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1 | INTRODUCTION

Omar Allam'? |

Seung Soon Jang” | Seung Woo Lee'

Abstract

As an emerging class of crystalline organic material, covalent organic
frameworks (COFs) possess uniform porosity, versatile functionality, and pre-
cise control over designated structures. Aside from the favorable charge and
mass transport pathways offered by the porous framework, COFs can also
exhibit designed reversible redox activity. In the past few years, their potential
has attracted a great deal of attention for charge storage and transport applica-
tions in various electrochemical energy storage devices, and numerous design
strategies have been proposed to enhance the corresponding electrochemical
properties. This review summarizes the working principle and synthesis
methods of COFs and discusses significant findings for supercapacitors and
various rechargeable battery systems, emphasizing the representative design
strategies and their underlying relationship with electrochemical perfor-
mances. In addition, key advances achieved by computations are highlighted
along with the challenges and prospects in this field.
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solution for such growing demands, which is mainly due
to their promising high performance with relatively low

Due to the steady increase in energy demand, the depletion
of fossil fuels, and the detrimental impact of greenhouse
gas emissions on the environment, finding alternative
renewable energy resources as well as developing high-
capacity energy storage technologies have been major
challenges for modern civilization. At the same time,
rapid advancements in consumer electronics and electric
vehicles have also entailed increasing demands for safe
and efficient energy storage solutions.' In this context, a
general consensus is that developing electrochemical
energy storage (EES) devices is the most promising

cost and excellent stability. Therefore, a great deal of
research effort has been devoted to the development of
EES systems, such as supercapacitors and various types
of batteries, which are safe, inexpensive, and environ-
mentally friendly. Lithium-ion batteries (LIBs) exhibit
the highest energy density among EES systems. However,
LIBs employ inorganic electrode materials such as
transition-metal oxides, which often exhibit limited capac-
ity and are of high scarcity. Recently, organic electrode
materials have risen due to numerous advantages over
their inorganic counterpart.> First, organic electrode
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materials consisting of abundant elements (e.g., C, H,
O, N, and S) can be obtained through environmentally
friendly synthesis processes.>® Moreover, organic electrode
materials bearing redox-active functional groups are often
capable of higher capacities, and their structures are also
flexible and can be easily tuned to meet specific engineer-
ing requirements. Last, organic electrode materials can be
integrated with various charge storage mediums, which
allows one type of organic electrode to be utilized in vari-
ous EES systems with different counterions.

Among various organic materials for EES systems,
covalent organic frameworks (COFs) have attracted lots
of attention in recent years. COF is an emerging class of
porous, crystalline polymer formed by covalent bonds
among molecular components,”® which has several
favorable traits such as long-range order, high and uni-
form porosity, a stable functional skeleton in addition to
a high degree of freedom for structural design and prop-
erty manipulation. These characteristics make COFs
applicable to a wide range of applications, including gas
storage and separation,”'® catalysis,’*'® sensing,'’"*°
optoelectronics,”*® drug delivery,””*° as well as energy
conversion and storage.**>? In particular, COF is consid-
ered a promising candidate for various components in
EES systems owing to its unique features. The uniformly
porous structure yields a high surface area and enables
precise structural design to optimize its mass and charge
transport properties. The freedom to incorporate func-
tional components within the stable framework also
allows the integration of redox-active moieties for rev-
ersible redox processes, while preventing them from
dissolution and degradation in the aprotic electrolytes.
Therefore, COFs have been utilized as active organic
electrode materials as well as electrolytes and separators
in various EES systems.**** Although not covered in this
review, it is also worth noting that highly efficient COF
electrocatalysts are also employed for energy conversion
in metal-air batteries*>>® and fuel cells.*>*

Since its first introduction in 2005, the exploration of
COF materials and their utilization in EES systems is still
in its infancy. Current studies of COFs are mostly focused
on 2D binary functional design and postprocesses for
structural modifications.*>*"*> Research efforts devoted
toward various EES systems, though at different stages of
development, often reveal recurring concepts and design
principles applicable for other electrochemical processes
as well. While COFs had been introduced in several com-
prehensive reviews®>***~** as well as ones regarding spe-
cific EES systems,**>**® few discussions were made to
present the fundamental understanding of the working
principles and design strategies of COFs in order to
improve electrochemical performance for EES. In this
review, we will introduce the formation mechanism and

synthesis methods of COF, and then present significant
findings in EES applications through emphasizing the
representative design approaches (Figure 1) utilized in
each field and their underlying relationships with electro-
chemical performances. Given the significance of compu-
tational methods for COF in structural design and
prediction of properties, important findings made by
modeling and simulation will also be covered. Lastly, we
will offer some perspective regarding the challenges and
opportunities for further research in this field.

2 | WORKING PRINCIPLE AND
CHARGE STORAGE MECHANISM
OF COF

2.1 | Covalent bond formation and
structure

Covalent bonding has traditionally been utilized success-
fully to synthesize small organic molecules with the
desired structure and functionality. However, such
methods could not be applied to supramolecular schemes
to design any lattice structure with long-range order.
Because the orientation of bonding cannot be precisely
controlled during the growth period, the polymers formed
by means of covalent bonding are mostly amorphous,
especially in higher dimensions (2D/3D).® This is a major
obstacle to the design and engineering of organic materials
as its amorphous structure interferes with accurate crystal-
lographic measurements and control of structures and
properties on the atomic scale. The crystal structure
of COFs is achieved by utilizing microscopic reversible
reactions that form covalent bonds, while allowing th-
ermodynamically driven error-correction during crystal
growth.***” Of all possible bonds and orientations, the
establishment of a stable, uniform, and long-range supra-
molecular structure depends on the elimination of
energetically unstable configuration and the growth of
equilibrium structure by reverse bonding reactions. Intri-
cate synthetic conditions and processes are required to
maintain the reversibility of the reaction. The geometry of
COF structure depends on the combination of symmetries
exhibited by each building block and their orientations in
the framework. Therefore, the participating moieties must
be stable to ensure that the assembly consists of only the
designated molecules and configuration. The thermal and
chemical stability of the synthesized framework, which
are determined by the bonding strength between the par-
ticipating molecules, are also important limiting factors.
Lastly, it is critical to have a high level of control over the
crystal growth process so that a consistent long-range
order of the lattice structure can be realized.
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FIGURE 1 Schematic of major COF design strategies for energy storage applications

The geometric and compositional flexibility of COFs
with the long-range structural order is particularly advan-
tageous for designing functional materials because their
properties can be precisely tuned according to the needs
of the application. Since the discovery of feasible
synthetic pathways, much effort has been devoted to
exploring various aspects of the geometric complexity of
COFs. Selected examples of recently reported COF build-
ing blocks for energy storage applications are shown in
Figure 2. A series of characterization methods including
Fourier-transform infrared spectroscopy (FTIR), X-ray
photoelectron (XPS) spectroscopy, Raman spectroscopy,
elemental analysis (EA) and solid-state nuclear magnetic
resonance (NMR) spectroscopy have been employed to
determine the chemical composition and structure of
COFs. The morphology of COFs can be visualized using
high-resolution transmission electron microscopy (TEM)
and scanning electron microscopy (SEM). In addition,
the crystalline structure of COF can be examined by
X-ray diffraction (XRD) patterns, and thermogravimetric
analysis (TGA) is commonly employed to evaluate
thermal stability. Recent studies have also measured
in situ Raman*® and FTIR*™' spectra to monitor the
structural evolution of COFs during electrochemical
processes.

While most existing studies focus on the design and
application of binary COFs (consisting of two building
blocks alternating in the framework), ordered 2D hetero-
structures bearing different pore sizes and constituents can
be readily achieved, which further expands the complexity

and functionality of the material.’*>* The COF with two
different covalent bonding formations was synthesized by
Zeng and coworkers using an orthogonal reaction strat-
egy.>> Two building blocks, namely 4-formylphenylboronic
acid (FPBA) and 1,3,5-tris(4-aminophenyl)-benzene
(TAPB) was utilized in covalent bond formation. While
the ditopic groups of FPBA can convert to boroxine rings
at high temperature, aldehydes can generate imine
groups in the presence of amino groups under similar
reaction conditions, and the reactions do not interfere
with each other (Figure 3A). Pang and colleagues also
achieved the COF assemblies with two and three differ-
ent pore sizes within the framework by alternating link-
ages (Figure 3B).>®> The condensation reaction between
D,y -symmetric tetraamine and C,-symmetric dialdehyde
leads to two-pore dimensions in the framework. The
geometry can be further diversified by copolymerization
with another C,-symmetric dialdehyde with different
dimensions, and the geometrical variation can be con-
firmed by powder X-ray diffraction (PXRD) and pore size
analysis. These studies demonstrate that the inclusion of
diversified linker molecules and bonding strategies is crit-
ical for the development of functional materials beyond
the current binary COFs and holds tremendous potential
for the design of multifunctional materials.

COFs bonded with carbon-carbon linkages have also
been an attractive subject due to the potential to obtain
graphene-like properties such as superior electronic con-
ductivity and bond strength.®>” While the irreversible
nature of most carbon bonding reactions would lead to the
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FIGURE 2 Geometries of common 2D COF building blocks for energy storage applications

formation of amorphous materials, as typically found in
conjugated mesoporous polymers (CMPs),”®> recent stud-
ies have uncovered several feasible methods to synthesize
crystalline carbon bond-based conjugated frameworks.**°"
For example, Jin et al. demonstrated a 2D COF con-
structed from sp? carbon by C=C condensation reactions
between tetrakis(4-formylphenyl)pyrene (TFPPy) and
1,4-phenylenediacetonitrile (PDAN).® The topology-
directed polycondensation allows structural self-healing
during the crystal growth process, while the pyrene unites
serve as registry coordinates. The obtained sp’C-COF is a
semiconductor that can be oxidized to enhance its conduc-
tivity. Another interesting phenomenon that could have a
significant impact on the structure of COF is Ostwald rip-
ening.”®> In a time-dependent study on a COF (COF-
DhaTab) formed using 2,5-dihydroxyterephthalaldehyde
(Dha) and 1,3,5-tris(4-aminophenyl)benzene (Tab), the
inside-out Ostwald ripening process was observed to trans-
form COF-DhaTab from the conventional lamellar 2D 7z
stacking morphology to the hollow spherical structure
(Figure 3C). The converted hollow spherical COF still
maintained high crystallinity, porosity, surface area, and
chemical stability owing to strong intramolecular hydro-
gen bonding.

2.2 | Charge storage mechanism

To be employed as active materials for secondary energy
storage devices, it is essential for COFs to undergoing
reversible electrochemical redox reactions. Electroactive
organic materials are typically divided into three catego-
ries (p-type, n-type, and bipolar) depending on their state
of charge during the redox reaction.>®®> N-type organic
materials conduct redox reactions by accepting electrons
in the neutral state to become negatively charged,
followed by subsequent oxidation reactions back to the
neutral state. On the other hand, the reaction for p-type
organic materials is between the neutral state and the
positively charged state. Bipolar organic materials are
unique in that they can be either reduced to a negatively
charged state or oxidized to a positively charged state,
though typically the only one side of the reaction is uti-
lized for charge storage applications. The electrochemical
properties are determined by the type of redox centers
where charge transfer takes place, and the charge storage
mechanism of the COF electrodes primarily relies on the
incorporation of organic redox-active moieties within the
framework. For example, COFs containing quinones or
imides are usually n-type electrodes because they have a
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FIGURE 3  Structural diversity of COFs. (A) Diagrams for the
construction of binary and ternary COFs from orthogonal reaction
strategy.>> Reproduced with permission: Copyright 2015, American
Chemical Society (further permissions related to the material
excerpted should be directed to the ACS). (B) Representation for
the synthesis of dual-pore and triple-pore COFs.>* Reproduced with
permission: Copyright 2016, American Chemical Society.

