'? Therefore, alternative mechanisms, such as the defects promoted catalysis mechanism
can be used to explain the ORR performance improvement for the S modified graphene. For example,
Baek et al. applied theoretical calculations investigated the origin of S-functionalized graphene. It is
proposed that the introduced sulfur atoms and sulfur oxides could alter the electronic spin density and
the charge density of the surrounding carbon atoms significantly. This modification plays important
roles in promoting the ORR.!*® Furthermore, Xia and co-workers also probed the ORR active sites and
reaction mechanisms of S-doped graphene by the DFT calculations.'?’ It is revealed that the ORR active
sites are those carbon atoms located at the graphene edges or near the doped SO, sites. Those centers
exhibit high positive charge density or spin density after the incorporation of S, and thus could favor the
high efficient four-electron ORR pathway.'?’ Apparent, the catalysis mechanism based on defect

structures is a general mechanism to explain the heteroatoms modified carbons for the ORR.

Besides the modification of graphene by N or S, the halogenated carbon materials, particularly
graphene also show enhanced ORR activity.'**!* For example, Dai and co-workers employed a ball-
milling method successfully prepared various edge-selectively halogenated (chlorine (Cl), bromine (Br)
and iodine (I)) graphene nanoplatelets.!*® It is shown that all the three halogenated graphene catalysts
exhibit improved ORR performance compared to the graphite. Meanwhile, the iodine modified graphene
nanoplatelets show the highest ORR activity among them. This is because the incorporation of iodine
into the graphene edges render the modified graphene most effectively attracting the oxygen molecules
and subsequently weakening the O-O bond.'*® In addition, they also fabricated a N, P and F tri-doped
graphene via the pyrolysis of polyaniline-coated graphene oxide in the presence of ammonium
hexafluorophosphate. The synthesized electrocatalyst shows excellent ORR performance in alkaline
solutions. This is due to the surface properties alterations and the introduction of defects into the
graphene sheets during the incorporation of the heteroatoms.'*! As can be seen, this investigation also

supports the effective role of defects in promoting the ORR.

3.3 Modified Mesoporous Carbons for the ORR

The development of ordered porous carbon materials with controllable structures is another
promising strategy to promote the ORR. Particularly after the modification of heteroatoms, such as N,
P, B, S, F and O. The investigations indicate that compared to other configurations, the ordered porous
structures could provide more active sites for the oxygen absorption and reaction.'* The contribution of

mesopores (2-50 nm) for the mass transportation of ORR-relevant species may also facilitate the
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ORR.'" This is owing to the multiple advantages of mesoporous materials, including high specific
surface area, adjustable pore size, and large pore volume with narrow pore size distributions.!46-150
Therefore, many mesoporous carbon-based materials have been synthesized as ORR catalysts in recent
years. Typical examples include N-modified mesoporous carbon spheres,!>!"!>> N-modified carbon
nanosheets with size-defined mesopores,'>* N-modified mesoporous graphene,'>> ordered mesoporous
carbon nitrides,'>® B-modified mesoporous carbon,'>’ P-modified mesoporous carbon,'*® and N/S,15% 160

N/O,'! N/F'% co-modified carbon materials.

Miillen et al. fabricated a series of N-modified carbon nanosheets (NDCN) with uniform and
adjustable mesopores by using a template method, as schemed in Fig. 8 (a).!>* Fig. 8 (b) shows a TEM
image of the graphene-based silica nanosheets that sandwiched with close-packed colloidal silica with
the particle size of 22 nm (G-silica-22). From which, we can see that the silica spheres are
homogeneously attached to the surface of the graphene-based silica nanosheets (G-silica). The
mesoporous NDCN with the desired pore size (22 nm) was successfully synthesized after removing the
silica template (Fig. 8 (c)). By the same approach, they also prepared NDCN with other pore sizes, such
as 7 nm. The electrochemical performance test results show that the resulting NDCN with the pore size
of 22 nm exhibits comparable ORR performance to that of the commercial Pt/C in alkaline media. It can
be attributed to the special planar mesoporous shell structures that could provide sufficient active sites
on the NDCN surface and boost the electrolyte/reactant diffusion during the ORR process.'>*
Interestingly, Yu and co-workers applied a templateless method fabricated a N-modified mesoporous
graphene. The graphene was synthesized by treating the mixture of the pre-synthesized graphene oxide
and polydopamine at high temperatures directly.'> The polydopamine not only acting as the nitrogen
source, but also efficiently preventing the re-aggregation of the graphene nanosheets during the
pyrolysis process. The investigation shows that the prepared sample exhibits obviously improved ORR
activity compared to the reference samples (without well-defined structures). This can be ascribed to its

high specific surface area, mesoporous architecture as well as the modification of the nitrogen.'>

17



&% a) TEOS/CTAB

Hydrolysis

Graphene Oxide G-Silica
Colloidal Silica/ b)
Assembly
/
~ H20 2
E 02
c) Dopamine
Pyrolysis/ = OO0008 =,
NDCN etshing G-Silica-X

Fig. 8 (a) Schematic illustration the preparation of nitrogen-modified carbon nanosheets (NDCN) with
the desired pore size; (b) Typical TEM image of G-silica-22, revealing the uniform adhesion of silica-
22 on the surface of G-silica; (c) Morphology and microstructure of the resulting NDCN-22.!3
Reprinted with permission from ref. 154. Copyright 2014, John Wiley and Sons.

In addition, Yu et al. successfully synthesized P-modified ordered mesoporous carbons (POMCs)
with different lengths. Thereafter, they investigated the influence of the length of the porous carbons on
the ORR in alkaline solutions.'*® It is found that the prepared POMC with shorter rod length exhibits
higher ORR activities. This is possibly due to its higher surface area and the lower resistance of the
shorter channels. Besides, it is shown that the introduction of P into the ordered structure is also crucial
to the ORR. As suggested, the incorporation of P may induce defects in the carbon network and disturb
the electronic structures owing to its high electron-donating property. This alteration could facilitate the
oxygen adsorption and subsequently promote the ORR.!3 192163 Recently, Lee et al. proposed that the
POMC with larger pore size (POMC-L) is more beneficial to improve the cell performance. They used
the pre-prepared POMC-L as the starting material, and then further treated it under different conditions.
This treatment is to adjust the nitrogen doping site positions to reach a better electrocatalytic

performance, as schemed in Fig. 9 (a).'* Fig. 9 (b) and (c) show the TEM and SEM images of the
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prepared N-doped POMC-L (NPOMC-L2). It is obvious that the resulting sample exhibits very uniform
and ordered mesoporous structures. The single-cell test results prove that the N, P co-modified sample
NPOMC-L2 with larger pore size and properly controlled nitrogen doping sites shows significantly
enhanced onset potential compared to the undoped sample with smaller pore size. Remarkably, the
power density of the NPOMC-L2 can reach as high as 70% of the commercial Pt/C, as shown in Fig. 9
(d).!** This study suggests that the pore size of the electrocatalysts is directly related to the cell
performance. Therefore, it is a viable option to tune the catalytic activity of the electrocatalysts by
adjusting their pore size. In addition, the active sites can be easily accessed by the reactants if they are
located in the mesoporous region. This will increase the mass transport efficiency and realize a high

utilization of the catalyst layer.
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Fig. 9 (a) Schematic representation of the synthetic conditions for additional nitrogen doping into the
POMC-L; (b) and (c) TEM and SEM images of the prepared NPOMC-L2; (d) Polarization curves of
MEAs at 60 °C (open and closed symbols correspond to cell voltage and power density, respectively).'#

