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Low-cost and high-performance electrocatalysts towards oxygen electrocatalysis play a vital role in the
widespread application of oxygen-based sustainable-energy technologies such as fuel cells, metal-air
batteries and water electrolysis. Even though an enormous number of noble metal-free carbon-based
materials have been proved to have comparable electrocatalytic performance to the noble metal-
containing benchmarks, the unpredictable and poorly defined active sites resulting from the commonly
required pyrolysis greatly hindered the insightful understanding of structure-activity relationships.
Pyrolysis-free covalent organic frameworks (COFs) as a unique class of crystalline porous polymers
provide an ideal platform for electrocatalysis research due to their tunable porosity, atomically precise
structures and programmable topological architectures. Particularly, the elimination of high-temperature
pyrolysis enables well-preserved active sites to gain deep insights into the electrocatalytic mechanisms.

Received 2nd April 2021
Accepted 27th August 2021

DOI: 10.1039/d1ta02795f In this review, we first discuss the pros and cons of pyrolysis-free COFs for oxygen electrocatalysis.

rsc.li/materials-a Then, recent advances in pyrolysis-free COF-based oxygen electrocatalysts are comprehensively

“Key Laboratory of Catalysis and Energy Materials Chemistry of Ministry of
Education & Hubei Key Laboratory of Catalysis and Materials Science,
South-Central University for Nationalities, Wuhan 430074, China. E-mail: xcui@
scuec.edu.cn; ykyang@mail.scuec.edu.cn

*Key Laboratory of Bio-based Material Science and Technology of Ministry of
Education, Northeast Forestry University, Harbin 150040, China

°School of Materials Science and Engineering, Georgia Institute of Technology,
Atlanta, GA 30332, USA

Dr Xun Cui received his PhD
degree in Chemical Engineering
and Technology from Chongqing
University, China, in 2018. He
Jjoined Prof Zhiqun Lin's group
at the Georgia Institute of Tech-
nology, USA, as a visiting PhD
student (2015-2017), where his
research focused on the plas-
monic enhancement of perov-
skite solar cells. After being
a postdoctoral research fellow at
the Georgia Institute of Tech-
nology, USA (2018-2020), he joined South-Central University for
Nationalities, China, in 2020, and started his independent
research mainly focusing on nanoscale surface science and mate-
rials engineering for electrocatalysis and electrochemical energy
storage and conversion. He was recognized by the editors as an
Outstanding Reviewer for the Journal of Materials Chemistry A in
2019.

This journal is © The Royal Society of Chemistry 2021

‘New Energy Development Centre, Shengli Petroleum Administration Co., Ltd,
SINOPEC, China

“Instrumentation Center, National Tsing Hua University, Hsinchu 300044, Taiwan,
China

T These authors contributed equally.

Dr Likun Gao is currently
a professor in the School of
Material Science and Engi-
neering at Northeast Forestry
University, China. She received
her PhD degree from the School
of Materials Science and Engi-
neering, Northeast Forestry
University, China, in 2020. She
worked as a visiting PhD student
in Prof Zhiqun Lin's group in the
School of Materials Science and
Engineering at the Georgia
Institute of Technology from 2018 to 2020. Her research interests
mainly focus on the synthesis of novel wood-based functional
materials and their applications in energy storage, electrocatalysis
and photocatalysis.

=44

J. Mater. Chem. A, 2021, 9, 20985-21004 | 20985


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ta02795f&domain=pdf&date_stamp=2021-09-25
http://orcid.org/0000-0003-4486-7397
http://orcid.org/0000-0002-5766-7645
http://orcid.org/0000-0001-9921-6394
http://orcid.org/0000-0002-6221-9134
https://doi.org/10.1039/d1ta02795f
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA009037

Published on 28 august 2021. Downloaded on 22.06.2024 11.36.37.

Journal of Materials Chemistry A

View Article Online

Review

overviewed. The engineering strategies for pyrolysis-free COF-based oxygen electrocatalysts are discussed

and paid particular attention, emphasizing their impact on electronic structure modulation and synergistic

enhancement effect. Lastly, we also propose the key challenges and future perspectives for maximizing the

superiorities of pyrolysis-free COF-based oxygen electrocatalysts. This article aims to emphasize the

significance of pyrolysis-free COFs and their potential capability to outperform state-of-the-art noble

metal-based electrocatalysts and promote the insightful understanding of structure—activity relationships.

1. Introduction

Clean and sustainable oxygen-based electrochemical energy
conversion and generation technologies, such as fuel cells,
metal-air batteries and water electrolysis, play an increasingly
critical role in tackling the ever-growing demand for clean
energy, rising global warming caused by CO, emissions, and
environmental pollution issues worldwide.'® As the most
important electrode process in the practical operation of these
sustainable energy technologies, oxygen electrocatalysis (i.e.,
the oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER)) has always been the research hotspot of scien-
tists in the past few decades due to the complicated reaction
mechanisms and sluggish reaction kinetics.*® Fundamentally,
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the electrocatalytic ORR process is a complex multi-electron
transfer electrochemical reaction and generally proceeds
either via a two-electron (2e~) pathway with the production of
H,0, (acidic conditions) or HO, (alkaline or neutral condi-
tions) as the oxygenated intermediate or through a more effi-
cient four-electron (4e™) pathway to directly convert O, into H,0
(acidic conditions) or OH™ (alkaline or neutral conditions)
(Table 1).>* The OER process is also very complicated as it is
intrinsically the reverse version of the ORR and generally
involves a concerted four-electron-proton transfer to yield O,,
as described in Table 1." Although platinum (Pt)-based mate-
rials and ruthenium/iridium-based oxides (RuO,/IrO,) have
been long recognised as the state-of-the-art ORR and OER
electrocatalysts, respectively, their inherent drawbacks of
prohibitive cost, small reserve and poor stability have greatly
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Table1 Oxygen electrocatalysis in acid, neutral and alkaline media, respectively (the symbol “*" represents the active site that absorbs reactants,

intermediates, and products)