(C) Proposed mechanism of the formation of COF hollow spheres.>”
Reproduced with permission: Copyright 2015, Springer Nature

conjugated carbonyl structure as the redox center.**°
Additionally, other charge storage mechanisms such as
ion intercalation to the aromatic rings and electrical dou-
ble layer capacitance (EDLC) can also be utilized to store
charge in the COF electrodes.

Since the constituents of COFs generally retain their
electrochemical properties after covalent bond formation,
selective integration of redox-active molecules into the
framework is the most convenient strategy for designing
COF electrodes. For instance, TFP-DAAQ-COF, the first
COF studied as a cathode material, was synthesized by

incorporating redox-active 2,6-diamino-anthraquinone
(DAAQ) with 1,3,5-tris(4-formylphenyl)benzene (TFP)
using covalent C—N bonds.”> While embedded in the
framework, the bonded DAAQ molecules performed
redox reactions similar to those of the monomer and
polymer form. The drawback of this strategy is that most
of the binary COFs can only incorporate one redox-active
molecule using known reaction pathways due to the lack
of compatible electroactive building blocks. Due to the
limitation of linker selection, half of the molecules are
electrochemically inactive, resulting in poor charge stor-
age capacity. Although both TFP and DAAQ molecules
contain carbonyl redox centers, it has been found that
the ones within DAAQ have a redox potential of ~2.3 V
versus Li/Li*, while the ones from TFP are less than 0.5
V versus Li/Li*.°*® Therefore, designing COFs with
higher redox activity within the suitable potential win-
dow and reaction condition is one of the most important
topics for developing COF-based active materials.

2.3 | Synthesis methods

Although crystalline organic materials had been actively
pursued in the past, the difficulty of retaining crystallin-
ity during polymerization hindered their realization. This
obstacle has been addressed in the development of COFs,
in which covalent bonds between light elements (B, C,
O, H, N) can provide robust linkage and ordered struc-
tural pattern, allowing the formation of macroscopic
organic solid without sacrificing crystallinity.® In 2005,
the first synthesis and crystallization of porous COF were
demonstrated by the condensation reactions between
phenyl diboronic acid and hexahydroxytriphenylene.’
The synthesized COF maintained its crystal structure by
strong covalent bonds with a rigid porous morphology
and exhibits high thermal stability and surface area. All
of these characteristics are commendable traits for a vari-
ety of applications such as gas storage, catalysis, and
energy storage.’>**** Following the initial report, COFs
with different geometry and functionality have been
developed through various reaction pathways, generally
exhibiting higher chemical stability.**** Despite the vari-
ations in composition and structure, COF design and syn-
thesis approaches are generally consistent. As a necessary
premise, the construction of COFs requires a target
morphology that is feasible to assemble with a set of
selected linker molecules. The potential linkage between
the molecules should be examined to verify if the bond is
(1) sufficiently strong to sustain a stable framework,
(2) geometrically compatible to obtain a consistent long-
range order, and (3) exhibit consistency and reversibility
during the reaction under synthetic conditions.
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The initial COF synthesis procedure focused on pre-
serving the reversibility of the COF formation reaction,
which is critical for eliminating structural error and
maintaining the long-range order of the framework.
Therefore, the syntheses of COFs were conducted in an
inert environment to minimize interference during the
solvothermal reaction over several days. This is the most
common method for synthesizing COF as well as many
COF-based composites with other conductive materials
such as graphene and carbon nanotube (CNT).”*® Con-
trolled synthesis of 2D COF thin films on single-layer
graphene was reported by Colson et al., where graphene
was simply added to the mixture of COF constituent
monomers prior to the solvothermal reaction.®® While
the solvothermal method can produce COF with consis-
tent yield and high crystallinity, it is time-consuming,
costly, and lacking in scalability. Therefore, it is impor-
tant to develop more efficient and scalable synthesis
methods suitable for mass production in industrial appli-
cations. Peng et al. demonstrated the synthesis of 2D
COFs with imine, enamine, and azine linkages under
ambient conditions that exhibit comparable crystallinity
and porosity to their counterpart under solvothermal
conditions.®” The successful COF formation under mild
synthetic conditions can be attributed to the high solubil-
ity of the linkers in the solvent and the strong z—z stacking
interactions between monomers and oligomers during for-
mation. Evidently, building blocks with weaker z-stacking
would result in COF products with much lower BET sur-
face area and poor stability, indicating less favorable inter-
layer stacking and lower crystallinity. Synthesis of COFs
with other geometries has also been demonstrated under
ambient conditions, such as the solution-phase synthesis
for spherical COF TpBD (a COF synthesized from TFP
and benzidine [BD]) and ionothermal synthesis of 3D
COFs containing ionic liquid.**®®

Interfacial polymerization techniques have also been
developed for the synthesis of COF films.>””" Free-
standing COF films can be obtained by confining the
reaction within a superspreading water layer between the
oil and the hydrogel phase that contains the COF precur-
sors.”” The deposition of COF onto the substrate can also
be achieved using a variety of methods.®®’*>”* Yang et al.
recently reported self-controlled COF on Si/SiO2 sub-
strate via a repolymerization process.”? By charging both
COF powder and the substrate in a Teflon-lined auto-
clave with the selected solvents and performing the
solvothermal reaction, the COF powder gradually decom-
poses and reforms on the surface of the substrate at a
self-established equilibrium state in the reversible
polymerization-decomposition-repolymerization reaction.

In addition to solvothermal reactions and spontane-
ous reactions in the ambient atmosphere, methods

employing alternative gradients to accelerate the reaction
process have also been studied. COFs synthesized using
mechanochemical,’® microwave,’*7® sonochemical,”’
and vapor-assisted’”® methods have been reported. For
example, Biswal et al. demonstrated a mechanochemical
synthesis method for TpPa-1 (MC) and TpPa-2 simply by
mechanical grinding (Figure 6A).%° Although the COF
showed relatively low crystallinity, this method is much
easier to perform than the solvothermal method, and the
resulting COF layers were also simultaneously exfoliated.
Another expedite method is to use the microwave-
energized reaction reported by Campbell and col-
leagues.’”* These studies reported processing time around
20-60 min, which are much faster compared to those
using the conventional solvothermal method typically
taking a few days. Overall, studies so far have shown that
COFs can be successfully manufactured with facile proce-
dures under less demanding laboratory conditions, but
some accelerated methods may lead to reduced crystallin-
ity of the framework, and compatibility of each method
with a wider variety of COF assemblies still require fur-
ther validation.

3 | SUPERCAPACITORS

Supercapacitors are energy storage devices that output
pulse currents to meet high power demand in a short
period of time. The system bridges the performance gap
between traditional capacitors and batteries in terms of
having considerable power output as well as substantial
energy storage capacity at the same time. Super-
capacitors are suitable for a broad range of energy stor-
age solutions including secondary power supply and
excess energy supply/recovery systems (e.g., recover
vehicle braking energy). There are two major types of
charge storage mechanisms for COF supercapacitors:
(1) electric charge accumulation on the electrode sur-
face of EDLCs, and (2) pseudocapacitance originates
from the surface redox reactions on the electrode mate-
rial. The charge storage of EDLCs is carried out by the
physical adsorption of electrolyte ions on the electrode
surface in the absence of any chemical reaction, while
pseudocapacitance relies on Faradic (redox) reactions
in many metal oxides and various organic molecules.
As the intermediate solution between batteries and
capacitors, it is typical for high-performance super-
capacitors to derive capacitance from both mechanisms.
COF is considered a promising electrode material for
supercapacitor applications owing to its unique crystal-
line porous structure enabling atomic-scale control of
its structural component. The porous organic frame-
works offer a high surface area preferable for EDLC as
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well as convenient ion diffusion pathways for the elec-
trolyte. The fact that the structural component can be
controlled at the molecular level enables the purposeful
design of the framework with redox-active moieties to
provide pseudocapacitance. In principle, other critical
parameters such as redox potential, electric conductiv-
ity, and thermal/chemical stability can be adjusted
deliberately in a similar fashion. In many cases, ratio-
nally designed COF electrodes would possess superior
electrochemical performance compared to their mono-
mer building blocks. The stable structure also provides
a great opportunity for incorporating other energy stor-
age materials into the framework to further enhance its
electrochemical performance. Analogous concepts are
also applicable in other EES systems.

The first example of a COF electrode for capacitive
energy storage is the p-ketoenamine-linked 2D COF
(DAAQ-TFP COF) reported by DeBlase and coworkers in
2013, in which the COF was synthesized using redox-active
anthraquinone moieties and 1,3,5-triformylphloroglucinol
(TFP) via condensation reaction under solvothermal condi-
tions (Figure 4).°> The DAAQ-TFP COF electrode exhibited
exceptional stability over 5000 cycles with a capacitance of
48 Fg ' at 0.1 A g '. The modest capacitance is likely due
to the low accessibility of anthraquinone redox units for
charge storage. In a later study, DAAQ-TFP COF was
coated on the Au substrate for synthesizing crystalline, ori-
ented thin films. Most of the anthraquinone groups (80%-
99%) are electrochemically accessible in the films thinner
than 200 nm, resulting in a significant increase in capaci-
tance.” This result highlights the importance of ion trans-
port to the redox-active sites by structural optimization.
Additionally, the capability of COFs to interact with
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various ions such as K', Li*, and Mg*" in their reduced
forms was verified by examining the framework incorpo-
rating naphthalene diimides (NDI) and TFP.2° In recent
years, many COF studies regarding aspects of molecular
design, composite material, and structural optimization
strategies such as layer alignment and exfoliation have
been reported with promising prospects.

3.1 | Molecular structure of COFs

Various redox-active COFs have been studied, as detailed
in Table 1. For example, Xu et al. developed a general
strategy to introduce redox-active molecules into conven-
tional COF via postsynthesis functionalization with
organic radicals.®® The synthesized COF consists of nickel
porphyrin at the vertices and ethynyl units on the electro-
chemically inactive channel. The ethynyl groups under-
went click reaction with 4-azido-2,2,6,6-tetramethyl-
1-piperidinyloxy to yield [TEMPO]-NiP-COF, exhibiting
capacitance as high as 167Fg ' at 0.1 Ag ' and
113Fg ' at 2Ag . A nitrogen-rich, triazine-based
framework was synthesized by Hao et al. to study the
effect of heteroatomic doping and micropore structure,
and exhibited a capacitance of 150 Fg * at 0.1 A g **
Triphenylamine based COF has also recently been inves-
tigated by El-Mahdy and colleagues.®” The two synthe-
sized COFs were composed of redox-active TPPDA(NH,),
and tetraformyl linkers, TPPyr(CHO),, and
TPTPE(CHO),. Because of the presence of heteroatoms,
larger pore size (0.82 cm® g 1), and high surface area over
1000 m* g !, the specific capacitance of the TPPDA-
TPTPE COF (237.1 Fg ') was larger than that of the

— DAAQ-TFP COF
— DAB-TFP COF
— DAAQ (1)
— DAB (2)

I
- O = N W

| |
w N

-0.4
Potential (V vs Ag/AgCl)

-0.2 0.0 0.2

(A) Synthesis of DAB- and DAAQ-TFP-COF and (B) their cyclic voltammograms (50 mV s, 1M H,S0, supporting
Reproduced with permission: Copyright 2013, American Chemical Society