Reprinted with permission from ref. 144. Copyright 2015, John Wiley and Sons.
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4 Intrinsic Carbon Defects Promoted ORR

From the above discussions, it is obvious that the nature of heteroatoms doping to improve the ORR
activity of carbon materials is most likely to activate the adjacent carbon atoms to make them active for
the ORR. It means that the real ORR active sites may be the carbon atoms themselves. Theoretically,
this is a big breakthrough in revealing the reaction mechanisms of electrocatalysis, such as on the ORR
active sites of metal-free electrocatalysts. Following this newly established catalysis mechanism based
on defect structures, many issues regarding the heteroatoms doping, particularly N-doping, are now can
be solved. For example, the relationship between the nitrogen concentration and the ORR performance

19, 59, 72, 96, 131, 164-167 but now it can be

of the N-doped carbon materials used to be an ongoing debate,
explained by using the proposed defects driven catalysis mechanism. This is because the incorporated
nitrogen is not the active sites for the ORR, but providing an approach to alter the electronic structures
of the surrounding carbon atoms. Therefore, the concentration of nitrogen is not directly related to the
ORR performance. Comparatively, how the introduced nitrogen affects the carbon electronic structures
is more important in promoting the ORR. Similarly, the argument on whether the graphitic N or the

pyridinic N is more active for the ORR?®: 9% 9% 100. 168, 169

can also be clarified by applying the defects
promoted catalysis mechanism. From recent advancement on developing various defective carbons for
the ORR,3¢ 6% it can be found that any methods that could alter the electronic configurations of the
carbon atoms are also capable of promoting the ORR. The synthesized defective carbons are possibly
more effective than the heteroatoms modified carbons to catalyze the ORR. This section will summarize

recently published work on intrinsic carbon defects promoted ORR.

4.1 A Defects Driven Catalysis Mechanism for the ORR

In recent years, a generally accepted defects driven catalysis mechanism has be established based
on the extensive research on uncovering the veil of the active sites in metal-free ORR electrocatalysts.*":
53-58 Particularly, a series of pioneering work has been carried out by Yao and co-workers to probe the
ORR active sites in metal-free ORR catalysts.?* 3 916> Gradually, it is realized that carbon defects are
the actual active sites in various modified carbon-based ORR catalysts. The first systematic work on
defects promoted ORR was published in early 2015. It is shown that a porous carbon material with
newly created defects is an efficient ORR catalyst. It could catalyze the ORR more efficiently than the
nitrogen modified carbons.®! First of all, the theoretical simulations were applied to probe the reaction
pathways of the defective carbon. To simplify the calculations, a stable and representative divacancy
G585 (contains two pentagons and one octagonal) defect has been selected for the modelling.!”*!7® The
structure of the G585 defect can be found in Fig. 10 (a).®' Herein, four catalysts have been calculated in
terms of energy profile using the DFT models. It can be observed from Fig. 10 (b) that the incorporation
of nitrogen into the graphene could dramatically lower the adsorption energy of oxygen. However, it is
unfavourable for the following reactions compared to the ideal catalyst. For example, the reaction barrier

of reducing the chemisorbed oxygen atoms is relatively high. In contrast, graphene with G585 defect
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not only could facilitate the adsorption of oxygen, but also could lower the energy barrier for the
following reactions. It is comparable to that of the ideal ORR catalyst Fig. 10 (b). This means that pure
carbon materials with certain types of defects can be used as highly effective ORR -catalysts.
Subsequently, this conclusion was examined experimentally by fabricating defective carbons from a N-
containing porous aromatic framework (PAF-40). The evenly distributed nitrogen in the PAF-40 sample
was removed by a high temperature treatment. Naturally, various defects, such as the G585 are quite
possible to be formed during the nitrogen removal process. By treating the PAF-40 at elevating
temperatures, the nitrogen contents were decreased gradually in the resulting samples, as proved by the
XPS analysis (Fig. 10 (c)). The corresponding Raman spectra in Fig. 10 (d) show the generation of
defects in the carbon samples. As expected, the samples with less nitrogen show more positive ORR
onset potentials and near-four electron-transfer number (Fig. 10 (e) and (f)).%! It is suggested that the
excellent ORR performance of the resulting samples can be attributed to the newly created topological
defects by removing the nitrogen atoms from the carbon matrix. In addition, this experimental result is

a strong support to the corresponding theoretical simulations.
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different nitrogen bonding states in the prepared samples; (d) Raman spectra of the synthesized samples;

(e) The relationship between the nitrogen contents and the onset potentials of the samples; (f) Kinetic
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current densities and the electron-transfer number of the prepared samples.®! Reprinted with permission
from ref. 61. Copyright 2015, The Royal Society of Chemistry. (g) HRTEM image of the sample PC-
18-950 (Inset: Structure of IRMOF-8.""” Reproduced from Ref. 177 with permission from The Royal
Society of Chemistry.); (h) LSV curves at 1600 rpm of PC-18-950, Pt/C and XC-72 catalysts; (i)
Methanol tolerance test of the PC-I8-950 sample and the commercial Pt/C.%* Reprinted with permission

from ref. 62. Copyright 2016, The Royal Society of Chemistry.

For electrocatalysis, trace impurities, either metals or non-metals are possible the actual active sites
for the catalytic reactions. For examples, the major contributor of many reported “metal-free” ORR
electrocatalysts may be the trace metal impurities.!”8'% It is very hard or even impossible to completely
remove the catalyst Fe (normally used for the growth of CNT) from CNTs, since it is embedded or
coordinated with the carbon atoms. The PAF-40 derived defective carbon C-1000-O still contains 0.21
at.% nitrogen. Although it shows very clear activity-N relationship (the lower the N, the higher the
activity), it is reasonable to eliminate the possible effect of the trace amount of residual N on the ORR.
In this regard, Yao and co-workers designed another experiment to fabricate N-free defective carbons.
Specifically, a nitrogen-free Zn-enriched metal organic framework (IRMOF-8, the structure can be seen
from the inset of Fig. 10 (g)) was carbonized at high temperatures.®> As Zn has a low boiling point of
~907 °C, it will be removed through evaporation when being heated at a temperature higher than its
boiling point. For example, the containing Zn was completely removed at a temperature of 950 °C, as
verified by the XPS analysis (also no nitrogen is detected). The removal of Zn is similar to the removal
of N from the carbon structures, thus it is highly possible to produce the effective defects to promote the
ORR. As expected, the resulting defective porous carbon PC-18-950 (Fig. 10 (g)) exhibits obviously
improved ORR performance (Fig. 10 (h)). Remarkably, the onset potential is even comparable to that
of the commercial Pt/C, and it is free from methanol poisoning (Fig. 10 (h and i)). This study fully
suggests that it is not the impurities (N or Zn) but the newly created carbon defects via the removal of
the Zn atoms from the IRMOF-8 structures facilitated the ORR.®?> Apparently, this investigation is a
strong support and complementary to the proposed defects driven catalysis mechanism. In addition, it
also shows that apart from the nitrogen atom, the removal of other heteroatoms (including metal atoms)
from the carbon structures could create the effective defects for the ORR as well. Therefore, it is a

general method to produce defective carbons by removing heteroatoms from the carbon matrix.