Oxygen reduction reaction (ORR)

Oxygen evolution reaction (OER)

Acid media

0,+4H" +4e~ — 2H,0 (4e” pathway: O, +H' +e~ — OOH*; OOH* + H"
+e” > O*+H,0;0*+H +e” — OH*; OH*+H' +e~ — H,0)or (2e~
pathway: O, + 2H" + 2e” — H,0,% H,0,* + 2H' + 2¢~ — 2H,0)

Neutral or alkaline media

O, +2H,0 +4e~ — 40H (4e” pathway: O, + H,O +e~ — OOH* + OH;
OOH*+e  — O*+OH ;0*+H,0+e  — OH*+OH ; OH*+e —
OH; or 2e~ pathway: O, + H,O + 2e” — HO, *+ OH ; HO, * + H,O +
2e” — 30H)

hampered the large-scale commercial application of fuel cells,
metal-air batteries and water electrolysis.””™** Accordingly, the
development of cost-efficient noble metal-free oxygen electro-
catalysts with improved activity and enhanced durability is
crucial for the large-scale application of these sustainable
electrochemical energy technologies.

The last few decades have witnessed continuous endeavour
and enormous achievements in the development of low-cost
and high-efficiency catalysts towards oxygen electro-
catalysis.™ Various noble metal-free electrocatalysts, particu-
larly carbon-based materials, have been developed and proved
to have comparable electrocatalytic performance to the noble
metal-containing benchmarks.?*** Particularly, earth-abundant
transition metal-containing carbonaceous materials have been
considered as promising alternatives to the state-of-the-art
noble metal-based oxygen electrocatalysts.”»** Nevertheless,
the synthesis approaches for a majority of these carbon-based
electrocatalysts generally require a high-temperature (usually
700-1100 °C) pyrolysis procedure of the precursor mixture to
improve the electrical conductivity, electrocatalytic activity, and
corrosion resistance, inevitably leading to undesirable structure
changes and/or even reconstruction of the original fine struc-
ture.>*** Notably, the high-temperature pyrolysis treatment also
results in the generation of unpredictable and poorly defined
electrocatalytically active sites which brings great challenges to
the structure-property relationships, severely hindering the
insightful understanding of the reaction mechanisms.?**” To
this end, the development of a pyrolysis-free strategy towards
the synthesis of carbon-based electrocatalysts can certainly
avoid the disadvantages mentioned above. Indeed, a pyrolysis-
free strategy can simultaneously and efficiently reduce the
energy consumption, improve the repeatability of material
preparation, and realize the controllable construction of high-
density, high-efficiency and well-defined active sites at the
atomic level, providing model electrocatalysts for revealing the
structure-activity relationships and electrocatalytic
mechanisms.

Along with the massive advancement of porous organic
polymers since Yaghi's group reported the pyrolysis-free cova-
lent organic frameworks (COFs), various pyrolysis-free COF-
based materials engineered to possess well-defined electro-
catalytically active sites have shown superior potential in

This journal is © The Royal Society of Chemistry 2021

Acid or neutral media
2H,0 — O, +4H"' +4e” (H,0 —» OH*+H" +e ;OH* > O*+H"'+e; O*
+0* - 0, 0r O* + H,0 —» OOH* + H +e; OOH* - 0, +H' +¢")

Alkaline media

40H™ — 0, +2H,0 +4e” (OH — OH*+e ; OH* +OH — O* + H,0 +
e ;0*+0* - 0,0orO*+OH — OOH*+e ;O0H*+OH — O, +H,0
+ e’)

electrocatalysis due to their precisely controllable capacities
regarding active site positioning and porosity/channel
tailoring.>*° The pyrolysis-free COFs are generally formed via
the polymerization of organic monomers under certain condi-
tions and essentially a unique class of polymers as they inte-
grate secondary structural organic units (i.e., monomers) into
a predictable long-range-ordered structure.*** The periodic
structure of pyrolysis-free COFs intrinsically consists of two
main parts: one is the ordered framework and the other is the
arrayed pores/channels. On the basis of these two unique
characteristics, pyrolysis-free COFs offer a desirable platform
for engineering pre-designed monomers to implement an
anticipated skeleton and porosity/channel. On the other hand,
the absence of high-temperature pyrolysis treatment during the
synthesis of pyrolysis-free COF-based materials completely
preserves the pre-designed active sites, therefore ensuring clear
structure-activity relationships and thus offering an inherent
superiority for electrocatalytic mechanism studies and perfor-
mance optimization of the electrocatalysts.****

To manipulate the electrocatalytic activity of pyrolysis-free
COF-based materials, the engineering strategies should be
focused on the intrinsic activity of the active sites, number of
exposed active sites, electronic conductivity, stability, and
structural design. As described in Fig. 1, massive endeavours
have been made to improve the performance of pyrolysis-free
COF-based oxygen electrocatalysts. Fundamentally, the
intrinsic activity of pyrolysis-free COF-based materials is deter-
mined by the electronic structure of active sites and thus can be
manipulated via optimizing the electronic properties of active
sites to tune the binding energy towards key reaction interme-
diates.***® Indeed, heteroatoms and substituents are generally
employed to modify the chemical environment of active sites.
Besides, the reasonable construction of nanoarchitectures, such
as diverse geometric configurations, rational pore size distri-
bution, and appropriate crystalline degree, can maximize the
exposed active sites and ensure rapid mass transport.*>*
Furthermore, the electron transfer capability of electrocatalysts
is also extremely crucial in electrochemical processes. In addi-
tion to building fully conjugated frame structures, many
investigators have been focused on the combination of
pyrolysis-free COFs with high-surface-area conductive support-
ing materials (e.g., graphene, carbon nanotubes (CNTs) and
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Fig. 1 Schematic diagram of the topics involved in this review.

carbon nanoparticles).**™** In fact, these conductive supports on
the one hand can be used as templates to guide the growth of
COFs and minimize the - stacking of COFs, and on the other
hand can also serve as current collectors to simultaneously
improve the electronic conductivity. The obtained pyrolysis-free
COF/support hybridization has been proven to be a practical
route for upgrading the activity of active sites caused by the
enhanced electronic conductivity and synergistic effect between
pyrolysis-free COFs and conductive supports.