8 | Wl LEY JIN ET AL.
TABLE 1 Electrochemical performances of representative COF-based supercapacitors
Cycling stability [# of
Composite/ Current Specific cycles] (current Cycling
COF substrate Electrolyte density capacitance density) retention (%)
DAAQ-TFP COF®* — 1M H,S0, 01Ag 48F g 5000 (0.1 A g™ 83
DAAQ-TFP-COF — 1M H,S0, 150 pA cm ™2 3mF cm 2 5000 (150 pA cm™?) 93
film”°
PTF®! — EMIMBF, 01Ag! 151.3F g 10000 (10A g™ Y) 85
TPPDA-TPPyr®? — 1M KOH 2Ag 188.7F g ! 5000 (10 A g™h) 85.6
TPPDA-TPTPE® — 1M KOH 2Ag! 2371 Fg! 5000 (10 A g™ 86.2
TaPa-Py COF®* — 1M H,S0, 05Ag ! 2090F gt 6000 2 A g ) 92
DqlDalTp COF** — 1M H,S0, 1.56mAcm > 111 Fg* 2500 (0.39 mA cm™2) 90
TpPa-(OH),*’ — 1 M phosphate 0.5A g™! 416 Fg ' 10000 (5A g™ 88
buffer
(pH=17.2)
TpOMe-DAQ®® — 3 M H,S0, 3.3mA cm™? 1600 mF 100 000 (10 mA cm™2)  >100
cm 2
169F g !
PDC — MA — COF¥’ — 6 M KOH 1Ag! 335F g’ 20000 (5.0A g™ 88
Exfoliated JUC-512%8 1M NBu,PF,/ 1000 mV s ! 585mFcm 2 10000 (1000 mV s ') ~100
ACN
NiP-COF® TEMPO (C4Ho),NCIO, 01Ag* 167Fg* 100 (0.5A g Y 100
2Ag! 113Fg !
DAAQ-TFP-COF® PEDOT 0.1 M (n- 10C 350 Fcm 3 10 000 (100 C) >100
Bu),NClO, 1600 C 175 Fcm 3
(TBAP)
AQ-COF! PEDOT 1M H,S0, 1Ag! 1663 F g 10 000 (50 A g Y) >100
TpPa-COF?? Polyaniline 1 M H,SO, 02Ag! 95Fg! 30000 (5A g™ Y 83
TpPa-COF?? Nickel 1M LiCl 2Ag! 424Fg! 2500 (20 A g™ h) >100
nanowire 50A g 314Fg!
COFTTA-DHTA* NH2-f- 1 M Na,SO, 04Ag 1275Fg! 1000 96
MWCNT 2Ag! 98.7Fg*
g-C34N6-COF*® CNT LiCl/PVA gel 2mvVs ! 15.2mFcm 2 5000 (2 mA cm ™ 2) 93.1
500 mV s * 5.1 mF cm *
COFDAAQ-BTA% 3D 1M KOH 0.025mAcm2 31.7mFcm 2 2500 (0.5 mA cm 2) 30
graphene
COFBTA-DPPD*’ rGO 2M KOH 05Ag" 239.1Fg! 1500 (0.5A g™ 70
2Ag? 1581 Fg*
TFB-DAB COF*® NH2-rGO 1 M Na,SO, 02Ag™! 533F g " 1000 79
TpDp-COF*° rGO 0.5 M H,SO, 05Ag" 2600 F g ! 5000 (8 A g ') 9
10Ag! 222F gt
DAAQ-COF'® Graphene 1M H,S0, 1Ag™! 378 Fg ! 20000 (15A¢g™") 87.8
aerogel
ILCOF-1' rGO 1M H,S0, 1Ag! 321Fg! 20 000 (N/A) 88
237Fcm

TPPDA-TPPyr COF (188.7 F g ') at a current density of 2
A g~'. 2D COF with redox-active pyridine units was first
synthesized by Khattak and colleagues, achieving a

capacitance ~210 Fg~' at a low current density of
0.5A g ! as well as good rate-performance and cycling
stability.*> More recently, COFs with pyridyl-lined
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micropores have been synthesized by Haldar and
coworkers to investigate the effects of varying chemical
functionality.'® The framework was assembled using tri-
pyridine-triazine amine and trialdehydes containing one
to three hydroxyl groups. This study revealed that struc-
tural and chemical properties such as stacking patterns,
hydrogen bonding interactions, and the redox potential
can be systematically modified by structural adjustment at
the atomic level. Hence, the combination of EDLC and
pseudocapacitance was optimized using such a strategy
and delivered excellent specific capacitance of 546 F g ! at
0.5 Ag ! and 95% capacity retention after 10 000 cycles.
In addition, introducing hybrid building blocks is a novel
strategy that could effectively modify the mechanical and
chemical properties of the COF. Khayum et al. designed a
heterolinked COF using both 2,6-diaminoanthraquinone
(Dq) and 2,6-diaminoanthracene (Da) as interchangeable
building blocks to bind with TFP via solid-state molecular
baking strategy (Figure 5).** While Dq is electrochemically

-

+  Strong inter crystallite packing
'\due to the anthracene pi-interaction,

- - - - - - -

Dq,Da,Tp COF

active in redox reactions, Da improves the mechanical
robustness of the hetero-linked COF due to the enhanced
noncovalent interaction between crystallites, yielding a
porous, crystalline, flexible, and free-standing super-
capacitor electrode. The mechanically robust Dq;Da;Tp
COF thin film (Da:Dq 1:1) exhibited a fair specific capaci-
tance of 111 F g ' at 1.56 mA cm 2.

Owing to their crystal structure, controlled func-
tionalization, and accurate atomic-scale measurement
capability, redox-active COFs also offer a unique opportu-
nity to explore long-range hydrogen bonding interactions
in organic material and utilize the favorable properties
originating from them, such as enhanced crystallinity
and chemical stability.'*>'** The role of intramolecular
hydrogen bonding in COFs was reported by Chandra
et al., in which TpPa-(OH), was synthesized by the Schiff
base condensation between 1,3,5-triformylpholoroglucinol
(TFP) and 2,5-dihydroxy-1,4-phenyldiamine [Pa-(OH),]
under solvothermal conditions, and was subsequently

Dq: Redox activity
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(A) Hybrid property of Dq1DalTp COF thin sheet. (B) Schematic representation of the synthesis of hybrid COF (Dg-

2,6-diaminoanthraquinone, Da-2,6-diaminoanthracene, and Tp-1,3,5 triformylpholoroglucinol). (C) Three-electrode characterization using
CV and charge-discharge (CD), and the plot represents current density versus specific capacitance. (D) Device characterization: CV (inset:
3.5 V LED lighted up by the series connection of four flexible devices), CD, and impedance analysis of CT-DqTp and CT-Dq1DalTp COF
supercapacitor devices.** Reproduced with permission: Copyright 2018, American Chemical Society
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Interlayer C—He+++N Hydrogen Bonding

Schematic of hydrogen bond interactions in COF. (A) Intralayer H-bonding for hydroquinone and benzoquinone.*®

Reproduced with permission: Copyright 2017, American Chemical Society. (B) Interlayer C—H---N H-bonding in TpOMe-DAQ based on
distances (H to N atom; A) shown with dotted line and angles (C—H---N) in degree.®® Reproduced with permission: Copyright 2018,

American Chemical Society

compared with the COFs functionalized with phenolic and
methoxy groups as well as their nonfunctionalized counter-
parts.®> The phenol functionalized COF exhibited modest
initial capacitance of 86 F g at 20 mV s~ scan rate in CV
measurement, but quickly diminished due to the decompo-
sition of phenoxy radicals. However, benzoquinone did not
decompose as expected and exhibited reversible redox
activity over extended cycling, which can be attributed
to the hydrogen bonding interaction between the carbonyl
oxygen of the benzoquinone functionality with the neigh-
boring amine group reinforcing the framework (Figure 6A).
The H-bonding interaction can suppress the decomposition
of hydroquinone and sustain 88% capacitance retention
after 10 000 cycles at 0.8 A g .

In addition to intra-layer interactions, hydrogen
bonding can also play a critical role in shaping the inter-
layer stacking characteristics. Halder et al. synthesized a
stable freestanding supercapacitor electrode using
2,4,6-trimethoxy-1,3,5-benzenetricarbaldehyde (TpOMe)
and 2,6-diaminoanthraquinone (DAQ) as building blocks.*
The TpOMe-DAQ framework exhibited an exceptional
areal capacitance of 1600 mF cm > owing to its large
surface area (1734 m® g ). More importantly, the frame-
work possesses ultrahigh chemical stability due to the
presence of interlayer C—H---N hydrogen bond between
methoxy C—N and the imine nitrogen atom of adja-
cent layers as shown in Figure 6B, which could with-
stand extremely acidic and alkaline environments (18 M
H,S0,/9 M NaOH). Li et al. studied similar C—H---N
hydrogen bond interactions using a triazine-based COF

consisting of 1,4-piperazinedicarboxaldehyde (PDC) and
melamine (MA).*’ It was found that the interlayer C—H.---N
hydrogen bond can “lock” the relative distance between
two adjacent layers to avoid interlayer slipping, hence
maintaining the ordered pore structure of COF and imp-
roving charge transfer between the electrode interface
and triazine units. The analogous conclusion was also
reached by Haldar and coworkers in their aforementioned
study, in which the presence of more hydroxyl groups
gave rise to stronger interlayer hydrogen bonds and resulted
in a denser ABAB stacking pattern with higher packing
efficiency.'*

3.2 | Exfoliation of COFs

Although redox-active COFs could be employed as active
materials for energy storage devices, most COF elect-
rodes failed to reach the performance parameters to be
considered sufficiently competitive with other organic/
inorganic candidates as they have three major flaws:
(1) the capacitance is relatively low because most existing
linker molecules are not redox-active, and therefore
about half of the molecules cannot be utilized in charge
storage applications; (2) the electric conductivity is rela-
tively low even in the conjugated crystalline structure,
and requires large amounts of carbon additive in the elec-
trode, further reducing the energy storage capacity in cell
assembly; and (3) the utilization of redox-active sites is
still relatively low in bulk structures due to the restricted
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diffusion pathways within the nanochannels. Various
strategies have been proposed aiming to solve those
issues. Breakthrough results had been achieved by study-
ing the exfoliated COFs via mechanical grinding, where
exfoliation has been shown to significantly improve the
electrochemical performance of COF for LIBs by shorten-
ing the ion diffusion path and shifting to charge transfer
dominated process.”” Following the report, further
research regarding exfoliated COFs was conducted for sup-
ercapacitor systems as well. Yusran et al. synthesized the
exfoliated mesoporous 2D COFs (e-COF) via a mild chemical
exfoliation method to obtain an average thickness of 22 nm
(Figure 7)*® The e-COF-based supercapacitor delivered
superior areal capacitance (546 mF cm 2 at 1000 mV s %)
and gravimetric power (55 kW kg~ ') compared to the con-
ventional capacitor and graphitic-carbon microcapacitors
(typically <4 mF cm ™2 at 1000 mV s ' and <45 kW kg ).