More in-depth and systematical theoretical investigations have been carried out by Xia et al. on
defects promoted ORR. They probed the electronic structure and ORR performance of graphene with
various point and line defects via the DFT calculations.® Their simulation results show that both the
point and line defects in graphene could alter the local electronic configurations and charge distributions

of nearby carbon atoms. These modifications are possible to make the defective graphene for efficient
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ORR catalysis. It is found that only particular types of point defects, such as the one has a pentagon ring
located at the zigzag edge could catalyze the ORR (PZ, Fig. 11 (a) inset). In addition, according to their
calculations, the odd number of octagon rings and fused pentagon rings line defects at the edge of the
defective graphene (GLD-558-01, Fig. 11 (b) inset) are the proposed ORR active sites as well. It means
that the combination of certain types of defects and the edge structures are contributing to the excellent
ORR activity of the defective graphene. Fig. 11 (a) and (b) are the calculated free energies at different
potentials for the graphene with PZ and GLD-558-01 defects, respectively. It can be observed that
graphene with the GLD-558-01 defects shows higher ORR activity than that of with the PZ defects. This
is consistent with the reported theoretical simulation results.> 18! 182 Remarkably, in terms of energy
barriers, the defective graphene shows similar ORR activity to the Pt(111) surface'®* and nitrogen

modified porous carbons.®
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Fig. 11 (a) Defective graphene cluster with pentagon ring at the zigzag edge (PZ) and the corresponding
calculated reaction free energy diagram for the four-electron transfer ORR process; (b) Defective
graphene cluster with odd number of octagon rings and fused pentagon rings line defect (GLD-558-01)
and the corresponding calculated reaction free energy diagram for the four-electron transfer ORR

process.* Reproduced from Ref. 64 with permission from the PCCP Owner Societies. (¢) Schematic
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structural characters of the carbon nanocages. I, II, and III represent three typical defective locations
(the corner, the broken fringe, and the hole, respectively); (d) Raman spectra of the prepared samples;
(e) LSV curves of CNC700-, CNC800-, and CNC900-tested in O»-saturated 0.1 M KOH solution with
the rotating speed of 2500 rpm; (f) Defect models used for theoretical calculations. Pentagon
(highlighted), hole, zigzag edge and armchair edge; (g) Free energy diagrams derived from the DFT
calculations for ORR activity of different defects; (h) Theoretically predicted and experimentally
observed onset potentials of the defective carbon nanocage CNC700.% Reprinted with permission from

ref. 65. Copyright 2015, American Chemical Society.

Hu and co-workers subsequently studied the influence of the intrinsic carbon defects on the ORR,
both experimentally and theoretically.®> They prepared a dopant-free carbon nanocage enriched with
various intrinsic carbon defects, including the cage corner pentagon defects, the broken fringe edge
defects, and the holes in the shell, as shown in Fig. 11 (c). The nanocages synthesized under different
temperatures show different defective characters, as indicated by the corresponding Raman spectra in
Fig. 11 (d). Among the fabricated defective nanocages, the CNC700 (treated at 700 °C) shows the
highest Ip/lg ratio. It means that the CNC700 contains the largest amount of defects. The corresponding
electrochemical test results show that the CNC700 also exhibits the most positive onset and half-wave
potentials among the three samples (Fig. 11 (e)). These results fully demonstrate the crucial role of the
intrinsic carbon defects in promoting the ORR. Besides, the ORR activity of the CNC700 is comparable
or even better than that of the reported nitrogen modified carbon materials.’ '3+186 Afterwards, they
established four models (pentagon, hole, zigzag edge and armchair edge) for the DFT calculations (Fig.
11 (f)). The calculated energy profiles in Fig. 11 (g) shows that the pentagon and zigzag edge defects
are more active than other types of defects. This result is further supported by the theoretically predicted
onset potential ranges for the modelled four defects, as shown in Fig. 11 (h).®> 87 This study provides
deep insight into the origin of the ORR in dopant free carbon materials. It is revealed that certain types
of intrinsic carbon defects, such as the pentagon and zigzag edge defects are responsible for the efficient
ORR catalysis. This finding could be beneficial for designing active metal-free electrocatalysts for

practical applications.

Although tremendous investigations have been devoted to establishing a catalysis mechanism based
on defect structures for the ORR, the direct observation of the proposed defects, such as the pentagon
and G585 defects is still very difficult. This is because most of the prepared defective carbons are present
in three-dimensional porous structures. The complexity of the defective samples makes them unsuitable
for the TEM characterizations. In order to gain direct evidences regarding the formation of the proposed
effective defects in the defective carbons, Yao and co-workers thereafter selected a single layer graphene

as a model material for fabricating defective graphene (DG). As schemed in Fig. 12 (a), a facile nitrogen
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doping and removal approach was used to prepare the DG.*® It can be seen from the corresponding
Raman spectra in Fig. 12 (b) that compared to the introduction of nitrogen into the pristine graphene,
more defects are generated with the removal of the doped nitrogen. It means that the removal of the
heteroatoms is more effective in producing defects in carbon materials than the introduction of the
heteroatoms into carbons. The atomic force microscopy image of the DG shows that the DG is single
layer (Fig. 12 (¢)). As expected, various defects can be clearly observed from the DG with the assistance
of the aberration-corrected high-resolution TEM (Fig. 12 (d)). For example, the afore-mentioned edge
pentagons and the G585 defect. In addition, other types of defects, such as the 75585 and 5775 defects
can also be found in the DG. The direct observation of the effective defects in the DG provides a solid
evidence to support the proposed defects driven catalysis mechanism. Besides, it is also a strong support
to the theoretical simulations. From the electrochemical test results in Fig. 12 (e) to (g), it can be found
that the DG not only shows greatly enhanced ORR activity, but also an ideal catalyst for the oxygen
evolution reaction (OER) and hydrogen evolution reaction (HER). These results prove the versatility of
the defects driven catalysis mechanism for electrocatalysis. The corresponding DFT calculations show
that the most active configuration is the edge 5-1 defect for the ORR in alkaline electrolytes (Fig. 12 (h)
to (k)). It is consistent with the previous modellings and experimental results.5! ¢ % Therefore, it is a
feasible method to design efficient ORR catalysts by creating the unique defects for practical fuel cell

applications.
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Fig. 12 (a) A schematic diagram showing the synthesis of DG; (b) Raman spectra of pristine graphene,
NG, and DG; (c) An atomic force microscopy image of the DG; (d) High-angle annular dark-field
(HAADF) image of DG. Hexagons, pentagons, heptagons, and octagons were labeled in orange, green,
blue, and red, respectively; () ORR performance evaluations of the prepared samples under an oxygen-
saturated 0.1 M KOH solution; (f) OER activity of the prepared samples tested in 1 M KOH; (g) HER
performance of the prepared sample tested in 0.5 M H,SOys; (h) Edge pentagon; (i) 5-8-5 defect; (j) 7-
55-7 defect; (k) Calculated energy profiles for the ORR pathway on defective graphene in an alkaline
solution.*® Reprinted with permission from ref. 36. Copyright 2016, John Wiley and Sons.