In this review, we first discuss the pros and cons of pyrolysis-
free COFs for oxygen electrocatalysis based on intrinsic activity,
electrical conductivity, stability and structural features. Then,
the recent developments of pyrolysis-free COF-based materials
for oxygen electrocatalysis are comprehensively summarized.
Particular attention is paid to engineering strategies to manip-
ulate the electrocatalytic activity and the structure-activity
correlations. At the end, future perspectives regarding the
challenges and opportunities awaiting this research area are
proposed and discussed. Although pyrolysis-free COF-based
electrocatalysts are still in the infancy stage, they play an
important role in promoting the study of electrocatalytic
mechanisms. We hope that this review can offer some valuable
references for future engineering of high-efficiency electro-
catalysts with practical application capabilities.

2. Key factors for constructing
efficient pyrolysis-free COF-based
oxygen electrocatalysts

Since the performance of oxygen electrocatalysis is of course
mainly determined by the electrocatalysts, it is critical to

develop electrocatalysts with favourable catalytic activity,
desired selectivity, and superior durability. Particularly, the

20988 | J Mater. Chem. A, 2021, 9, 20985-21004
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exposed electrocatalytically active sites dominate the catalytic
activity and selectivity, playing a pivotal role in reducing reac-
tion energy barriers. Therefore, considerable attention has to be
paid to the intrinsic activity of active sites and the density of
exposed active sites as the electrocatalytic process only occurs
on these exposed catalytically active sites. At the same time,
considering that the oxygen electrocatalysis reactions involve
multiple electrons and diverse oxygen-containing intermedi-
ates, certain electron-transfer and mass-transport pathways
within the electrocatalysts for fast electron transfer and rapid
mass transport are necessary for satisfactory electrocatalytic
activities. In this section, we first give a brief overview of the
pros and cons of pyrolysis-free COF-based materials when
applied for oxygen electrocatalysis. Then, a detailed analysis of
pyrolysis-free COF-based materials from the following four
aspects: intrinsic activity, electrical conductivity, stability, and
structural features, is provided.

2.1 The pros and cons of pyrolysis-free COFs for oxygen
electrocatalysis

Pyrolysis-free COFs, as a subclass of porous polymers with rigid
skeletons, periodic topological architectures and permanent
porosity, are generally composed of molecular secondary
building blocks strongly connected via covalent bonds. The
flexibility in the selection of the secondary building blocks
offers great possibilities to create a variety of accessible topo-
logical architectures with desired physicochemical properties in
a precisely controllable manner. Accordingly, pyrolysis-free
COFs possess some intriguing characteristics, such as ultra-
large specific surface area (up to 4210 m* g '), designable
pore sizes (up to 4.7 nm), exceptional thermal stability (up to
600 °C), and high charge mobility (up to 8.1 cm> V' s~ 1).2>%
Notably, as pyrolysis-free COFs are generally composed of earth-
rich and inexpensive elements, pyrolysis-free COF-based mate-
rials will also possess an advantage in terms of price with the
rapid development of synthesis technologies. These collective
features make pyrolysis-free COF-based materials an interesting
type of material and promising candidates for electrochemical
applications.

Generally, pyrolysis-free COF-based materials have the
following pros that are beneficial for oxygen electrocatalysis: (i)
varieties of secondary building blocks and linkage motifs
enable the construction of well-designed topological structures
and functionalities; (ii) rich micro-/mesopores uniformly
dispersed in the long-range ordered skeleton provide abundant
space for loading a high density of well-defined active sites; (iii)
the tuneable porosities (i.e., pore sizes and pore geometries)
contribute to the rational confinement of active moieties, such
as single atoms, nanoclusters, and nanoparticles; (iv) the peri-
odic topological architectures ensure the precise control of the
electrocatalytically active sites, providing the possibility of
understanding the structure-activity relationships; (v) the
secondary building blocks that typically contain nitrogen-
containing groups (e.g., bipyridines, porphyrins, etc.) can serve
as coordination sites for metal incorporation within the skel-
eton, resulting in atomically dispersed metal electrocatalysts;

This journal is © The Royal Society of Chemistry 2021
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(vi) the robust covalent interactions between the secondary
building blocks endow pyrolysis-free COFs with high chemical
stability and long-term durability under harsh electrochemical
conditions and make the post-synthetic modification feasible.
Based on these pros, much effort and some encouraging prog-
ress in the utilization of pyrolysis-free COF-based materials for
oxygen electrocatalysis have been made. Up to now, various
pyrolysis-free COF-based materials for efficient oxygen electro-
catalysis have been demonstrated.

Nevertheless, despite the aforementioned pros, the following
several cons of pyrolysis-free COF-based materials when applied
for oxygen electrocatalysis have to be considered and addressed:
(i) the pores present in the skeleton of pyrolysis-free COFs are
mainly in the form of micropores and/or small mesopores,
which inhibit mass transport and prevent access to the deep-
buried abundant active sites during oxygen electrocatalysis;
(ii) although pyrolysis-free COFs could theoretically be highly
conductive as a result of the 7t-conjugation and overlapped =
electron clouds, the reported charge carrier mobility is still
lower than that of common inorganic electrocatalytic materials;
(iii) the pyrolysis-free COFs are generally obtained in the form of
bulk powder, in which the long channels formed by the densely
stacked COF layers pose a great obstacle for mass transport and
full utilization of active sites. To overcome these disadvantages,
a sequence of pyrolysis-free COF-based materials with hierar-
chically porous structures and pyrolysis-free COF/conductive
support hybrids have been proposed very recently, which
consequently receive significant attention in this present
review.