3.3 | Composite electrodes with
conductive substrates

Synthesizing hybrid electrodes with highly conductive
nanocarbons such as CNT and graphene is another
promising solution to mitigate the poor electric conduc-
tivity of COF electrodes and brings additional benefits
such as enhanced surface area, hierarchal porosity by
in-plane cavities, and controlled synthesis of few-layer

Chemical
exfoliation

Few layers exfoliated-COF

Schematic of difference in ion transport between bulk and exfoliation COFs.*® Reproduced with permission: Copyright 2020,

COFs.** %! For instance, Sun et al. synthesized a highly
crystalline COF with 4,4',4"-(1,3,5-triazine-2,4,6-triyl)
trianiline (TTA) with 2,5-dihydroxyterepthaldehyde (DHTA)
on amino-functionalized multi-walled CNT (NH,-f-MWCNT)
via in situ polymerization method (Figure 8A).”* Owing to
the desirable combination of high crystallinity, surface
area, chemical stability, and electric conductivity, the com-
bination of conductive MWCNTs and crystalline porous
COFrra_pura €lectrode showed superior electrochemical
performance (127.5 F g ' at 0.4 A g ') compared to either
of its components. Similar approaches were also taken
with graphene/reduced graphene oxide (rGO) to take
advantage of the synergetic effect. Wang et al. synthesized
a composite electrode with imine-linked COFs as dis-
persed nano-deposits on amine-functionalized rGO sub-
strate (Figure 8B).”® The resulting COFs/NH,-rGO
electrode achieved a high capacitance of 533 Fg " at 0.2
A g ! with 79% retention after 1000 cycles in 1 M Na,SO,.
By incorporating a nonredox-active COF into the
COF/rGO hybrid electrode system, Wang et al. also inves-
tigated the impact of COF on the 3D rGO structure.'®" The
synthesized imine-linked mesoporous 2D COF (ILCOF-1)
nanosheets enable the physical separation of rGO layers as
well as enhanced electrolyte ion transport through the
mesopores. The rGO/COF hybrid electrode with 20% COF
was able to deliver high specific capacitance of 321 Fg™!
and 237 Fecm ® at 1 A g ', which are 55% and ~45% bet-
ter than those of the rGO electrode.
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FIGURE 8 Schematic of COF hybrid electrode with (A) NH,-f-MWCNT** and (B) NH,-rGO.%® Reproduced with permission: Copyright
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American Chemical Society (further permissions related to the material excerpted should be directed to the ACS). (B) Schematic of synthesis
of TpPa-COF@PANI in form of external COF coating.”® Reproduced with permission: Copyright 2019, Elsevier

In addition to carbon nanomaterials, the integration of  electrochemical performance including high charging rate
COF with conductive polymers has been investigated. Mul- (10-1600 C) and impressive areal capacitance (~350 F cm >
zer et al. enhanced the electrical conductivity of DAAQ-TFP- at 10 C) in the relatively thick COF films (~1 pm) by provid-
COF by electropolymerizing 3,4-ethylenedioxythiophene ing better electron access to the bulk redox-active carbonyl
(EDOT) within the COF nanopore (Figure 9A).°°  groups. The intra-pore modification strategy is critical in
Electropolymerization of EDOT significantly improved  enhancing the volumetric energy density of COF-based



JIN ET AL.

WILEY_| =

electrodes, which has been an innate flaw for pristine
COFs due to their low packing density in exchange for
the porous framework. This concept was further supported
by Wu et al. using a more scalable in-situ solid-state poly-
merization method.” The COF composite electrode was
synthesized with polyaniline (PANI)** and metal nano-
wire”® using an in-situ polymerization method, resulting
in a similar structure to the aforementioned CNT composite
and improved electrochemical performance as well

(Figure 9B).

4 | SECONDARY BATTERIES

Conventional organic battery electrodes commonly suffer
from slow ion diffusion, low electrical conductivity, and
poor cycling stability.>® Therefore, after the initial study on
redox-active COFs and their potential as capacitive energy
storage devices, the prospect of utilizing the reversible redox

charge storage mechanism in metal-ion battery systems has
also attracted a great deal of attention. Similar in concept
and design to supercapacitors, the development of COF bat-
tery electrodes revolves around approaches of bulk delami-
nation and hybrid composite with other conductive
materials such as nanocarbons and conductive polymers to
enhance their ion diffusion kinetics and conductivity. While
research on COF electrode materials is still in its early
stages, many impressive electrochemical performances have
been reported (summarized in Table 2) as a promising class
of electrode materials for next-generation organic batteries.

4.1 | Lithium-ion batteries

The first COF-based LIB electrode was demonstrated
by Xu et al. in 2015. The redox-active Drp-Anp-COF
consisting of 2,3,6,7,10,11-hexahydoxytriphenylene and
N9-di(4-boronophenyl)-naphthalene-1,4,5,8-tetracarboxylic

TABLE 2 Electrochemical performances of representative COF-based Li/Na-ion electrodes
Current  Specific Cycling stability [# Cycling Theoretical
Composite/ Potential density capacity of cycles] retention  capacity
COF substrate window (V) (Ag™) (mAhg') (currentdensity) (%) (mAhg™")
DAAQ-ECOF®® — 1.5-4 0.02 145 1800 (0.5 A g™Y) 98 151
DTP-ANDI-COF'® — 1.5-3.5 0.2 69 700 (0.2 A g ) ~100 83.3
Tp-DANT-COF'®  — 1.5-4 0.05 104.3 600 (1.1Ag™) 68.7 134
DAPO-TpOMe- — 1.5-4.2 0.1 81.9 200(01Ag ) 79 77
COF'Y”
PDI-Tc'*® — 1.75-3.25 0.00482 75.9 500 (0.193 A g™ 80.2 96.4
PIBN*" Graphene 1.5-3.5 0.1 271 300 (028 Ag™) 86 280
10 193.1
PI-ECOF'® rGO 1.5-3.5 0.0142 167 300 (0.128 Ag™h) 71 142
2D-PAI' CNT 1.5-3.5 0.2 104.4 8000 (0.5A g™ 100 126
2D PPTODB'™ CNT 1.5-3.5 0.1 198 150 (0.02A g™ 68.3 142
TQBQ-COF* (Na) — 0.8-3.8 0.02 452 10001 A g™ 96 515
TThPP''? — 0-3 0.2 666 1000 (0.4 A g™ 61.1 686
N-COF!*? — 0-3 0.2 806 500(1Ag™h) 81 N/A
PAT! — 0-3 0.2 1770 4001Ag™H >100 1450
Tp-Azo-COF*! — 0-3 0.1 529.5 3000(1A g™ ~100 577
IISERP-COF'*® — 0-3 0.1 790 720 (0.1 A g 100 701
CTF-1'1° — 0-3 0.1 816 500(1Ag™h) 70.2 N/A
E-TEPB-COF'” — 0-3 0.1 1359 300(0.1Ag™) 71.20 N/A
BTCA-DAB*® CNT 0-3 0.1 1536 500 (0.1A g ) 66.5 1830
2D-CAP*’ (Na) — 0-2.5 0.1 216 7700 (5AgY) 70 N/A
DAAQ-COF™¥Na) — 0-3 0.1 420 10000 (5A g h) 99 302
CON-16'" (Na) — 0-2.5 0.1 250 100 (0.3A g™ 69 360
Aza-COF'?* (Na) — 0-3 0.06 550 5003Ag™h 87 603
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acid diimide was synthesized in the presence of CNT
(30 Wt%) via in-situ polymerization method.'® The mate-
rial possesses many advantages to enhance its electrochem-
ical performance. Specifically, the covalent bonding
framework improves the stability of the redox-active
organic molecules by preventing the redox molecules from
dissolving in the electrolyte. In addition, the mesoporous
framework facilitates ion transport by providing shortened
diffusion pathway between the layers. Lastly, the presence
of CNT boosts the overall electrical conductivity of the elec-
trode. Conceptually, the enlisted features make the com-
posite material ideal for Li-ion battery cathodes. However,
the proof-of-concept study reported relatively low capacity
values, only ~70 mAh g~ ' at 2.4 C. Organic COF anode
was first studied by Yang and coworkers using a frame-
work formed between the highly conductive polyporphyrin
(TThPP) and 4-thiophenephenyl groups.''* The COF anode
was synthesized via in-situ chemical oxidative polymeriza-
tion on the surface of copper foil, and exhibited a high
reversible capacity of 666 mAh g~ ' at 200 mAh g~ ' and
good cycling stability. The excellent electrochemical perfor-
mance was attributed to the abundant Li adsorption sites
as well as the alignment of 2D polyporphyrin sheets lead-
ing to the formation of a film on the surface of the copper
foil, which can promote the transport of Li-ion and high
electronic conductivity over the framework. It should be
noted that this COF, like many other COF-based anode
materials, stores charge by (de)intercalation mechanism
instead of redox reactions.

41.1 | Molecular Design

There has been active research for developing new COFs
with novel molecular configurations that are dedicated to
battery electrode applications.'****711>!!%  For instance,
Yang et al. reported COFs based on 2,7-diaminobenzo[lmn]
[3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone  (DANT) and
two different linker, namely 1,3,5-triformylphloroglucinol
(Tp) and 1,3,5-triformylbenzene (Tb).'° The COF inte-
grated with Tb linker showed superior electrochemical
performance in many aspects, including specific capacity,
rate-performance, and cycling stability, although the molec-
ular weights of the two linkers are very similar. This study
indicates that the enhanced electrochemical performance
may be due to the conjugation of the COF backbone that
facilitates charge transport and Li-ion diffusion, and possi-
bly microstructure evolution like ligand substitution. The
lack of redox-active sites in the framework has always been
a critical issue for all COF electrode materials whose charge
storage capacity is dominated by the surface redox reaction
mechanism. Often in time, only one moiety from the frame-
work could contribute to the charge storage process.
However, a recent study from Zhao et al. presented a novel
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FIGURE 10 (A) Synthesis of PDI-Tc and NDI-Tc 3D

frameworks and simulated structure of the (B,D) PDI-Tc repeat
unit and (C,E) the NDI-Tc repeat unit calculated using density
functional theory.'®® Reproduced with permission: Copyright 2017,
American Chemical Society (further permissions related to the
material excerpted should be directed to the ACS)

Tp-Azo-COF anode integrated with carbonyl (C=0) and
azo (N=N) dual active sites, where the framework could
store 30 Li-ions per unit cell.>* The resulting COF could
deliver a reversible capacity of 305.97 mAh g~ ' at a cur-
rent density of 1 A g~ " after 3000 cycles thanks to its
abundant redox-active sites, large surface area, porous
structure, and high stability. The preliminary report of
3D COF electrodes is also noteworthy, as their struc-
tural complexity offers various aspects of functional
design potentials that hold a great prospect for future
energy storage materials. Schon and co-works created a
3D COF based on triptycene and perylene diimide
(PDI), as shown in Figure 10.'°® Using the PDI-based
redox sites, the cathode exhibited a specific capacity of
75.9 mAh g ! at a rate of 0.05 C, which is 78.7% of the
theoretical value with PDI-Tc, and over 80% capacity
retention after 500 cycles. Much more research is still
required on the chemical and structural design to realize
the true potential of 3D COF-based electrodes.