Many additional investigations also support the proposed defects driven catalysis mechanism for
the ORR. It is shown that the edges of the carbon materials play crucial roles for the electrocatalysis,

since they are enriched with abundant defective sites for the reactions.! 1811 Wang and co-workers
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used a micro apparatus studied the ORR behaviors of the edges and basal planes in a highly oriented
pyrolytic graphite (HOPG).!*> As shown in Fig. 13 (a), the HOPG is the working electrode, an air-
saturated droplet is the electrolyte, a Pt wire is the counter electrode, and a Ag/AgCl wire in a capillary
tube connected with the droplet is the reference electrode. The ORR test with the droplet located at the
edge (Fig. 13 (b)) and basal plane (Fig. 13 (c)) of the HOPG shows that the HOPG edge is much more
active than that of the basal plane (Fig. 13 (d)). This result suggests the advantages of the edge defects
for the electrocatalysis. The DFT calculations reveal that the higher charge densities of the edge carbon
atoms contributed to the higher ORR activity of the HOPG edges.!” In addition, Peng et al. synthesized
two kinds of CNTs with quite different percentages of edge carbon atoms.!** They found that the fish-
bone CNTs (F-CNTs) with as high as 31.7% edge carbons is much more active than that of the parallel
CNTs (P-CNTs)) that only have 1.8% edge carbons for the ORR. It is shown from the DFT simulations
that compared to the basal planes, the edge carbon atoms could adsorb the oxygen molecules more easily.
This is because the adjacent carbon atoms could carry more positive charge owing to the existence of
the edge defective sites. Therefore, the charge re-distribution attributed to the enhanced ORR activity of
the defective F-CNTs.! 13 1% Besides, Zhu et al. prepared a 3D web-like horizontally-aligned carbon
nanotube-graphene (CNT-G) hybrid with rich edge sites. Compared with the N-doped graphene, the
defective CNT-G is a better support to capture and disperse the Pt particles to promote the ORR.'"
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Fig. 13 (a) Micro apparatus for the ORR electrochemical experiment; (b) Optical photograph of the
HOPG as the working electrode with the air-saturated droplet deposited on the edge of the HOPG; (c)

27



The air saturated droplet was deposited on the basal plane of the HOPG electrode; (d) LSV curves of
the ORR tested for a droplet located on different locations.!*> Reprinted with permission from ref. 192.
Copyright 2014, John Wiley and Sons. (e) Scheme of the preparation of the edge-rich and dopant-free
graphene by Ar plasma etching; (f) HRTEM image of the plasma treated graphene; (g) LSV test results
of G and P-G in an O,-saturated 0.1 M KOH solution; (h) TEM image of the Ar plasma treated carbon
nanotubes; (i) LSV curves of the plasma treated edge-rich carbon nanotubes tested in an O»-saturated
0.1 M aqueous KOH solution.'” Reproduced from Ref. 195 with permission from The Royal Society
of Chemistry.

Apart from the removal of heteroatoms to create defects in the carbon matrix, another commonly
used method is to bombard the target carbon materials by plasma irradiation.!'!”- 17! 196200 For example,
Dai and Wang et al. utilized an argon plasma etching method (Fig. 13 (e)) produced edge/defect-rich
graphene and CNTs with improved ORR performance.'” It can be observed from the high-resolution
TEM images in Fig. 13 (f) and (h) that both the argon plasma-treated graphene (P-G) and CNT (P-CNT)
maintained their original structures. Meanwhile, many nano-sized holes and edge defects can also be
clearly found in the P-G and P-CNT, respectively. The defective nature of the P-G and P-CNT was
further revealed by the corresponding Raman spectra. The ORR test results show that compared with
the pristine graphene and CNT, both the P-G and P-CNT show obviously improved ORR activity (Fig.
13 (g) and (i))."” These studies further support the universality of the defects promoted catalysis

mechanism for the ORR in dopant-free carbon materials.

4.2 Defects and Dopants Co-Promoted ORR

For fabricating defective carbon materials through the post treatment methods, particularly with the
assistance of the heteroatoms, it will unavoidably bring foreign atoms into the defective carbons. In
other words, various defects and the residual heteroatoms (nitrogen is the most common one) are
normally coexisted in the defective carbon materials. Therefore, some researches state that the
heteroatoms in the defective carbons are also contributing to the electrocatalysis. For example, Zhang
and co-workers studied the influence of the topological defects and the dopant nitrogen on the ORR in
66, 201

defective metal-free catalysts.

a N-doped graphene mesh (NGM) full of edges and topological defects.®® The TEM image of the NGM

As shown in Fig. 14 (a), a template method was used for synthesizing

in Fig. 14 (b) shows the existence of nanosized holes over the plane. These holes were produced because
the use of the MgO template. The corresponding Raman spectra in Fig. 14 (c) confirmed the defective
nature of the NGM. Impressively, the defective NGM sample shows similar ORR activity to that of the

Pt/C. 1t is revealed that both the nitrogen and the defective structures of the NGM account for its

28



remarkable ORR activity. The DFT calculations reveal that the nitrogen doping-induced sites located at
the graphene edges show much lower overpotentials than that of the plane. It is quite possible that the
nitrogen further modified the electronic structures of surrounding edge carbon atoms, thus further
promoted the ORR. In addition, different types of defects were considered in the DFT simulations (Fig.
14 (d)). It is revealed that the best configuration for the ORR is a type of five-carbon ring near the seven-

carbon ring (C5+7), as shown in the volcano plot in Fig. 14 (e).5
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Fig. 14 (a) Schematic showing the preparation process of NGM catalyst; (b) High-resolution TEM
image of the synthesized porous graphene; (c) Raman spectra of NGM and GM; (d) A schematic
graphene nanoribbon with different kinds of N-doping or topological defects, PR: pyrrolic nitrogen; PN:
pyridinic nitrogen; Q: quaternary nitrogen on the edge; QN: quaternary nitrogen in the bulk phase; C5:
five-carbon ring; C7: seven-carbon ring; C5+7: five-carbon ring adjacent to seven-carbon ring; (¢) ORR
volcano plot (red line) of the overpotential versus the adsorption energy of OH*.% Reprinted with

permission from ref. 66. Copyright 2016, John Wiley and Sons.