2.2 Intrinsic activity

The complete oxygen electrocatalysis in aqueous solutions is an
extremely complicated multi-electron electrochemical process,
which generally involves the adsorption and desorption of
reactant molecules, diverse oxygen-containing intermediates
and products on the active sites depending on the pH condi-
tions of the electrolytes, as described in Table 1. Basically,
oxygen-containing species are sequentially adsorbed on active
sites during the electrocatalytic process. Accordingly, the reac-
tivity of each step depends largely on the interaction between
these corresponding oxygen-containing intermediates and the
active sites. Therefore, the overall reaction energy barrier of
oxygen electrocatalysis mainly stems from the adsorption and
desorption of the above-mentioned intermediates (i.e., O%,
OH*, OOH*, etc.) during the reactions, which are closely related
to the surface properties and essentially determine the overall
reactivity of oxygen electrocatalysts. Specifically, too strong
adsorption of the oxygen-containing species on the active sites
will make the products difficult to desorb. In contrast, too weak
interaction between the oxygen-containing species and the
active sites will result in low probability of reactant adsorption.
As a consequence, high-performance oxygen electrocatalysts
require a moderate adsorption energy of the oxygen-containing
intermediates. By rationally modulating the electronic structure
of the active sites, the adsorption energies can reach suitable
values, thus achieving optimal electrocatalytic activity.

This journal is © The Royal Society of Chemistry 2021
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In this context, the intrinsic activity of pyrolysis-free COF-
based oxygen electrocatalysts depends greatly on the surface
properties (e.g., the exposed functional groups, the suspended
bonds, the surface charge distribution, etc.). For instance, the
exposed functional groups on the surface of pyrolysis-free COF-
based electrocatalysts, such as the strongly electron-donating
carbonyl groups, are capable of absorbing oxygen molecules,
thereby enabling the electrocatalytic ORR process.*® However,
strongly electron-withdrawing functional groups such as the
pyridinic-N groups favour the electrocatalytic OER process.”
Consequently, the intrinsic activity of pyrolysis-free COF-based
oxygen electrocatalysts can be significantly improved via the
manipulation of the surface properties by tailoring the elec-
tronic structure and adjusting the chemical environment of the
active sites, such as by introducing heteroatoms and incorpo-
rating non-noble metal-containing units, which will be dis-
cussed in detail in the following sections. In addition, the
utilization efficiency of these highly intrinsically active sites
should be considered to improve their accessibility to oxygen,
electrolyte, and electrons. Accordingly, both intrinsic activity
manipulation and structure design should be combined to
promote the performance of pyrolysis-free COF-based oxygen
electrocatalysts.

2.3 Electrical conductivity

In terms of electron transfer, the electrical conductivity of an
electrocatalyst is vital to high-efficiency oxygen electrocatalysis.
The active materials are expected to provide high electrical
conductivity which can reduce electron transfer resistance,
facilitate electron transfer and improve electrochemical polari-
zation. In fact, conductivity is essentially the ability of a material
to conduct electrical and thermal energy and dominated by the
band structure, charge carrier concentration and their
mobility.**** Accordingly, organic polymers generally have
relatively low electrical conductivity compared to traditional
metal-based materials due to the absence of sufficient free
electrons which can freely delocalize across the surface.

Since pyrolysis-free COFs are completely comprised of
secondary organic building blocks bonded together by strong
covalent interactions, most of the pyrolysis-free COFs possess -
conjugated structures and therefore show at least a modest
electronic conductivity.>® Furthermore, the m-conjugated struc-
tures ensure many pyrolysis-free COF semiconducting proper-
ties. As a result, the bandgap structure, carrier concentration
and mobility (i.e. electrical conductivity) can be easily modu-
lated by emulating conventional semiconductor engineering
approaches, such as heteroatom incorporation, dopant control
and chemical environment manipulation.”® For example, the
intrinsic electronic conductivity of pyrolysis-free COFs can be
successfully leveraged by rational selection of aromatic building
blocks to maximize the orbital overlap.**>* Moreover, the length
of the m-conjugated chain which significantly influences the
band gap also can be controlled to tune the electronic proper-
ties of pyrolysis-free COF-based materials.”® Nonetheless, the
electrical conductivity of pyrolysis-free COFs is still inferior to
that of other typical inorganic electrocatalytic materials to date.

J. Mater. Chem. A, 2021, 9, 20985-21004 | 20989
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To this end, the construction of interfacial electron transfer
channels via compositing pyrolysis-free COFs with highly
conductive supporting materials, such as CNTs, graphene and
carbon nanostructures, is another effective approach to
circumvent the conductivity problem.

2.4 Stability

As to the oxygen electrocatalytic systems, electrochemical
stability is also a basic requirement for active materials in the
mutual conversion of electric energy and chemical energy.
Generally, both the ORR and OER occur under severe electro-
chemical conditions, such as harsh acidic or basic conditions
and high practical potentials. As a consequence, oxygen elec-
trocatalysts should be designed to resist electrochemical
corrosion over a long time.