4.1.2 | Exfoliation of COFs

Exfoliation of 2D COFs from bulk agglomerate to single
or few layers has proven to be an effective strategy to
improve the electrochemical performance of COF-based
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2D redox-active COFs into exfoliated COFs as cathodes for lithium-
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DAAQ-ECOF and DAAQ-TFP-COF compared with their capacities
measured at 20 mA g . (D) Long-term cyclability and Coulombic
efficiencies measured at a current density of 500 mA g%
Reproduced with permission: Copyright 2017, American Chemical
Society

electrodes. In 2017, Wang et al. reported the exfoliation
of COFs into few-layer nanosheets by means of solid-state
vibratory ball milling at 50Hz for 0.5 h.°> The
delaminated 2D DAAQ-ECOF nanosheets had ~10-15
atomic layers and exhibited significantly higher discharge
capacity compared to their bulk counterpart, particularly
at higher rates (Figure 11). At 500 and 3000 mA g ',
DAAQ-ECOF gives 107 and 76 mAh g ' of discharge
capacity compared to ~55 and ~22 mAh g ' of the pris-
tine DAAQ-COF. The increased charge storage capacity
is mainly due to shortened ion diffusion path enabling
significantly better utilization efficiency of the redox sites
(~96%) as well as faster kinetics. Its rate-performance and
cycling stability were also superior, retaining
100 mAh g ' at 1 A g ' (more than twice the bulk COF)
and no significant capacity loss over 1800 cycles. With
further optimization using 1,4-benzoquinone, a redox
molecule that has a higher specific capacity, DABQ-
ECOF could reach a capacity as high as 210 mAh g*
with a voltage plateau of 2.8 V versus Li/Li*. The exfolia-
tion process of COF has improved the electrochemical

performance to be considered as a viable and competitive
candidate for organic battery electrodes. It is worth not-
ing that ball milling at higher intensity results in reduced
capacities over cycling after tens of cycles, rather than
leading to better exfoliation effect and electrochemical
performance. It is speculated that if the exfoliated
nanosheets become thinner, the stability of covalent
organic nanosheet (CON) will also decrease, causing partial
decomposition of CON. Similarly, the exfoliation approach
has proven successful in anode applications.'***'” Haldar
et al. studied the chemical exfoliation methods for COF
using maleic anhydride as a functionalizing exfoliation
agent. The delamination process simultaneously introduced
Li-interacting carbonyl groups. Much improved ion diffu-
sion kinetics and a large number of redox sites (30 Li-ion
per unit cell) led to a significantly improved specific capac-
ity of 790 mAh g~ compared to that of the pristine COF
(200 mAh g~ 1) at 100 mA g *. A full cell using anthracene-
based COF anode and LiCoO, cathode delivered a high
specific capacity of 220 mAh g~ ' over 200 cycles. A chemi-
cal stripping strategy was also developed by Chen and
colleagues to obtain few-layered COF nanosheets (E-TFPB-
COF) with embedded MnO,."'” While the exfoliated COF
exhibits superior Li-ion storage capability due to enhanced
charge diffusion and increased accessible Li storage sites,
the embedded MnO, nanoparticles can effectively prevent
the agglomeration of the exfoliated nanosheets during
cycling, thus further improve the long-term stability of the
composite electrode. The exfoliated COF anode and its
composite with MnO, exhibited impressive capacities of
968 and 1359 mAh g ' at 0.1 A g ' versus Li/Li", respec-
tively. An acid-base intercalation mechanism has also been
reported for oxidative exfoliation of covalent triazine net-
work, demonstrating enhanced anodic electrochemical
performance.'*®

4.1.3 | Composite electrodes with conductive
carbon substrates

Hybridization of COFs with nanocarbons (e.g., CNT and
graphene) has been a common design strategy in the
study of COF as well as other organic electrode materials
owing to various advantages of composites, such as
improved electrical conductivity, larger specific surface
area, better thermal/chemical stability, and strengthened
structural integrity. In comparison, the carbon composite
electrodes generally outperform the pristine COF, even
though a large quantity of conductive carbon is also
typically applied in the slurry preparation process.**'%
Luo et al. developed a poly(imide-benzoquinone) COF
via in situ polymerization on graphene (PIBN-G).*°
The synergistic effect from the composite structure allows
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for favorable charge transfer properties and full access to
redox-active carbonyl groups for both Li-ions and elec-
trons. The composite electrode delivered large reversible
specific capacities of 271.0 and 193.1 mAh g~ ' at 0.1 and
10 C, respectively, with more than 86% capacity retention
after 300 cycles. Wang and coworkers also synthesized
polyimide (PI)-based COFs (PI-COFs) and their compos-
ite with rGO by simultaneously forming a homogeneous
mixture and exfoliated COF nanosheets via ball milling
and showed improved electrochemical performance.'®
There have also been many recent reports of COF bat-
tery electrodes that use CNT networks as substrates. Lei
and coworkers developed an organic anode consisting of
a CNT substrate and a few-layered conjugated COF that
has a 14-electron redox chemistry for repeat units.*®
Detailed DFT calculations and electrochemical analysis
suggest that the Li-ion storage mechanism corresponds to

redox reactions with six Li-ions per benzene ring as well
as typical C=N groups (1 ion per group), which is quite
intriguing in the fact that the benzene ring does not
exhibit redox activity in its pristine form. The authors
ascribed this phenomenon to the effect of COF@CNT
structure that enables the controlled synthesis of few-
layered COF in the CNT network. This structure is more
favorable for Li-ion insertion into the interlamination of
the 2D lamellar structure compared to the pristine COF
anode and can promote the redox reaction in more func-
tional units. Due to the activation of the additional
redox-active sites in benzene rings, the COF@CNT anode
delivered a high reversible capacity of 1536 mAh g~' and
stable cycling performance over 500 cycles. A similar
design approach has also proven successful in cathode
design. Yao et al. developed a boroxine-linked chemically
active pyrene-4,5,9,10-tetraone (PTO) COF (2D PPTODB
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COFs). The binder-free cathode with 70 wt% PPTOBD
COF and 30 wt% CNT delivered a high specific capacity
of 198 mAh g~ with fair rate-capability. Increasing the
proportion of CNT can further improve the charge-
storage performance of the organic electrode by faster
kinetics and more efficient utilization of redox-active
sites. Wang et al. demonstrated that the composite 2D-
PAI@CNT cathode (PAL:CNT 1:1) showed little capacity
loss between 0.2 and 2 A g~ ' and achieved 100% capacity
retention over 8000 cycles (Figure 12).'*

4.2 | Sodium-ion batteries
Important findings in COFs also have been made over
the studies of COF redox reactions with sodium (Na)-
ions.**>71187120 14y and colleagues reported a crystalline
2D conjugated polymer via C—C coupling reaction in
2017.>7 Prior to this study, COF linkages typically involve
imine and phenazines, and the construction of crystalline
organic structure using stronger covalent bonds such as
C—C bonds was not realized because the irreversible
C—C formation prevents self-correction during the
growth of organic framework. The remaining defects
consequently reduce the crystallinity of the material.
To overcome this obstacle, the authors designed a precur-
sor, 2-TBQP (2,7,13,18-tetrabromodibenzo[a,c] dibenzo
[5,6:7,8]quinoxalino-[2,3-i]phenazine), from which a
crystalline 2D-conjugated aromatic polymer (2D-CAP)
can be constructed by C—C coupling of the monomers in
the crystalline state by preordering the monomers prior
to endogenous solid-state polymerization that minimizes
the defects induced in the framework. The synthesized
crystal had a layered stacking structure with highly
ordered 1D channels and can be easily exfoliated into
nanosheets. When the exfoliated 2D-CAP was employed
as the organic anode for Na-ion batteries, the electrode
containing a small amount of carbon additive (10 wt%)
delivered a stable reversible capacity of 105 mAh g~ ' at a
high current rate of 10 A g~ ' as well as exceptional cycle
stability over 7500 cycles. The enhanced chemical stabil-
ity and conductivity provided by crystalline organic poly-
mers with C—C bonding hold great potential to overcome
the weaknesses of traditional COFs. According to another
report on the CON sodium-ion anode by Kim et al., a
similar effect on improving electronic/ionic conductivity
can also be achieved by adopting monomers with high
polymer backbone planarity and specific surface area.'*
Many organic redox materials turn into radical inter-
mediate states during the process of charge and dis-
charge. While high radical reactivity is favorable to full
utilization of accessible ion storage sites, the possibility of
side reactions with other active molecules would also
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lead to irreversible capacity loss of the electrode. The sta-
bility of COF radical intermediates and their dependence
on COF thickness was systematically studied by Gu and
colleagues.''® Choosing the conventional p-ketoenamine
linked COFs as the subject, the comprehensive spectro-
scopic analysis indicated that the COFs undergo radical
formation and transformation during the redox reactions,
and that stacking thickness is a crucial factor for the elec-
trochemical performance of the intermediates. Aside
from other known benefits such as higher surface area,
more active sites, faster ion diffusion, etc., reducing the
stacking thickness of the COFs from the bulk thickness is
also beneficial for stabilizing the radical intermediates
and maintaining the capacity contribution. The 4-12 nm
COF anode delivered high capacities of 420 mAh g™ ' at
0.1 Ag ' and 198 mAh g ' at a high rate of 5A g™ as
well as excellent capacity retention over 99% after
10 000 cycles. In comparison, the optimized few-layered
COF achieved more than twice the capacity compared to
the 100-250 nm thick bulk COF electrode, further validat-
ing and rationalizing the importance of COF exfoliation
in EES applications.

A recent report by Shi et al. introduced a nitrogen-rich
COF (TQBQ-COF) with multiple carbonyl groups that
delivered an ultra-high specific capacity of 452 mAh g *
as a Na-ion battery cathode (Figure 13).** The COF was
synthesized via a triple condensation reaction between
tetraminophenone (TABQ) and cyclohexanehexaone
(CHHO). Spectroscopic analysis and DFT calculations
uncovered that both pyrazine (C=N) and carbonyl (C=0)
groups undergo redox reactions, and each COF unit could
store up to 12 sodium-ions collectively. Replacing the inac-
tive linker molecule with both redox-active constituents
greatly improved the capacity contribution from the COF
electrode. Additionally, the introduction of nitrogen
reduced the energy gap between the lowest unoccupied
molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO), thus allowing the COF to pos-
sess high electronic conductivity (~107° S cm™!) and ionic
conductivity (~10~* S cm ™), further elevating its rate-per-
formance. The level of performance achieved by building
blocks that are both redox-active represents great potential
for the practical applications of COFs as energy storage
materials.

4.3 | Potassium-ion batteries

Recently, potassium (K)-ion batteries (PIBs) have been
proposed as a new energy storage system due to the
abundant potassium resources and low electrolyte costs.
However, the formation of dendrites by active K-ions
on the anode poses a serious hazard in cell cycling.
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Therefore, it is important to develop novel materials that
suppress the formation of dendrites. Compared to inor-
ganic materials, organic electrodes are low-cost and envi-
ronmentally friendly. Although most organic materials
suffer from several issues such as low electronic conduc-
tivity, dissolution in the organic electrolyte, and low
reversible capacities, the advances in 2D COF material
could largely mitigate these shortcomings.'*'** A few-
layered boronic ester-based COF was synthesized by
Chen et al. via in situ growth on CNT and examined as
the anode material for PIB."*' The hierarchical porous
structure formed between CNT and few-layered COF
facilitates the transport of K-ions and provides sufficient
void space to effectively buffer volume changes during
the potassisation/depotassisation process. When the CNT
network effectively reduces the electrical resistance, the
few-layered COF-10 also provides exposure to more
active site exposure and shorter charge diffusion path-
ways. Therefore, both the insertion/extraction kinetics of
K-ions and the charge storage capacity of the electrode
were significantly improved. Thus, the COF-10@CNT
anode exhibited a high reversible capacity of
288 mAh g~ ' after 500 cycles at 0.1 A g~'. Additionally,

the porous structure also offered buffer space for volume
changes during potassisation/depotassisation process and
stabilized the battery system, which was able to maintain
a reversible capacity of 161 mAh g~ after 4000 cycles at
1Ag L

4.4 | Lithium-sulfur battery

Besides transitional metal-ion batteries, COFs have found
great prospects in lithium (Li)-sulfur (S) batteries. Li-S
batteries have attracted much attention due to their supe-
rior theoretical capacity (1672 mAh g ') and specific
energy density (2600 Wh/kg) compared to state-of-the-art
LIBs.'** However, despite their great potential, the Li-S
batteries suffer from several critical flaws in the applica-
tion, most significantly the “shuttle” effect, where inter-
mediate polysulfide species tend to diffuse into the
electrolyte solution and migrate between cathode and
anode. The “shuttle” phenomenon results in a reduced
practical capacity, active mass loss, and poor cycle stabil-
ity. One of the most effective strategies to suppress the
shuttle effect is to construct the cathode with a partially
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enclosed surface morphology that constrains sulfur and
polysulfide species within confined space, thus main-
taining the structural integrity and composition of
the electrode. The optimal host material for sulfur should
be lightweight, conductive, and have a stable porous
structure with a high surface area. Owing to their
well-defined nanoporous structure and exceptional
mechanical and chemical stability, 2D COFs are consid-
ered to be ideal candidates for sulfur/polysulfide host
material in principle and have shown great promises in
recent studies.