Considering the heteroatoms could effectively tune the electronic structures of the carbon atoms, it
is a feasible way of further improving the ORR performance of the defective carbons by introducing the
heteroatoms. Following this principle, Zhao and co-worker used a facile thermal pyrolysis assisted
method synthesized a N, B co-modified graphitic carbon nanocage (NB-CN) for multifunctional
electrocatalysis (Fig. 15 (a)).>> The SEM and TEM images in Fig. 15 (b) to () show that the resulting
defective carbons exhibit a hollow structure after leaching the Co.P core. Apparently, the edges of the
NB-CN are enriched with defects, which is further confirmed by the corresponding Raman spectrum in
Fig. 15 (g). The DFT calculations reveal that the dopant near the defective sites are more efficient for

the trifunctional electrocatalysis (Fig. 15 (h)). This is consistent with the previous investigations that the
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heteroatoms are effective in tuning electronic configurations of the nearby carbon atoms to enhance their
ORR activity. The remarkable ORR and OER performance of the NB-CN can be observed from Fig. 15
(1). The excellent electrocatalytic performance of the NB-CN render it as an ideal bifunctional catalyst

for Zn-air battery applications.?*?
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Fig. 15 (a) Illustration of the formation mechanism of graphitic carbon nanocage; (b) SEM image of

NB-CN; (c) TEM image of NB-CN; (d) HR-TEM image of NB-CN before acid washing; (e, f) HR-

TEM images of NB-CN; (g) Raman spectrum of NB-CN; (h) Relative position of N, B and O for the N,

B-codoped graphene considered in the calculations; (i) LSV curves of N-C, NB-CN, Pt/C and IrO,

catalyst on a RDE (1600 rpm) in 0.1 M KOH solution.?**> Reprinted with permission from ref. 202.

Copyright 2017, Elsevier.

4.3 The Influence of Defect Density on Electrocatalysis
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The newly established defects promoted catalysis mechanism shows that certain types of
topological carbon defects are the active sites for the electrocatalysis. Therefore, it is essential to reveal
the relationship between the effective defects and the electrocatalytic performance of the defective
carbons. For example, how the density of defects correlated with the electrocatalytic performance. To
achieve the quantitatively analysis of the defects in a defective graphene, Ren et al. created different
concentrations of defects on a single layer graphene via argon plasma irradiations.?*® Both the advanced
characterizations (such as the scanning electrochemical microscopy (SECM) and Raman mapping
spectroscopy) and the theoretical calculations were used to probe how the electrocatalytic properties
correlated with the defect density of the graphene. The results show that a moderate density of defects
not only could favour the heterogeneous electron transfer (HET) rate, but also could maintain the good
conductivity of the graphene sheet. In order to minimize the experimental variables, the same single
layer graphene was used for creating different concentrations (by controlling the argon plasma
irradiation time and ion dose) of defects on 100x100 um? squares. From the Raman spectra in Fig. 16
(a) and the corresponding D band mapping images of the defective graphene patterns in Fig. 16 (f) inset,
it can be seen that pattern E shows the highest concentration of defects. Fig. 16 (b) shows that all the
defective patterns exhibit higher feedback current than that of the pristine graphene. This result indicates
the effective role of the newly produced defects for the electrochemical reactions. Besides, it also shows
that different densities of defects can be targeted produced on the graphene by adjusting the argon
plasma irradiation time and ion dose. It is shown in Fig. 16 (c) to (e) that the mean distance of defects
is an important indicator in reflecting the concentration of defects. For example, the graphene can be
fully activated without losing the structure integrity at a moderate defect density, but the HET rate
constant achieves a peak value (Fig. 16 (f)). This is consistent with the testing results in Fig. 16 (g),
suggesting that the optimal distance between defects is about 2 nm.?*® This study provides a method in
measuring and calculating the density of defects in defective carbon materials. However, the precise
control of the defects density and type is still a long way to go. These further achievements need the

assistance of more advanced and well-designed experiments.
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Fig. 16 (a) Raman spectra of the defective graphene patterns; (b) SECM approach curves obtained on
each defective graphene pattern, with a tip potential of 0.4 V and a substrate potential of 0.18 V; (c) to
(e) The microscopic model in different defect density ranges: (c) Low defect density with Lp > 6 nm;
(d) Moderate defect density with 2 nm < Lp < 6 nm; (e) High defect density with Lp < 2 nm. The area
in red is the structurally disordered area with a radius of 1 nm, and the area in yellow is the electronically
activated but structurally preserved area (1 nm < r < 3 nm); (f) The standard HET rate constant ko as a
function of defect density np (cm2), inset: Raman mapping of the D band of the defective graphene
patterns; (g) The mean distance between defects Lp (nm), inset: SECM images of the same defective
graphene patterns. The dashed lines in (f) and (g) are a guide for the eye only.?”® Reprinted with
permission from ref. 203. Copyright 2014, American Chemical Society.

5 Coordination of Carbon Defects and Atomic Metal Species
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Metal based single atom catalysts (M-SACs) have been attracting extensive research interest due to
their multiple advantages. For example, the maximum atom efficiency, the low utilization of precious
metals, the controllable reaction selectivity, and the superb specific activity. Besides, the tuneable
electronic structures of the M-SACs that owing to diverse metal and non-metal coordination motifs at
atomic levels render them appropriate for a wide range of applications.?**2% So far, remarkable catalytic
performance of these M-SACs has been demonstrated in CO oxidation*”” and water-gas shift reaction.?®
With respect to the design and synthesis of next generation M-SACs, continuous efforts have been
focusing on metal oxide supported M-SACs due to the strong interactions between the atomic metal
species and the metal oxide support.*> 2219 Meanwhile, defective carbon materials have recently been
of particular interest as SAC hosts in electrocatalysis because of their advantageous features, including
the large surface area, high electronic conductivity, chemical stability, and abundant defect sites for

potential metal-support coordination.?: 4

5.1 Metal Atoms Induced Carbon-Defects Based Coordination Structures

Theoretically, similar to the heteroatoms to tune the electronic structures of carbon materials, single
atoms can also be regarded as foreign elements. Therefore, it can also modify the coordination
environment of the carbon atoms. This could be the underlying reasons for the enhanced catalytic
performance of the M-SA@carbon based electrocatalysts. The early study on M-SA @carbon based
catalysts was introduced by Zhang and co-workers in 2011.2'! They created a metal-vacancy
coordination complex on the graphene by high energy atom/ion (Au) bombardment. Subsequently, the
engraved vacancies were filled with the desired metallic dopants (Pt, Co and In) (Fig. 17 (a)).?'! The
created carbon defects ranging from single vacancies to holes of a few nanometers. This is because the
laser ablation induced metal bombarding species has a wide distribution both in size and energy (Fig.
17 (b)). The vacancy structures were characterized using an aberration-corrected and monochromated
TEM. Fig. 17 (c) shows the HRTEM images of the monovacancy (V1), bivacancy (V2), and trivacancy
(V3), respectively. They are corresponding to the atomic models (Fig. 17 (d)) and the simulated HRTEM
images (Fig. 17 (e)) for these three different types of vacancies. Hereafter, various approaches can be
applied for trapping the desired metallic dopants using the prepared defective graphene. For example,
Pt can be deposited by electron beam in a focused ion beam, while Co and In can be deposited by a
conventional sputtering tool. The corresponding HRTEM images show that the atomic Pt species can
be anchored by bivacancy or trivacancy coordination (Fig. 17 (f) to (k)). Furthermore, the DFT study
reveals that the high binding energies of the Pt-vacancy complexes with different Pt-SA @carbon defects

coordination structures can endow the complexes as stable active sites (Fig. 17 (1)).2!!
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Fig. 17 (a) Schematic illustration of the high-energy particle bombardment graphene process; (b)
HRTEM image of graphene after bombardment; (c) HRTEM images of (i) a monovacancy, (ii) a
bivacancy, and (iii) a trivacancy; (d, e) Atomic models and simulated HRTEM images for the three
different vacancy types in figure (c); HRTEM images of a Pt atom trapped in (f) a bivacancy and (i) a
trivacancy. (h, k) Atomic models and (g, j) simulated HRTEM images for the Pt-vacancy complexes in
(f, i). () Binding energies for different configurations.?!! Reprinted with permission from ref. 211.