Generally, high thermodynamic reversibility is usually
required to attain exceptional crystallinity of pyrolysis-free
COFs.>* Therefore, some investigators doubt the chemical
stability and electrochemical durability of pyrolysis-free COFs
for practical oxygen electrocatalysis applications. In principle,
the exclusive covalent connections can yield pyrolysis-free COFs
with high chemical stability. To date, the ongoing developments
have offered many pyrolysis-free COFs with stability under
harsh acidic and/or basic conditions, and even some of them
can tolerate strong oxidants and reductants without losing their
porosity and crystallinity.>®*® Covalent triazine frameworks
(CTFs) have been recognized as some of the most stable
pyrolysis-free COFs in strong acid and/or base media as well as
strong oxidizing and reducing environments. Notably, most of
the imine-, azine- and hydrazone-based pyrolysis-free COFs
(connected by C=N bonds) possess superior stability under
basic conditions. However, in acidic media, their stability still
needs to be further improved because hydrolysis often occurs.””
In this context, various approaches have also been proposed to
effectively improve the stability of pyrolysis-free COFs, such as
the post-modification of linkages to convert them into robust
chemical bonds and the incorporation of particular functional
groups to prevent hydrolysis.>*

2.5 Structural features

In addition to the several aforementioned factors, the mass
transport between the bulk phase and the surface of oxygen
electrocatalysts is also an important factor that significantly
influences the electrocatalytic performance.*® In fact, both the
ORR and OER involve gas (oxygen)/liquid (electrolyte) diffusion
over the solid electrocatalyst surface and electron transfer
between the active sites and current collector. As a conse-
quence, the structural design of oxygen electrocatalysts has to
be considered to enhance both the mass transport of oxygen/
electrolyte and the electron transfer. In terms of mass trans-
port, electrocatalysts with well-developed hierarchical porosity
are highly desired, in which the macropores serve as the gas
transport channels and the micropores and mesopores offer
sufficient exposed active sites and reaction regions for gas/
liquid/solid tri-phase electrocatalytic reactions. On the other
hand, in addition to the highly expected high intrinsic electrical
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conductivity that can ensure fast electron transfer inside the
electrocatalysts, a strong interaction between the electro-
catalysts and current collectors is necessary to facilitate the
electron transfer.

Pyrolysis-free COFs possess abundant micropores and/or
small mesopores, which could guarantee the incorporation of
high-density well-defined active sites. However, the lack of large
mesopores and/or macropores undoubtedly impedes the mass
transport of oxygen/electrolyte within the long channels and
prevents access to the deep-buried abundant active sites during
oxygen electrocatalysis, therefore leading to inferior electro-
catalytic performance. Besides, the densely stacked COF layers
of the generally obtained bulk pyrolysis-free COF powder also
could result in poor mass transport and low utilization of active
sites. In this regard, the design and construction of a-few-layer-
thick pyrolysis-free COFs and hierarchically porous structured
pyrolysis-free COFs are of particular interest for oxygen elec-
trocatalysis. Notably, the combination of pyrolysis-free COFs
with highly conductive substrates such as CNTs and graphene
to form pyrolysis-free COF hybrids is promising not only to
reduce the stacking of COF layers but also to offer abundant
conducting channels to improve the electrical conductivity.

3. Metal-free pyrolysis-free COFs for
oxygen electrocatalysis

3.1 The pivotal role of heteroatoms in oxygen
electrocatalysis

For metal-free heteroatom-doped carbon-based materials
including pyrolysis-free COFs, it has been well acknowledged
that the intrinsic activity of active sites is closely connected with
their local chemical environment which is basically determined
by the difference in electronegativity between neighbouring
atoms.**"** In comparison with the basic carbon atom, the most
widely employed heteroatoms (e.g., nitrogen (N), sulfur (S),
boron (B), phosphorous (P), etc.) possess significantly different
atomic size (in terms of van der Waals radius), electronegativity,
valence electron number and electronic configuration, as
comparatively summarized in Table 2. Therefore, the
incorporation of heteroatoms will cause distinct charge polari-
zation and structural distortions, depending on the type and
concentration of the incorporated heteroatom, resulting in the
modification of the physical and chemical properties including
charge density distribution, bandgap structure, chemical
stability, and electronic conductivity. Notably, considering the
diversity of these heteroatoms, the intrinsic activity of active
sites can be accurately manipulated via charge density redis-
tribution to provide high electrocatalytic activity and fulfill the
requirements for oxygen electrocatalysis. Accordingly, the
modulated electronic properties enable optimized binding
energies of key oxygenated intermediates, hence improving the
overall performance of oxygen electrocatalysis.

Particularly, pyrolysis-free COFs consist of periodically
arranged monomers linked by covalent bonds in terms of
structural composition. The incorporation of heteroatoms via
reasonable monomer selection and precise manipulation at the

This journal is © The Royal Society of Chemistry 2021
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Table 2 Comparison of atomic size, electronegativity, valence electron number, and electronic configuration of different atoms

Element Nitrogen Sulfur Boron Phosphorus Carbon
Van der Waals radius (pm) 155 180 180 195 170
Electronegativity 3.04 2.58 2.04 2.19 2.55
Valence electron number 5 6 3 5 4
Electronic configuration 1s%2s%2p® 1s%2s%2p°3s*3p* 1s%2s%2p! 1s°2s*2p°3s”3p® 1s%2s%2p>

atomic scale could undoubtedly ensure a long-range ordered
arrangement of abundant heteroatoms, leading to well-defined
active sites which are beneficial for the understanding of
structure-activity relationships. In contrast, the common metal-
free heteroatom-doped carbon-based materials obtained by
conventional high-temperature pyrolysis possess a large
number of poorly defined active sites, hindering the electro-
catalytic mechanisms. Therefore, reasonable selection and
introduction of heteroatoms are of great significance for
pyrolysis-free COFs towards oxygen electrocatalysis.