The impregnation of sulfur into COFs was first dem-
onstrated by Liao and coworkers in 2014, where a semi-
conducting 2D COF, CTF-1, was used as the sulfur host
material using a melt-diffusion strategy.'*® CTF-1 and
sulfur were mixed at room temperature and heated at
155°C for 15 h to allow sufficient sulfur diffusion into the
CTF-1 nanopores (Figure 14A). The process of sulfur dif-
fusion was verified by the differences shown in PXRD as
well as specific surface area, which was reduced due to
sulfur clots in the nanochannels. The electrochemical
performance of the CTF-1/S electrode showed good rate

performance and short-term cycling stability within
50 cycles, particularly at an elevated temperature of
155°C (Figure 14B-D). In a subsequent study, the authors
also investigated porphyrin-based COFs for sulfur stor-
age.'*® With relatively high charge carrier mobility and
larger pore dimensions compared to other organic crys-
talline conductive polymers, the Por-COF/S cathode
delivered 633 mAh g~' at 0.5 C after 200 cycles under
room temperature with a decay rate of 0.16% per cycle.
As with the redox metal-ion electrode, the COF-sulfur
cathode offers lots of potential for chemical and mechani-
cal tuning to optimize the interaction between the poly-
sulfide species and the host material. For instance, Ghazi
et al. suggested the use of boronate ester COFs as a sulfur
host to enhance the chemisorption of LiPS (lithium poly-
sulfide)."”” While the N-doped linkages only absorb Li-
ions, the dense and uniform distribution of positively
polarized B and negatively polarized O atoms on the link-
ages guarantee simultaneous adsorption of S,>~ and Li-
ion in soluble LiPSs and thus render sulfur redeposition
more uniform. Comparing the electrochemical perfor-
mance of the sulfur cathodes stored in COF-1 and CTF-1
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FIGURE 14 (A) Schematic diagram of the composite synthesis from CTF-1 by impregnation of molten sulfur. The carbon is shown in

gray, the nitrogen in blue, the hydrogen in red, and the sulfur in yellow. (B) Galvanostatic discharge and charge profiles of the CTF-1/S@155
C composite at a 0.1 C rate; (C) cycling performance of CTF-1/S@155 C and CTF-1/S@RT at a 0.1 C rate; (D) discharge capacity for the
CTF-1/S@155 C composite at different rates. The voltage range used was between 1.1 and 3.0 V versus Li and the electrolyte was 1 M
lithium bis(trifluoromethane sulfonyl)imide in dimethoxyethane and 1,3-dioxolane (1:1, v/v).'*® Reproduced with permission: Copyright

2014, Royal Society of Chemistry
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with similar pore sizes, COF-1/S showed better cycling
performance, delivering 929 mAh g~' after 100 cycles at
0.2 C compared to 489 mAh g~' from CTF-1/S. The dif-
ference was attributed to the positively polarized surface
in COF-1 caused by the electron-deficient B atoms, which
can trap the negatively charged polysulfides. The superior
sulfur storage capacity of COF-1 was also supported by
optical examination, XPS as well as DFT calculations,
indicating that the binding energies between the S, moie-
ties and the layered COF-1 were found to be significantly
lower than that of the CTF-1, hence much stronger PS
absorption. Fluorinated CTF was also shown to further
improve sulfur storage performance by accelerating poly-
sulfide conversion and further enhanced the binding
interaction.'*® Subsequent studies on this subject also
employed pyrene-based COFs and hybrid COFs con-
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FIGURE 15 (A) Schematic of the synthesis of TFPPy-ETTA-
COF. (B) Physical isolation of sulfur (S8 ring) in the COF.

(C) Covalent engineering of polysulfide chains on the pore walls.
(D) Graphic of sulfur loaded in S@TFPPy-ETTA-COF. (E) Graphic
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(F) Electrochemical performance of S@TFPPy-ETTA-COF (blue)
and polysulfide@TFPPy-ETTA-COF (red). (F) CV profiles at a scan
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Cycling performances and Coulombic efficiency.'*' Reproduced
with permission: Copyright 2019, Royal Society of Chemistry

polarization characteristics to further optimize sulfur
storage conditions.>*'?° In particular, the binary TB-COF
with both triazine and boroxine linages enabled coopera-
tive trapping of LiPSs through the lithiophilic and sul-
fiphilic interactions, delivering an impressive reversible
capacity of 663 mAh g ' after 800 cycles at 1C and
highlighting the potential for the rational design of
bifunctional COFs.

Aside from molecular design, studies have also been
conducted to adjust the macro/microstructures beyond
the pore dimensions to improve sulfur storage. For
instance, Yoo et al. proposed a self-standing COF-CNT
net hybrid architecture with hierarchical pores as a
chemical trap for lithium polysulfide."*® The COF-net on
CNT-net (NN) interlayers were fabricated through CNT-
templated in-situ COF synthesis and inserted between
the sulfur cathode and the separator. The effects of pore
size and chemical affinity were also studied by comparing
COF-1(0.7 nm) and COF-5 (2.7 nm). Benefiting from the
hierarchically porous structure and strong chemical
absorption, the interlayers effectively captured Li,S
without impairing charge conduction. In particular, the
tailored microstructure and high chemical affinity of
COF-1 NN interlayer enabled selective deposition/disso-
lution, which provides a significant improvement on the
electrochemical performance of the Li-S battery system,
delivering 84% capacity retention after 300 cycles at 2 C
compared to 15% of the pristine cell. Xu et al. also discov-
ered that the imine linkages in COF can trigger the poly-
merization of sulfur into polysulfide chains at high
temperatures, hence suppressing the shuttle effect via the
covalent C—S bond (Figure 15)."*" Polymerized polysul-
fide is not only much more stable than elemental sulfur
in the electrode, but also facilitates the redox kinetics as
well as charge conductance and transport.

4.5 | Charge conduction in COFs

Despite the high charge-carrier mobility in COFs, their
low intrinsic electrical conductivity poses a great challenge
to many applications in EES. Along with the advances in
developing the synthesis process and exploiting the charge
storage capabilities, substantial research efforts have been
devoted to investigating the charge transport properties
and enhancing the conductivity of COF materials to
explore the potential as a material platform for other bat-
tery cell components such as solid electrolyte and separa-
tor. Effective strategies reported for promoting ionic
conduction in COF include alignment of ionic transport
pathways,*>!* the use of ionic framework,"**'*> and dop-
ing of conducting additives."**'*® The correlation between
ionic conductivity and crystallographic alignment of COF
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(green)."* Reproduced with permission: Copyright 2016, American Chemical Society

was demonstrated by Vazquez-Molina and coworkers. In
the study, different COFs were mechanically pressed into
pellets with a uniaxial load, and exhibited a similar aniso-
tropic ordering with preferred orientation between hkO
and 001 crystallographic planes (Figure 16)."** Increased
loading in the parallel and perpendicular direction induces
greater crystalline strain due to the deviation in the inter-
planar distance between the layers, which could be
relieved after grinding. The morphology of COF also chan-
ged from globular agglomerates of COF crystallites in pow-
der form to anisotropic sheet-like formation in pellet form.
The pressure-induced crystallographic orientation was
observed in other 2D materials via van der Waals interac-
tions, but only at higher pressure.'**'*° This phenomenon
is particularly preferred for COFs because they enable
alignment of the pore arrangement that can dramatically
improve the charge carrier transport. The COF-5 pellet
impregnated with LiClO, was tested as a solid electrolyte
and delivered electric conductivity up to 0.26 mS cm ™'
and good electrochemical stability, while the COF-5 pellet
immersed in 1 M LiClO4/THF electrolyte solution did not
exhibit any Nyquist behavior and tended to lose its

structural integrity. Chen et al. have demonstrated the
incorporation of the cationic moieties in the skeleton of
COF material that can split the ion pair of Li salts, boo-
sting the concentration of free mobile Li-ions and improv-
ing ion conductivity."** The covalent organic nanosheets
with chloride counterions were synthesized and ion-
exchanged with LiTFSI, where Cl™ anions were replaced by
TFSI™ to form CON-TFSI, and lastly mixed with LiTFSI
salt. The ionic framework is beneficial for screening Cou-
lombic interactions due to its greater polarizability com-
pared to the neutral framework. The cationic COF
exhibited enhanced conductivity up to 2.09 x 10™* Scm™*
at 70°C. Under the same principle, Li and coworkers syn-
thesized 2D COFs with varying degrees of defects via a
three-component condensation strategy (Figure 17).'*
Imidazolium functional groups were introduced onto pore
walls of the COF via Schiff-base reaction and then replaced
by TFSI-ions via ion exchange. While maintaining good
crystallinity, the COF (dCOF-ImTFSI-Xs) possessed a pref-
erable porous structure with defects to facilitate ion trans-
port. The framework also contained cationic imidazolium
moieties and TFSI-anions to promote Li-ion conductance.
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At an elevated temperature of 423 K, the Li" ionic conduc-
tivity of COF-ImTFSI-60@Li electrolyte was as high as
7.05 x 10 >Scm .

The solid-state single Li-ion conduction behavior of
COF was investigated by Jeong and colleagues, where a
lithium sulfonated COF (TpPa-SO;Li) was synthesized
and demonstrated as a solvent-free, single Li-ion conduc-
tor.”*® The sulfonated COF was rationally designed to
possess axially stacked directional ion channels, small
pores with a high density of Li-ions and covalently teth-
ered anion groups (Figure 18). It exhibited an ionic con-
ductivity of 2.7 x 107> S cm ™" with a Li-ion transference
number of 0.9 at room temperature and an activation
energy of 0.18 eV without supplemental incorporation of
Li salts or organic solvents. Xu et al. also reported the

synthesis of polyelectrolyte COFs by integrating
oligo(ethylene oxide) chains onto the channel wall."*’
Upon complexation with Li-ions, the covalent integration
of ethylene oxide chains formed a polyelectrolyte inter-
face in the channel, facilitating the dissociation of ionic
bonds and offering a pathway for ionic transport between
neighboring chains through a vehicle mechanism that
reduces the energy barrier. COF with polyelectrolyte
interface exhibited ionic conductivities of 6.04 x 10~°,
2.85 x 10 >, and 1.66 x 10* S cm™ " at 40, 60, and 80°C,
respectively, which are 44, 42, and 30 times higher than
the ionic conductivities of the bare-walled COF without
ethylene oxide chains. Lastly, Wen and colleagues also
demonstrated a COF-coated Li-ion battery separator.'*!
The separator was fabricated by coating a custom-
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phenomena in the porous crystalline ion conductors. (B) Chemical
structure of lithium sulfonated COF (TpPa-SO3Li)."*® Reproduced
with permission: Copyright 2019, American Chemical Society

(A) Conceptual illustrations of ion transport

designed COF from 1,3,5-tris(4-aminophenyl) benzene
and 2,5-dimethoxybenzene-1,4-dialdehyde on a commer-
cial polymer separator. The COF contained electron-
withdrawing methoxy groups with localized negative
charges to promote Li-ion transport and polar (—C=N—)
groups that could raise Li-ion transference number by
suppressing conduction of other undesirable transition
metal ions. Therefore, the COF-coated separator can

effectively regulate ion conduction, double the Li-ion
transference number, and significantly enhance the
cycling stability and rate performance of LIBs.