Copyright 2012, American Chemical Society.
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Recently, Li and co-workers developed a novel strategy for fabricating SACs via creating M-N-C
(M = Co or Fe) coordination structures at carbon defects using zinc imidazolate frameworks as
precursors.** 22 It delivers samples with high loadings of atomic metal species, for example, up to 4 wt.%
for Co-N-C and 2 wt.% for Fe-N-C, respectively. The basic concept of this method is relied on a
pyrolysis process of the pre-designed bimetallic Zn/Co metal-organic frameworks (MOFs) or Zn based
MOFs capsulated Fe precursors. During the pyrolysis process, Co/Fe can be reduced by the carbonized
organic ligands and subsequently coordinated with the surrounding N atoms at the defect zones (Fig. 18
(a)). Remarkably, the chemical states of the atomically dispersed Co/Fe species are highly related to the
surrounding coordination environment (e.g., planar Co-N4-C, Co-N»-C, or Fe-N;-C). The optimized
chemical states of the formed complex will lead to the optimal electronic structures at the active sites
for efficient ORR catalysis (Fig. 18 (b) to (f)).!”* Furthermore, they extended this synthetic strategy to
design defects induced dual-metal (DM)-N-C (DM = Co and Fe) coordinated sites in a N-doped porous
carbon (Fig. 18 (g) to (k)). The resulting N-coordinated dual-metal catalyst (Fe,Co)/N-C shows
comparable ORR performance to the commercial Pt/C catalyst in an acidic electrolyte (half wave
potential, Ei: 0.863 vs. 0.858 V) (Fig. 18 (1)).?"* The corresponding extended X-ray absorption fine
structure (EXAFS) and X-ray absorption near-edge structure (XANES) characterizations combined with
DFT calculations reveal that the co-existence of multiple coordination structures of the (Fe,Co)/N-C at

the whole defective zone may account for the excellent ORR performance (Fig. 18 (i) to (1)).23
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Fig. 18 (a) Schematic illustration of the formation of Fe-ISAs/CN; (b) TEM image of Fe-ISAs/CN; (¢)
HAADF-STEM image of the Fe-ISAs/CN. Single Fe atoms highlighted by red circles; (d) XANES
spectra (the green area highlights the near-edge absorption energy); (e) Fourier transform (FT) of the Fe
K-edge and wavelet transform (WT) of Fe-ISAs/CN; (f) ORR polarization curves in O-saturated 0.1 m
KOH solution, inset: schematic model of Fe-ISAs/CN, Fe (orange), N(blue), O(red), and C(gray).?"*
Reprinted with permission from ref. 212. Copyright 2017, John Wiley and Sons. (g) Preparation of
(Fe,Co)/N-C; (h) Corresponding EELS mapping of Co, Fe, and N; (i) Corresponding Fe K-edge EXAFS
fittings of (Fe,Co)/N-C; (j) Comparison between K-edge XANES experimental spectrum of (Fe,Co)/N-
C (black dashed line) and theoretical spectrum calculated with depicted structure (solid red line); (k)
Proposed architectures of Fe-Co dual sites; (I) RDE polarization curves of Pt/C, Co SAs/N-C, Fe
SAs/NC, and (Fe,Co)/N-C in O-saturated 0.1 M HCIOj4 solution. Inset: Eonset Of different catalysts.'
Reprinted with permission from ref. 213. Copyright 2017, American Chemical Society.
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More recently, the importance of defect coordination chemistry in oxygen-involving
electrocatalysis has been continuously demonstrated and summarized by several groups.®” 214213 For
example, the electronic state is asymmetrically tailored at the vacancy or reconstructed carbon defect
sites of graphene. This modification not only could enhance the ORR performance, but also be
functional for other electrocatalysis, such as the OER and HER."- 218 Besides the defects themselves
could catalyze the electrochemical reactions (according to the proposed catalysis mechanism based on
defect structures), defects are also capable of providing unique sites for trapping metallic species.” !>
219 Due to the different structures and sizes of the defects, one or more metal atoms might be trapped

into the specific defect site.

Yao and co-workers systematically studied the electrocatalytic behaviors of the catalysts with
defects in graphene coordinated with atomic Ni species. The catalysts were prepared through a facile
impregnation method followed by an acid leaching process (Fig. 19 (a)).*® The corresponding structure
characterizations by using the probe-corrected TEM and the XANES fittings show that three possible
coordination structures of atomic Ni trapped in graphene defects (denoted as aNi@Di-vacancy,
aNi@D5775 and aNi@Perfect) may coexist in the as-prepared A-Ni@DG catalyst (Fig. 19 (b) to (d)).
Remarkably, the A-Ni@DG catalyst exhibits bifunctional activity for both the HER and OER with
superb water splitting performance (an overpotential of 70 mV for HER and 270 mV for OER at a
current density of 10 mA/cm?). This performance is similar or even superior to those of the benchmark
Pt/C and IrO, catalysts (Fig. 19 (e) and (f)). Furthermore, the DFT calculation results reveal that the
electronic structures of the atomic Ni can be fine-tuned by bonding to diverse types of graphene defects.
The different coordination of atomic Ni with defects in graphene is responsible for different reactions.
For example, the presence of aNi@D5775 favors the HER, while the aNi@Di-vacancy exhibits optimal
binding energies for *O and *OOH intermediates, thus being beneficial for the OER (Fig. 19 (g) to

(k)).*®
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Fig. 19 (a) The fabrication schematic of A-Ni@DG; (b) HADDF-STEM image of A-Ni@DG; (c) The
atomic resolution of the Di-vacancy; (d) The LCF analysis of XANES theoretical modelling. The red
line is the superposition of the theoretical model simulations of the three configurations and fits the
experimental data well; () HER polarization curves of DG, Ni@DG, A-Ni@DG, and Pt/C performed
in 0.5 M H>SOq electrolyte; (f) OER polarization curves of DG, Ni@DG, A-Ni@DG, and Ir/C
performed in 1 M KOH electrolyte; (g-i) lllustrations of three different types of catalytic active sites
corresponding to a single Ni atom supported on (g) perfect hexagons, (h) D5775, and (i) Di-vacancy; (j
and k) Energy profiles of the three configurations (g-i) for HER (j) and OER (k), respectively.®®
Reprinted with permission from ref. 38. Copyright 2018, Elsevier.