Among these heteroatoms, the N atom is the most
commonly adopted and widely investigated one in metal-free
carbon-based materials including pyrolysis-free COFs for
oxygen electrocatalysis. Generally, the electronegativity of the N
atom (3.04) is significantly higher than that of the carbon atom
(2.55) (Table 2).”° With N-incorporation, the electroneutral
carbon atoms will be perturbed due to the partial charge
transfer from neighbouring carbon atoms to the N atom,
causing an apparent positive polarization of the neighbouring
carbon atom, thereby being favourable for both the electro-
catalytic ORR and OER. When it comes to pyrolysis-free COFs,
the similar atomic size of C and N as well as the diversity of N-
containing monomers makes it extremely convenient to achieve
N-incorporated pyrolysis-free COFs with considerable electro-
catalytic activity. Moreover, although the S atom and P atom
possess similar electronegativity (S: 2.58 and P: 2.19, respec-
tively) compared with that of the carbon atom (2.55), their
ability to enhance the electrocatalytic activity has also been
verified. In fact, unlike N-incorporation, no visible charge
transfer between the S (or P) atom and carbon atom can be
detected after S or P-incorporation.”>”* The function of the P
atom is concluded to be the contribution of electrons to the
oxygen molecule 27t* states, leading to O, 27t* state broadening
and splitting and eventually enabling the stretching and
weakening of the O-O bonds.””* However, the electrocatalytic
activity enhancement after S-incorporation can be attributed to
the induced high charge delocalization and spin density of
neighbouring carbon atoms.””® The recently published litera-
ture has corroborated the promising potential of well-defined
thiophene-S active site-containing pyrolysis-free COFs toward
an effective electrocatalytic ORR.”” In addition, the B atom with
only one less valence electron compared to the neighbouring
carbon atom has also been proven to be effective for the
improvement of electrocatalytic ORR performance. Despite the
lower electronegativity of the B atom (2.04) compared with that
of the carbon atom (2.55), B-incorporation also induces charge
polarization between the electron-donating B atoms and the
neighbouring carbon atoms, leading to positively charged B

This journal is © The Royal Society of Chemistry 2021

atoms which are responsible for O, adsorption. Subsequently,
the unoccupied 2p, orbital of the B atom can accept 7 electrons
from the neighbouring carbon atom and then transfer them to
the adsorbed O,, effectively boosting the electrocatalytic ORR
process.”®”® Unfortunately, the common B-containing pyrolysis-
free COFs (e.g., boroxine- and boronate-ester-based COFs) are
unstable in water as the electron-donating B sites are easily
attacked by nucleophilic water molecules. Overall, the incor-
poration of heteroatoms with obvious difference in electroneg-
ativity compared with that of carbon atoms generally can deliver
pyrolysis-free COFs with markedly improved electrocatalytic
ORR activity mainly due to the induced positively charged active
sites, while the heteroatoms with similar electronegativity may
be more appropriate for the electrocatalytic OER.

3.2 Metal-free pyrolysis-free COFs for the electrocatalytic
ORR

Based on the above discussion, the engineering of metal-free
pyrolysis-free COFs via reasonable incorporation of hetero-
atoms will significantly modify their electronic properties, hence
intrinsically constructing high-efficiency well-defined active
sites. As a typical example of metal-free pyrolysis-free COF
materials, covalent triazine frameworks (CTFs), which are
composed of a periodic arrangement of interconnected 1,3,5-
triazine structural units, have been demonstrated as effective
pyrolysis-free COF-based electrocatalysts towards the ORR.** As
exhibited in Fig. 2a-c, the presence of high concentration of N
heteroatoms with relatively high electronegativity in the frame-
work causes a distinct polarization of the whole system, so the
electrons tend to accumulate on the N atoms, thereby resulting
in the production of a large number of active sites and an
appropriate bandgap structure to allow the electrocatalytic ORR
process.®! In addition, the robust C=N covalent bonds present
in the triazine ring ensure excellent stability, and hence
providing a good application prospect. Moreover, the poly-
chlorotriphenylmethyl (PTM) radical based m-conjugated COF
(PTM-CORF) with a small energy gap (ca. 0.88 €V) and a low-lying
LUMO energy level (—4.72 eV) also displayed considerable elec-
trocatalytic performance for the ORR.** The strongly electron-
withdrawing characteristic of the PTM radical and the
extended 7-conjugation result in a half-wave potential (E;,,) of
0.671 V (vs. RHE) and an electron transfer number of 3.89 under
alkaline electrolyte conditions. In addition, a recently published
study revealed that with the reasonable incorporation of S
heteroatoms, highly efficient thiophene-S active sites for the
ORR can be achieved. As can be seen in Fig. 2d, the as-prepared
metal-free thiophene-sulfur covalent organic frameworks
(MFTS-COFs), which comprise two different structural units
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Fig.2 The molecular structure (a) and space-filling diagrams (b and ¢)
of pyrolysis-free CTFs: top view (b) and side view (c). C: gray, N: blue,
H: white. Reproduced with permission from ref. 81, Copyright 2018
Wiley-VCH. (d) The synthesis and structures of JUC-527 and JUC-528.
(e) LSV curves of PDA-TAPB-COF, JUC-527, and JUC-528 in 0.1 M
KOH solution. (f) Calculated DOS diagram for PDA-TAPB-COF, JUC-
527, and JUC-528. Reproduced with permission from ref. 77, Copy-
right 2020, American Chemical Society.

(both with the pentacyclic thiophene-S groups), showed obvi-
ously improved electrocatalytic ORR performance than the
thiophene-free COFs (PDA-TAPB-COF; control sample).””
Notably, the MFTS-COFs with higher proportions of thiophene-S
(JuC-528) presented the best electrocatalytic ORR activity under
alkaline conditions as revealed in Fig. 2e, indicating that the
enhancement of the heteroatom concentration through rational
selection and introduction of monomers have a positive effect
on the electrocatalytic ORR activity. Density functional theory
(DFT)-based simulations demonstrated that JUC-528 possesses
the narrowest band gap (Fig. 2f), further supporting that the
thiophene-S groups provided the positive ORR electrocatalytic
capability. Besides, the as-prepared JUC-528 also showed an
excellent long-term durability and outstanding structural
stability with only a 7% loss after 25 h of continuous testing. It
should be noted that conductive acetylene black was employed
to increase the electrical conductivity of the system during the
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electrochemical measurements in this study. This work offers
conducive information of the exact structure of active sites for
pyrolysis-free COFs and provides a new route to design and
develop high-performance oxygen electrocatalysts through
precise and controllable incorporation of heteroatom active
sites. The representative metal-free pyrolysis-free COF-based
materials for oxygen electrocatalysis are summarized in Table 3.