5 | MODELING AND
SIMULATIONS

First-principles approach, namely Density Functional
Theory (DFT), has been playing a critical role in under-
standing fundamental mechanisms of electrochemical
processes in novel organic electrode materials by investi-
gating the electronic structures and properties."*>'** In
particular, DFT studies can provide valuable insight into
charge storage mechanisms, including the intercalation
and conversion reactions, and structural evolution of var-
ious batteries during operation.'**"'*® Therefore, DFT
computations can complement and guide experimenta-
tion by unveiling the structure—property relationships for
a wide range of promising materials, especially focusing
on the effect of the chemical structure of COF on electro-
chemical characteristics. Another powerful simulation
method is molecular dynamics (MD) simulation to inves-
tigate large-scale structures of COF.**'**'>! For instance,
MD simulation can predict accurate COF structures
whose simulated PXRD patterns can be analyzed in con-
junction with experimentally observed patterns to investi-
gate a particular stacking arrangement in COF
systems.®>13%1527155 1t has been well known that the stac-
king arrangement is a critical factor that can impact ion
mobility and electronic conductivity in COFs.**'*® How-
ever, it should be noted that the results obtained from
computational modeling methods are often sensitive to
the level of theory employed in characterizing the proper-
ties of COF."> ¥ Therefore, selecting appropriate theory
and computational conditions is a necessary prerequisite
to elucidate target properties successfully.

5.1 | Alkali metal-ion batteries

Computational techniques can help provide detailed
information on the association of alkali metal ions with
COF and the corresponding structural changes. For
instance, Shi et al.** optimized the structure of
triquinoxalinylene-benzoquinone based COF (TQBQ-
COF) using the B3LYP' functional with the 6-31G
(d) basis set'®® and evaluated its single point energy using
B3LYP/6-31G+(d,p) with SMD solvation model.'®* By
analyzing the molecular electrostatic potential (MESP),
six initial binding sites for Na-ions were determined, and
by analyzing the LUMOs, it was revealed that both nitro-
gen and oxygen contributed to LUMO equally, implying
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that N and O can stabilize Na-ions cooperatively. Indeed,
this computational finding was experimentally confirmed
through FTIR and XPS, exhibiting that the intensities of
C=N and C=0 groups are weakened simultaneously as a
function of binding during the discharging process.*
Further MESP computation for Nas-TQBQ-COF discov-
ered six additional binding sites for Na-ions, and thereaf-
ter no additional binding sites were discovered for
Na-ions in Na;,-TQBQ-COF. Therefore, it was concluded
from DFT calculations that each TQBQ-COF unit can
accommodate up to 12 Na-ions. It was also found that
the average potentials for Nag-TQBQ-COF and Nai,-
TQBQ-COF were 2.79 and 1.59 V, respectively,*’ indicat-
ing that the potential is reduced as a function of the
number of Na-ions accommodated in TQBQ-COF. On
the other hand, Wu and co-workers proposed to utilize
TQBQ-COF for LIB,'®? in which the most optimal config-
urations for Li-ion binding were determined using DFT
calculations with B3LYP/6-31G+(d,p). As reported for
Na-ions,*® up to 12 Li-ions can be accommodated in
TQBQ-COF through association with the oxygen atoms
of carbonyl (C=0) groups and the nitrogen atoms of the
imine (C=N) groups.'®® It was found from DFT calcula-
tions that the Li-ion binding energy is drastically des-
tabilized beyond 12 Li-ions associated in TQBQ-COF,
which was also confirmed experimentally.'®

Since the high theoretical capacity of TQBQ-COF with
respect to Na- and Li- ions can be attributed to its many
redox-active groups, it is not surprising that enhancing the
number of available binding sites for alkali metal ions is
critical for designing high-capacity electrodes. To maximize
the electrochemical redox activity, a novel 4,4'-azodianiline
(Azo0)-1,3,5-triformylphloroglucinol (Tp) based COF (Tp-
Azo-COF) with active C=0 and N=N (azo) active sites

through p-ketoenamine linkage has been synthesized and
applied for LIBs.' As shown in Figure 19, DFT calcula-
tions exhibit that this proposed COF can theoretically
accommodate up to 30 Li-ions through binding with C=0
sites first and then N=N sites.”!

Recently, three azo-based COF structures were
examined by Singh and colleagues.'®® In addition to the
Tp-Azo-COF with p-ketoenamine linkage, thiazole and
imine-based linkages were also investigated. Compared
to the thiazole-linked COF (Figure 20A) exhibiting an
extended z-conjugation and high stability, the azo-based
COFs with the imine and p-ketoenamine linkages
undergo a much more rapid degradation. The superior
electrochemical performance of the thiazole-linked COF
is further attributed to its fast two-electron transfer pro-
cess in one step for both cathodic and anodic responses,
which is contrasted with imine-based COF preferring a
stepwise electron transfer. DFT calculations confirmed
this phenomenon by showing that the reduction poten-
tials corresponding to the first and second Li-ion associa-
tion to the azo group in single layer thiazole COF were
2.05 and 1.97V, respectively. Since the difference
between the potentials (2.05 and 1.97 V) is within the
range of DFT uncertainty, such a negligible potential
drop indicates that a fast two-electron transfer process is
favorable, which leads to the simultaneous association of
two Li-ions to the azo groups in the thiazole-linked
COF.'® Although p-ketoenamine COF would have
higher conductivity due to its smaller band gap (0.17 eV)
compared to thiazole- and imine-based COF (1.46 and
1.29 eV, respectively), as shown in Figure 20B-D, it is
concluded that p-ketoenamine COF still underperforms
thiazole COF due to its inferior chemical stability.'®® Fur-
thermore, it is noted that the out-of-plane flow of charge
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FIGURE 20 Electronic structures of COFs with thiazole (AZO-1), imine (AZO-2), and p-ketoenamine (AZO-3) linkages are depicted.
(A) Unit cell geometry of AZO-1 is shown, along with an illustration of high symmetry k-points of the COFs. (B-D) Using hybrid HSE06
functional, the band structure of AZO-1, AZO-2, and AZO-3 are computed. For AZO-1 and AZO-2, valence and conduction band edges are
nearly flat along the in-plane direction to the COF plane (e.g., I'-M and K-T'); furthermore, the direct band gap at the I" point is farther than
that of the indirect gap along I'A path. This indicates that the in-plane direction flow of the charge carrier is not preferred over out-of-plane
in the COFs. (E) Depiction of HOMO and LUMO orbitals of AZO-1. As shown, LUMO orbitals of azo groups between the layers have strong

electronic coupling.'®® Reproduced with permission: Copyright 2021, Wiley-VCH GmbH

carriers in the modeled COFs is favorable in comparison
to the in-plane flow, as clearly presented by the narrow
energy gap between HOMO and LUMO bands along the
I'-A path. This is further evidenced by the strong degree
of overlap between the frontier orbitals of the layered thi-
azole COF as illustrated in Figure 20E.'®* This finding
corroborates the excellent electrochemical performance
of the thiazole-linked COF during cycling.

5.2 | Li-S batteries

In addition to their utilization as alkali ion battery elec-
trodes, computational methods have shed light on the
application of COFs as chemical traps to reduce the rapid
capacity fading issue in Li-S batteries which is due to the
shuttle effect of lithium polysulfides (Li,S,) and the accu-
mulation of electrically inert products on electrodes. Yoo
et al."** proposed a “microporous COF net on mesoporous
CNT net” hybrid chemical trap (NN interlayer) for Li,S,
in which the effect of the COF pore size on the binding of
Li,S, (x = 1, 4, 6, or 8) was characterized using computa-
tional methods. Grand canonical Monte Carlo (GCMC)
simulations were performed to obtain initial binding con-
figurations of Li,S, on CNT and COF with micropores of

0.7 nm (COF-1) and 2.7 nm (COF-5). Experimental and
simulated XRD patterns support eclipsed and staggered
arrangements for COF-5 and COF-1, respectively.'*
Based on these configurations, GCMC simulations reveal
that COF-1 is capable of exclusively capturing Li,S, unlike
COF-5 which was shown to accommodate the larger-sized
Li,S, (x = 4, 6, and 8) as well as Li,S. Furthermore, DFT
calculations indicate that the Li,S has significantly higher
bond energy with COF-1 compared to CNT and COF-5,
with boron as the anchoring point.'** Remarkably, COF-1
NN interlayer presented superior cyclic stability relative
to COF-5 NN interlayer, which is attributed to the interac-
tion of COF-5 with all Li,S; species resulting in the elec-
trical isolation of incompletely oxidized polysulfide
residuals and thereby leading to the degraded perfor-
mance."*® Unlike the previous report,"* Song and col-
leagues'® examined the nonstaggered AA stacking
arrangement for COF-1. The optPBE-vDW functional'®
was employed to further investigate the interaction of
polysulfides on the surface of COF-1 and COF-5."%* Using
this approach, it is found that the polysulfide species,
Li,S; and Li,S, are further stabilized by the phenylene
ring active site in addition to interaction with the O atom
in the boroxine, confirming that COF-1 generally has a
stronger interaction with the polysulfides which can
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constrain the shuttle effect.'®* Therefore, the aforemen-
tioned studies illustrated how computational approaches
can complement experimentation by providing more
detailed information about the polysulfide anchoring
mechanisms of different COFs.