Currently, the well-defined metal-defect coordination structures could allow the in-depth
understanding on the catalytic reaction pathways and rational design of the targeted catalysts with
tailored activity. However, it is still quite challenging to prepare the targeted catalysts with the exclusive
metal-defect coordination structures at atomic scales. To this end, Duan and co-workers reported a
general hydrothermal-annealing method for synthesizing a series of monodispersed atomic transition
metals (M = Fe, Co, Ni) trapped in a nitrogen-doped defective graphene with a definitive M-N4-C4
moiety (Fig. 20). This will allow the correlation study on the unambiguous structures of the active sites

and the specific electrochemical reactions.?* Apart from carbon defects containing N atoms, defective
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graphene with S can also trap atomically dispersed metal species. It is shown that the S coordinated
metal species exhibit even more vigorous affinity to metal centres owing to the stronger Lewis base of

S compared to N.?2!-222 Besides, electrochemical activation method is also effective in fabricating defects
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Fig. 20 (a) The preparation route to atomic 3d metals embedded in nitrogen-doped holey graphene
frameworks (M-NHGFs); (b) to (d) Comparison between the experimental XANES spectra (black
dotted lines) for M—-NHGFs and the best-fit theoretical spectra (solid red lines). The insets show the
geometrically refined MN4C4 structure; (e) to (g) High-resolution TEM images enable the direct
visualization of the atomic metals of Ni (e), Fe (f) and Co (g) embedded in the 2D graphene lattice. The
overlaid schematics represent the structural models determined from XAFS analysis.??° Reprinted with

permission from ref. 220. Copyright 2018, Springer Nature.

5.2 Defect Engineering in Designing Catalytic Interfaces and Mass Production

Interface catalysis is another important aspect in boosting the electrocatalysis. This is because the
interactions at the interface between two or more materials will alter their electronic states and chemical

properties.?” ?** Generally, the principles of constructing a catalytic interface is governed by the
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following rules: (i) The complementary properties of the component materials for the targeted
electrocatalysis; (ii) Sufficient anchor sites exist in either material for facilitating the formation of robust
heterostructures; (iii) The designed hybrids should possess maximum catalytic interfaces for the rapid
electron transfer to the reaction intermediates. Following these guidelines, Yao et al. designed and
fabricated a heterostructured NiFe LDH-NS @DG10 hybrid by coupling of the exfoliated Ni-Fe layered
double hydroxide (LDH) nanosheet (NS) with a defective graphene (DG) for overall water splitting (Fig.
21 (a)).?® Fig. 21 (b) shows that the NiFe LDH-NS are uniformly distributed on the DG support. It can
be seen from Fig. 21 (c) that the overall water splitting performance of the NiFe LDH-NS@DGI10 is
better than that of the NiFe LDH-NS @graphene (NG and G). Impressively, compared to the reported
non-precious metal electrocatalysts, the NiFe LDH-NS @DG10 shows the best performance for alkaline
overall water splitting (Fig. 21 (d)). The DFT simulations further confirm that the formation of the
heterostructure is crucial to the charge separation and redistribution on the hybrid (Fig. 21 (e)). Therefore,

the newly form heterostructure in the complex promoted the OER and HER.>*
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Fig. 21 (a) Schematic illustration of the preparation of NiFe LDH-NS@DG nanocomposite; (b) A
typical exfoliated LDH-NS anchored on DG with corresponding selected area diffraction pattern (inset);
(c) LSV curves of NiFe LDH-NS@DG10 as OER and HER bifunctional catalystin 1 M KOH for overall
water splitting, with the inset showing the different catalysts: (i) NiFe LDH-NS@DG10 with 2 mg cm
loading, (ii) NiFe LDH-NS@DG10 with 1 mg cm? loading, (iii) NiFe LDH-NS @NG10 with 2 mg cm 2
loading, (iv) NiFe LDH-NS@G10 with 2 mg cm 2 loading, (v) bare Ni foam electrode; (d) Comparison
of the required voltage at a current density of 20 mA c¢m 2 for the NiFe LDH-NS@DG catalyst with
other state-of-the-art noble metal free bifunctional catalysts; (e) The schematic of the probable
electrocatalytic mechanism of Ni-Fe LDH-NS@DG for HER and OER is presented based on the DFT
calculation results. The pink and purple spheres represent electrons and holes, respectively.?*> Reprinted

with permission from ref. 225. Copyright 2017, John Wiley and Sons.
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Similar to the utilization of the defect engineering knowledge in 2-dimensional materials (e.g.,
graphene) for designing the catalytic reaction interfaces, it is also crucial to use these techniques in 3-
dimensional materials (e.g., porous carbons). The 3-dimensional materials are prominent for the
electrocatalysis because their robust porous structures could provide abundant active sites for the
reaction, and sufficient channels for mass transportation, particularly after proper defect engineering.
For example, Lou and co-workers reported a dynamic reaction method for the traction and stabilization
of the isolated Pt species in a porous carbon matrix (PCM). The catalysts were prepared via the move
of the atomic Pt species from the surface of the porous carbon sphere into the internal of the PCM (Fig.
22 (a) to (c)). This approach could significantly increase the density of the active sites.** The shorter
radial distance of Pt@PCM in the wavelet transform (WT) analysis (Fig. 22 (d)) and the higher white
line intensity of Pt@PCM in the XANES profile (Fig. 22 (e)) confirm the successful loading of isolated
Pt atoms into the carbon matrix by forming the Pt-N-C coordination structures at the defect zones (Fig.
22 (g)). The DFT results further reveal that the confined Pt atom at the defect vacancy with surrounding
C/N atoms as a whole should be the active site for the HER. This is because the catalytic effect decreases
with an increase in the number of shells (Fig. 22 (f) to (h)).* Particularly, the incorporated Pt single

atoms may tune the electronic structures of the adjunct carbon atoms and make them active for the HER.
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Fig. 22 (a) Schematic illustration of the synthetic procedure of Pt@PCM; (b) SEM image of Pt@PCM,;
(c) Element mapping images of C, N, and Pt with their overlapping image of Pt@PCM; (d) Wavelet
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transform (WT) for the k*-weighted EXAFS signal; (e) Pt K-edge XANES experimental spectra with
enlarged profile as the inset. a.u., arbitrary units; (f) LSV curves of various catalysts in 0.5 M H>SOy;
(g) Schematic description for the coordination shells for the isolated Pt over the graphene; (h) AGu+ on
pure and Pt-decorated graphene in different coordination shells.** Reprinted with permission from ref.

44. Copyright 2018, The Authors, some rights reserved; exclusive licensee AAAS.

To realize the proof of “defect” concept for the mass production of efficient and cost-effective
electrocatalyts, Yao and co-workers developed a controllable and scalable synthetic strategy by using

defective carbons from cheap and earth-abundant resources (Fig. 23). For example, defective activated