Besides, the electrocatalytic selectivity can also be simply
tuned by doping heteroatoms to alter the electronic structures
through the whole backbones of pyrolysis-free COFs. A typical
example recently reported by Li and co-authors proposed that
the incorporation of electron-deficient thiazolo[5,4-d]thiazole
into a viologen-based COF leads to partially positively charged
carbon atoms that can serve as active sites and improve O,
adsorption, resulting in a high H,0, selectivity (92%) when
used as an electrocatalyst for the ORR under alkaline condi-
tions.*® Furthermore, the H,0, selectivity could be efficiently
adjusted by the halide counteranion (F~, Cl, Br, and 1)
exchange. As a consequence, the presence of F counteranion
delivers a highest H,O, selectivity (98.5%). DFT-based calcula-
tions demonstrated that the H,O, selectivity of the obtained
COFs is closely related to the electronegativity of the corre-
sponding halide counteranion (F > Br > Cl > I). As can be seen in
Fig. 3a and b, the binding energy of *OOH that dominates the
H,0, selectivity increases along with the electronegativity (F > Cl
> Br > I), so that the 2e” ORR activity of the obtained COFs
follows the same order.

3.3 Metal-free pyrolysis-free COFs for the electrocatalytic
OER

In addition to the electrocatalytic ORR, only a few reports are
available for metal-free pyrolysis-free COF-based materials
toward the electrocatalytic OER. This is mainly due to the
generally inferior intrinsic activity of the incorporated hetero-
atoms. Interestingly, a recently reported study guided by theo-
retical calculation proposed a novel planar phenazine-linked
COF (COF-C4N) with appropriate CN stoichiometry, N posi-
tion, and band structures for an efficient electrocatalytic OER
(Fig. 3c and d).** The COF-C,N displayed both a low over-
potential (Ej;) of 349 mV at 10 mA cm > and a small Tafel slope
of 64 mV dec™ ' under alkaline conditions (Fig. 3e and f). The
combination of theoretical and experimental results demon-
strated that the superior OER activity can be collectively
ascribed to the high crystallinity, excellent stability, suitable
band structure, and highly active C active sites. This work

Table 3 Summary of representative metal-free pyrolysis-free COF-based materials as catalysts for oxygen electrocatalysis

Eipp Ejio
Materials Strategy Active sites Electrolyte Eonset (VVvs. RHE)  (Vvs. RHE) n (IjnV vs. RHE)  Ref.
JucC-528 Heteroatom introduction ~ Thiophene-S 0.1 M KOH 0.82 0.70 3.81 — 77
Juc-527 Heteroatom introduction Thiophene-S 0.1 M KOH 0.77 0.63 3.46 — 77
CTFs Heteroatom introduction  Pyridinic-N 0.1 MKOH 0 (vs. SCE) — 3.6 — 80
PTM-CORF — PTM radical 0.1 M KOH — 0.671 3.89 — 82
COF-C4N Heteroatom introduction C atoms 1.0 M KOH — — — 349 84
C4-SHz COF Heteroatom introduction N atoms 1.0 M KOH 1.50 — — 320 85
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represents a significant progress in the construction of metal-
free pyrolysis-free COF-based oxygen electrocatalysts.

Another study reported by Mondal and coworkers proposed
and synthesized a new thiadiazole-based COF (C4-SHz COF)
through a Schiff-base condensation polymerization between
(C4-CHO)

1,3,5-tris(4-formylphenyl)benzene and  2,5-

i C4-SHz COF

(c)
Supercrlllcal
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Fig. 4 (a and b) The synthesis and structure of C4-SHz COF. (c) The

conversion from short- to long-range periodicity through supercritical
carbon dioxide treatment. (d) LSV curves and the corresponding (e)
Tafel plots of the OER electrocatalysts in 1.0 M KOH solution. Repro-
duced with permission from ref. 85, Copyright 2020, American
Chemical Society.
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nd structures of h-C,N, COF-Cy4N, and h-CsNs. (e) LSV curves and the
OH solution. Reproduced with permission from ref. 84, Copyright 2019,

dihydrazinyl-1,3,4-thiadiazole (SHz), as can be seen in Fig. 4a
and b.* In this work, a supercritical carbon dioxide treatment
(Fig. 4c) was employed to activate the as-obtained C4-SHz COF,
ensuring a well-defined molecular stacked framework structure
and ultra-high specific surface area (1224 m* g™ '). As a result,
the C4-SHz COF as an electrocatalyst exhibited outstanding
OER activity (onset overpotential of 270 mV, Ej,, of 320 mV, and
Tafel slope of 39 mV dec™ ') under alkaline conditions (Fig. 4d
and e), which is comparable to that of the recently developed
transition metal-based materials. The excellent performance
can be attributed to the superior structure (e.g., high specific
surface area, abundant porosity, and extended 7-conjugation)
enabled fast charge and mass transport. This work also
corroborates the promising potential of metal-free pyrolysis-free
COF-based materials for the electrocatalytic OER.