9, 63, 219 226-228

carbon based catalysts, seaweed derived carbon based materials, and macadamia nut shell
derived carbon based electrocatalysts.?® The above research results addressed a very important issue that
activated carbons can be highly active for electrocatalysis by applying the newly established defects
promoted catalysis mechanism. This breaks a common sense that activated carbons were non-active for
the electrocatalysis. This significant discovery forms the basis of the “defect” research for the mass
production of electrocatalysts, because all carbons derived from biomass are activated carbons. More
importantly, the method used to convert the biomass to carbons is controllable, scalable and very simple
and cost-effective. All these advantages are crucial to the commercialization of the electrocatalysts,

particularly for the widespread application of fuel cells.
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Fig. 23 (a) Linear sweep voltammetry (L.SV) curves of the H-AC, N-AC, D-AC, H-AC-1050 and Pt/C
measured at the rotation speed of 1600 rpm in an O»-saturated 0.1 M KOH electrolyte.®® Reprinted with
permission from ref. 63. Copyright 2016, The Royal Society of Chemistry. (b) TEM image of the D-
AC@2Mn-4Co (Inset: a histogram shows the particle size distribution); (¢) ORR performance
comparison between the D-AC@2Mn-4Co and the commercial Pt/C in 0.1 M KOH solution; (d)
Amperometric i—t curves of the D-AC@2Mn-4Co and the Pt/C tested at 1000 rpm in O2-saturated 0.1
M KOH solution, the standard-deviation method was used to evaluate the resulting data; (e) Schematic
representation showing the synergetic coupling effects between the unique defects in the D-AC and the
introduced Mn-Co spinel promoted ORR.?!” Reprinted with permission from ref. 219. Copyright 2016,
John Wiley and Sons. (f) Half-wave potential and onset potential comparisons of the synthesized
defective based samples and commercial Pt/C;''* Reprinted with permission from ref. 113. Copyright
2017, The Royal Society of Chemistry. (g) Procedures to prepare defective porous carbons from
macadamia nut shell waste; (h) ORR performance of the prepared samples and Pt/C measured at the
rotation speed of 1600 rpm in an O»-saturated 0.1 M KOH solution.?® Reprinted with permission from

ref. 26. Copyright 2018, John Wiley and Sons.
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6 Outlook and Conclusions

In recent years, although remarkable achievements have been reached in the field of electrocatalysis,
more in-depth and systematic work, both theoretically and experimentally, should be continuingly
carried out to tackle the tricky issues regarding the defects promoted electrocatalysis. This study will be
beneficial for the design and synthesis of electrocatalysts with the expected performance for different
applications. The future development of the defective carbon area should be focused on four major

directions, as shown in Figure 24 and specified below.

(i) Controllable synthesis of various defective carbon materials. Currently, it is still difficult to produce
single type of defect in the carbon materials, such as the pentagon and G585 defects. Therefore, how to
create the desired effective defects in different carbon materials is worth in-depth investigations. It
provides a feasible approach to prepare low cost but highly active metal-free electrocatalysts. Besides,
for the fabrication of defective carbons coordinated single metal species, it is a promising way of
increasing the density of the active sites by loading more metal species. For example, using 3-

dimensional highly defective porous carbon materials to trap more single atoms.

(ii) Advanced characterizations of carbon defects and defects coordinated single metal species. It is an
important direction of research to observe the detailed structures of various defects and defects captured
single metal species by using advanced TEM technologies. Besides, the Raman mapping and positron
annihilation spectroscopy techniques are effective in characterizing the defect density and the type of
defect, respectively. These advanced characterizations will provide strong experimental evidences to
understand the origin of the ORR. Hence, it will be helpful for the design of efficient defective carbon

based electrocatalysts for practical applications.

(iii) Reveal the reaction mechanisms of defects promoted electrocatalysis. At present, the theoretical
simulations are normally applied to assist the understanding of the pathways of the electrochemical
reactions. However, the in situ investigations on the reaction intermediate products are still very difficult.
This is because the reaction processes involve solid-liquid-gas three phrases and extremely complex. It
is therefore crucial to conduct well-designed experiment to probe the reaction intermediates directly.
The experimental results combined with the theoretical calculations could help to gain comprehensive
and thorough understandings on the reaction mechanisms. This will lead to the rational and controllable

design and fabrication of active electrocatalysts for various catalytic reactions.

(iv) Accelerate the development of defective carbon based electrocatalysts for practical applications.
The current defective carbons could effectively catalyze the ORR in alkaline electrolytes, but not in
acidic solutions. Great effort should be devoted to exploiting defective carbons for catalyzing the ORR
in acidic media, since most of the practical fuel cells are using acidic electrolytes to eliminate the effect

of carbon dioxide. Due to the intrinsic size flexibility of fuel cells, they can be used in both portable and
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stationary power generation systems. A case in point is the fuel cell powered vehicles. Therefore, design
and synthesize more effective and economic acidic ORR electrocatalysts to speed up the practical

applications of fuel cell powered products is of great significance.

Controllable
Synthesis

Advanced
Characterization

FUECCELL

POWERED
Mechanism Practical
Investigation Application

Fig. 24 Future development directions of the defective carbon field. The TEM photo courtesy of Togo

picture gallery, the cartoon car photo courtesy of Free Stock Photo.

In summary, defective carbon materials are the promising candidates to substitute the rare and
expensive Pt-based ORR catalysts owing to their high activity and low cost. Therefore, it has aroused
intensive research interest in recent years. This review highlighted recent development on defective
carbons promoted ORR from three general aspects: (i) Non-metal induced defective carbons for the
ORR. The understanding of the active sites of various heteroatoms modified carbon materials, such as
carbon nanotubes, graphene and mesoporous carbons is now becoming clear. This is because the newly
established defects promoted catalysis mechanism could reasonably explain the ORR performance
improvement. It is revealed that the actual ORR active sites are the modified carbon atoms near the
dopants, so the influence of the heteroatoms on the surrounding carbon atoms is decisive to the ORR
performance of the modified carbon materials. (ii) Intrinsic carbon defects promoted ORR. As discussed,
heteroatoms doping provides a method to make carbon materials active for the electrocatalysis, since it
could change the electronic structures of the nearby carbon atoms. Therefore, any other methods that
could alter the electronic environment of carbon atoms are also capable of enhancing the ORR
performance. For example, the facile heteroatoms (nitrogen, sulphur, zinc, etc.) doping and removal,

particle (electrons or ions) irradiation, and plasma treatment are the commonly used methods. Related

45



examples on producing effective defects for the ORR are summarized in Section 4. Particularly, the
proposed active defects for the ORR have been observed experimentally in the defective graphene with
the assistance of the aberration-corrected high-resolution TEM, such as the edge pentagons and G585
defect. These experimental results combined with the corresponding theoretical simulations provided
solid evidences to support the proposed catalysis mechanism based on defect structures. In addition, the
defective graphene is also active for the OER and HER catalysis, showing the versatility of the defects
driven catalysis mechanism for electrocatalysis. (iii) Coordination of carbon defects with atomic metal
species. As a rising field, single atom catalysis has become a hot area of research in recent years.
Fundamentally, single atoms are similar to that of heteroatoms doping to tune the electronic structures
of carbon atoms in enhancing the electrocatalytic performance of the catalysts. In Section 5, we
summarized recent work on single metal atoms coordinated carbon materials for efficient
electrocatalysis. The configurations and coordination of the single atoms with the carbon/heteroatoms
are discussed. These results will be beneficial for designing and fabricating target electrocatalysts for
practical applications. Besides, the frequently used methods to prepare single metal atoms coordinated
carbons are presented as well. For the mass production of fuel cells, the scalability and cost of the
electrocatalysts are the crucial issues. In this regard, we introduced feasible ways of preparing active
and low-cost electrocatalyts from activated carbon and biomasses. At last, the future development
directions of the defective carbon filed was outlined to show its broad prospects. This review
systematical summarized the representive and important work on defects carbon materials catalyzed
ORR, which will be helpful for gaining an overall understanding on the advancement of this thriving

area.
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