4. Non-noble metal site-containing
pyrolysis-free COFs for oxygen
electrocatalysis

4.1 The vital role of non-noble metal sites in oxygen
electrocatalysis

Although the reasonable incorporation of heteroatoms in
pyrolysis-free COFs can effectively create high-efficiency active
sites, the performance of metal-free pyrolysis-free COF-based
materials in oxygen electrocatalysis still cannot meet the
requirements of practical applications in the aforementioned
sustainable electrochemical energy technologies. Therefore, it
is urgent to further improve the electrocatalytic performance of
pyrolysis-free COF-based materials. The incorporation of non-
noble metals represents a promising strategy to engineer
pyrolysis-free COF-based materials and significantly improve
their performance for oxygen electrocatalysis.
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As early as in 1964, researchers discovered that the non-noble
metal phthalocyanine with an M-N, (M = Fe, Co, etc.) configu-
ration showed obvious activity for oxygen electrocatalysis, indi-
cating that non-noble transition metal-based atoms can be
regarded as high-efficiency active sites toward oxygen electro-
catalysis.*® On the basis of this consensus, both the carbon-based
M-N-C (M = Fe, Co, etc.) electrocatalysts prepared by high-
temperature pyrolysis and the well-defined M-N, (M = Fe, Co,
etc.) configuration-containing pyrolysis-free polymer-based
materials have been proposed and widely studied in the field of
oxygen electrocatalysis.®”** In fact, the reason for the significantly
improved electrocatalytic activity can be fundamentally ascribed
to the unique d orbital structure of these transition metal sites,
which ensures appropriate adsorption of oxygenated intermedi-
ates and facilitates the further conversion of these intermediates.
Besides, another possible mechanism accounting for activity
improvement is closely related to neighbouring carbon atoms.*®
Generally, the incorporated transition metal sites deliver signif-
icantly improved electrocatalytic activity, and neighbouring
carbon atoms play a role in synergistic enhancement. DFT-based
simulation results theoretically support the above statement that
neighbouring carbon atoms possess appropriate oxygen adsorp-
tion Gibbs free energy, signifying improved interactions between
these carbon atoms and the oxygenated intermediates.”
Compared with traditional carbon-based M-N-C materials,
pyrolysis-free COF-based materials eliminate high-temperature
pyrolysis and possess well-defined metal active sites and abun-
dant natural pore structures with an equivalent chemical envi-
ronment, favouring the study of electrocatalytic mechanisms.

4.2 Metallomacrocycle-containing pyrolysis-free COFs for
oxygen electrocatalysis

There are generally two approaches to create non-noble transi-
tion metal active sites in pyrolysis-free COF-based materials.
The first approach involves the reasonable selection of metal-
chelating monomers (e.g., porphyrin and phthalocyanine) and
construction of metallomacrocycle-based pyrolysis-free COFs,
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such as metallophthalocyanine- and metalloporphyrin-based
pyrolysis-free COFs. It is worth noting that the non-noble tran-
sition metal atoms can be tightly anchored into these judi-
ciously selected metal-chelating monomers, forming a large
number of well-defined M-N, active sites with an equal local
coordination environment. It has already been well acknowl-
edged that M-N, active sites deliver a more positive effect on the
performance of oxygen electrocatalysis than the aforemen-
tioned heteroatom-incorporation strategy. This is mainly due to
the highly active M-N, sites where hydroxyl intermediates could
be effectively absorbed and electrons could be quickly trans-
ferred; however, specific analyses should be conducted to
ascertain the effects of different types of metal sites. In the
following, we will briefly present the recent advances of these
common metallomacrocycle-based pyrolysis-free COFs as cata-
lysts for oxygen electrocatalysis. The representative metal-
containing pyrolysis-free COF-based materials for oxygen elec-
trocatalysis are summarized in Table 4.

In principle, the highly conjugated structure of porphyrin
provides a considerable electrocatalytic activity due to the rela-
tively high electronic mobility and low work function.”*® More
importantly, in terms of the structural composition, the macro-
cyclic porphyrin structure composed of four pyrrole groups
bonded together by methine bridges could offer a suitable region
for anchoring the transition metal sites to produce abundant
well-defined M-N, active sites. As a consequence, the porphyrin
structure possesses great potential for the design of highly
effective oxygen electrocatalysts. Recently, Lin et al. theoretically
simulated a series of metalloporphyrin-based pyrolysis-free COFs
(Fig. 5a) using various 3d transition metal atoms and systemati-
cally investigated their ORR and OER activities.”” Following the
results of first-principles calculations, they proposed that both
the configuration energy (CE) and crystal field stabilization
energy (CFSE) can serve as intrinsic descriptors to represent the
inherent 3d orbital energy of these selected 3d non-noble tran-
sition metals. On the basis of their proposed theory, only when
the value of CFSE < —11, the corresponding metalloporphyrin-
based pyrolysis-free COF follows the desired 4e~ pathway and

Table 4 Summary of representative metal-containing pyrolysis-free COF-based materials as catalysts for oxygen electrocatalysis

Eonset E1/2
Materials Strategy Active sites Electrolyte (Vvs. RHE) (Vvs. RHE) n Ej1o (mV vs. RHE) Ref.
FeSAs/PTF Metal incorporation Fe-N, 0.1 M KOH 1.01 0.87 3.88 — 98
0.1 M HCIO, 0.89 =0.75 3.99
Co-PDY Metal incorporation Co-N, 1.0 M KOH . . . 270 99
Co-PyPc NSs Metal incorporation Co-N, 0.1 M KOH 0.974 0.815 3.47 — 101
CoCMP Metal incorporation Co-N, 0.1 M KOH 1.57 — — 610@13 mA cm > 102
COFgr¢ Metal incorporation Fe-N, 0.1 M KOH 0.965 =0.90 — — 103
Cu-CTF Metal incorporation Cu sites Phosphate buffer 0.81 =~0.60 3.75-3.95 — 108
(pH=7)
0.1 M NaOH 0.91 =0.77 —
Co-TpBpy Metal incorporation Co sites Phosphate buffer — — — 400@1 mA cm 2 =520 109
(PH = 7)
Macro-TpBpy-Co Metal incorporation Co sites 0.1 M KOH — — — 380 110
TpBpy-Co Metal incorporation Co sites 0.1 M KOH — — — 430 110
Niy sFeo s@COF-SO; Metal incorporation Ni and Fe sites 1.0 M KOH — — — 308 111
C0y5Vo.s@COF-SO; Metal incorporation Co and V sites 1.0 M KOH — — — 318 112
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