5.3 | COF geometry—energy storage
relationships

Understanding the structure-dependent electrochemistry
of the COFs is essential for designing new COFs with
enhanced energy storage capacity. For instance, since
the strong n-z interactions between the COF layers
restrain the COF dissolution in electrolytes and improve
conductivity,'®® the increase in COF stacking thickness
affects cycling stability. Specifically, the control of COF
stacking thickness seems to be an effective strategy to
tune the reactivity and stability of the radical intermedi-
ates formed on the COF during discharge/charge
processes.*®!'® It is noted that the initiation and transfor-
mation of C-O" and a-C' radical intermediates take place
during the redox processes as confirmed using electron
paramagnetic resonance (EPR) and DFT calculations.'*®
The capability of the a-C radicals in COF to accommo-
date alkali metal ions was also confirmed recently
through DFT computations of MESP.'® Therefore,
harnessing the reactivity and availability of these radical
intermediates is crucial to the stability and performance
of the COF electrodes. For instance, Gu et al.''®
demonstrated that increasing the stacking thickness of
DAAQ-COF results in a higher degree of extinction and
deactivation of the a-C' radical intermediates due to
increased self-discharge of the radicals during the redox
process. This interesting finding evidently indicates that
the reactivity and stability of radical intermediates can be
tuned by modulating the thickness of COF nanosheets.''®

Due to the strong z-z interactions between eclipsed
COF stacks, the storage capacity could be suboptimal due
to the inhibition of Li-ion infiltration and diffusion into
the interior active sites that are buried deeply inside the
COF stacks, implying that the delamination of COFs
would improve ion migration.**® Lei and coworkers
have investigated a COF-CNT hybrid system as an alter-
native to mechanical exfoliation for LIBs for more effec-
tive utilization of redox-active sites.** MD simulations
confirmed that COF wraps around CNT through the z-z
interactions. In their study, DFT was also used to investi-
gate the lithium storage mechanism in the COF mono-
mers.*® It is found that Li-ions are preferentially bound
to the nitrogen atoms of imine (C=N) functional groups,
and then at the carbon atoms of phenylene rings, which
yields a 14 Li-ion accommodation for each monomer of

COF. Although MD simulations indicate that the dis-
tance between COF and CNT is increased slightly during
Li-ion insertion, it is found that even fully lithiated COF
remains within ~3.7 A from CNT, meaning that the z-z
interaction is still intact. Therefore, it was suggested that
such expansion of interlamellar spacing during cycling
leads to the improved lithiation/delithiation kinetics at
the phenylene rings as well as the attainment of the
maximum Li-ion accommodation (up to 14 Li-ions).*®

More recently, Nagai and coworkers investigated four dif-
ferent polyimide COFs consisting of aromatic dianhydrides
active parts (pyromellitic dianhydride (PMDA) or
1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA))
and aromatic triamines linkers (tris(4-aminophenyl)amine
(TAPA) or 1,3,5-tris(4-aminophenyl)benzene (TAPB))."*® By
considering the energy change as a function of torsion angle
between the phenylene group of TAPA and TAPB, DFT cal-
culations exhibit that it is energetically favorable for the
phenylene rings in both linkage molecules to be tilted to
have equal torsion angles with one another as shown in Fig-
ure 21A."*® This is in contrast with the flat 2D configuration
that has often been portrayed in literature. This torsion of
the triamine linkers is significant in affecting the interlayer
spacing between the COFs as well as the pore size, shape,
and elongation of the pore walls which are the factors affect-
ing ion mobility and infiltration into the inner active sites
through the COF layers.

The preferred stacking configuration of COFs is
another significant feature affecting electrochemical per-
formance and stability, which has been studied using com-
putational methods. Previously, it was reported that the
COFs consisting of TAPB-PMDA or TAPA-PMDA likely
prefer serrated stacking rather than eclipsed or staggered
configurations.'>® However, it should be noted that the
simulated PXRD patterns for both the eclipsed and ser-
rated configurations seem to agree with experimental pat-
terns.">* Therefore, further calculations were required to
determine the preferred stacking configuration. Nagai
et al. examined the stacking preference of the COFs as
shown in Figures 21B-D, demonstrating that the eclipsed
configuration is the most energetically favorable.'>® How-
ever, for the COF consisting of TAPA-NTCDA, the energy
did not increase monotonously as the COF was shifted
from fully eclipsed to fully staggered stacking; instead a
local energy minimum was discovered between eclipsed
and staggered stackings as a metastable serrated-stacking
orientation (Figure 21E).'*® This might suggest that during
the charge or discharge of a battery, the COF orientations
may shift between these configurations and thereby affect
the mobility of ions. Possibly, the stacking of the COF
may be modified during the binding of alkali metal ions
with active sites due to the low energy barrier for changing
the configurations."®® 1In fact, it is found that for
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molecule of four COFs (PIA - TAPB/PMDA; PIB > TAPA/PMDA; PIC > TAPB/NTCDA; PID - TAPA/NTCDA). (B) The energy of AB
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(AB) configuration. (E) The energy landscape of PID offset along the direction toward the AB stacking is illustrated; a metastable serrated
stacking (SE) is detected at an offset of 6.6 A.'*® Reproduced with permission: Copyright 2021, American Chemical Society (further
permissions related to the material excerpted should be directed to the ACS)
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TAPB-NTCDA based COF the reduction and oxidation
peaks increase slightly versus Na/Na* after the first scan;
this could be due to a shift of the COF stacking to a more
energetically favorable and electrochemically active config-
uration, resulting in the increase of the redox potential.'*®
Due to their high degree of structural tunability, the
electronic properties of COF can be more deliberately mod-
ulated to suit various applications including optoelectronics
and energy storage. Namely, the band gap of the COF can
be engineered to enhance the conductivity of the COF
thereby improving the Coulombic efficiency of the battery,
or to achieve tunable light emission for optoelectronics.
Using the DFT method, Zhu and Meunier have shown
that the band gaps of COFs are sensitive to the length of
the organic bridging ligand, as well as to the applied

mechanical strain.’®” It was shown that the band gap of
COF-1 can be decreased by increasing the number of
phenylene rings separating the boroxine nodes. This is
because the modulation of the phenylene chain size affects
the features of the valence band maximum (VBM), while
having a minimal effect on the conduction band minimum
(CBM) whose electronic density is primarily localized
around the nodes.'®” On the other hand, as an alternative
to modifying the structure of the COF, it has been shown
that the band gap can be modulated by the intercalation of
iron'®®'%° and first-row transition metals.'”

The structural change of the COFs with alkali atom
loading is another important topic for computational
studies. For instance, to investigate the interaction of
intercalated Li atoms in COF and their effect on elec-
tronic properties, Fang and coworkers'** conducted a
computational study on NUS-2 COF anode,'”! presenting
that the volume of nLi-NUS2 is gradually decreased with
increasing Li loading (n up to 12). This trend could be
due to an enhanced interlayer interaction of COF in the
presence of Li.'** Additionally, it was shown that the Li
atoms preferentially bind to the carbonyl oxygens. Once
the carbonyl sites are occupied, additional Li atoms are
distributed within the micropore.'** Notably, the Li-Li
distances reported for the Li atoms are slightly longer in
the micropore than that of Li dimer, possibly suggesting
that NUS-2 COF suppresses the formation of Li,.'*?

Despite the usefulness of computational approaches
for providing insight at the atomistic scale, it has been
well known that calculated results can be quite sensitive
to the level of theory employed in computational studies,
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which has a significant impact on the accuracy of the
predictions. For instance, as shown in Figure 22, due to
the inadequate incorporation of vDW interactions, DFT
calculations using PBE'’? may result in a significant
overestimation of the COF interlayer spacing.® In
contrast, PBE with DFT-D3 method of Grimme'”® or
optPBE-vdW'® can provide significant accuracy improve-
ment in assessing the interlayer spacing and configuration
of COFs. Since the interlayer spacing is critical to account
for ion infiltration into the pores as well as the out-of-
plane conductivity in COF, first-principles approaches
investigating COF should take into account the long-range
dispersion interactions for more accurate geometry and
electronic predictions.

6 | CONCLUSION AND OUTLOOK

Over the past few years, tremendous progress has been
achieved in the development of COFs as high-
performance functional materials for energy storage
devices, making them promising options for environmen-
tally friendly energy systems. In this review, we have
summarized recent advances on COF regarding its work-
ing principle, synthesis method, effective design strate-
gies, and computational studies in energy storage
applications including supercapacitor and various battery
systems. While the unique properties of COFs offer great
potential and opportunity, the research in this field is still
at the beginning stage with many imminent challenges.

As the active material for supercapacitors and batteries,
efficient molecular design of COFs is necessary to maximize
their redox activity. Aside from a few exceptions,***>>" most
redox-active COFs reported so far have chosen to use a
combination of redox-active and inactive building blocks to
satisfy the reaction pathway for the COF assembly. Conse-
quently, the theoretical capacity of the COFs is significantly
reduced and generally less than those of the redox-active
molecule in monomer form, imposing severe limits on the
gravimetric energy density of COF-based electrodes. There-
fore, designing COFs that contain a higher density of redox-
active sites while maintaining sufficient physical and chem-
ical stability in the working environment is critical for
achieving the high electrochemical performance of the COF
electrodes.

Besides increasing the number of active sites in the
framework, improving the accessibility of the redox-
active sites in the bulk region of COF electrodes also has
a significant impact on the practical charge storage
performance in EES devices. Although COFs possess a
uniform porous structure, it was found that the
nanochannels formed by the aligned COF stacks also
exhibit poor ion transport properties, leading to poor

utilization of redox-active sites. In that regard, exfoliation
of COF into nanosheets is effective in improving the utili-
zation level of redox-active sites by shortening the ion
transport pathway and increasing the number of exposed
redox-active sites on the exposed surface. However,
although several exfoliation methods have been reported
and applied to CON synthesis for EES devices, exfoliation
of COFs to CONs with high crystallinity and atomic level
of control remains a daunting task. To achieve precise
manipulation of key physical parameters including crys-
tallinity, size, stacking pattern, and orientation, the
dynamics of COF structural evolution over the exfoliation
process still require further investigation.

Electronic and ionic conductivity are also important
parameters for the rate performance of EES devices.
Charge conduction of COFs can be influenced by numer-
ous factors including choice of charge carrier, charge state
of COF, porosity, orientation, and degree of crystallinity. In
particular, the low electronic conductivity has been a criti-
cal flaw to overcome for COF-based electrodes. In that
respect, COFs designed with an extended z-conjugated
skeleton and strong interlayer orbital stacking are desirable
and expected to exhibit superior electronic properties and
rate performance in EES systems. The utilization of con-
ductive substrate for electrode preparation is another direct
method to improve electronic conductivity at the expense
of reducing specific capacity. As solid electrolytes, the ion
conduction of COFs has been primarily studied with Li-
ions, and structural modification strategies such as crystal
alignment and ionic framework have been investigated.
However, the conduction behavior of COFs with other ions
applicable to EES systems has not yet been investigated,
and the correlation between the physical parameters of
COFs and transport properties is still unclear.

There are also many practical challenges that COFs
are facing in design and synthesis. While numerous accel-
erated synthesis methods have been reported, their com-
patibility with the broad range of reaction pathways and
the quality of the crystal are often unclear. The uniform
porosity of COFs is a unique structural feature that can
bring both burden and opportunity. Because of the nature
of their porous framework, redox-active COFs typically
have low energy and power density per volume due to
their low packing density. The accessibility of the active
site in the bulk region is also restricted owing to limited
ion mobility in the pores. However, the pores and
nanochannels formed within the void space offer tremen-
dous design space that may be utilized to enhance the
electrochemical properties by incorporating other sub-
stances or modifications to the framework in post-
processes. For example, conductive polymers embedded or
grafted in the nanochannels have been demonstrated to
enhance charge storage and conductive properties. Since
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the nanopores are confined within the framework, modifi-
cations to this space are more efficient and favorable com-
pared to those outside the COF structure. Additionally,
more complex COF topologies such as 3D structure and
2D heterostructures could lead to more desirable electro-
chemical properties with 3D interconnected charge trans-
port channels or hierarchically porous frameworks.

The fundamental charge storage mechanisms of the
redox-active COFs and their kinetic properties also need
further investigation. Such topics could yield substantial
insights from the collaboration between experimental and
computational studies. We have reviewed a collection of
recent computational studies aimed at providing a funda-
mental understanding of the electrochemical behaviors of
COFs. Coupled with increasingly available depositories of
data, as well as algorithmic breakthroughs in computa-
tional materials science and rapidly enhanced computa-
tional power, machine learning has been thriving in
recent years."”*”® In conjunction with high-throughput
computational approaches, such studies can immensely
expedite the exploration of novel COF development for
energy storage applications.'”®'” Although there have yet
to be sufficient machine learning studies aimed at further
elucidating the structure-electrochemical property rela-
tionship of COFs, it is anticipated that the machine learn-
ing approach will guide research to efficiently achieve the
desirable properties and performances of COFs through
finely tuned designs of their chemical structures.

In conclusion, studies in COFs offer a promising
material platform for designing advanced organic EES
devices. To deepen the understanding of the structure-
property relationships of COFs and overcome the chal-
lenges of applying them to EES devices, we propose the
following topics for future research: (1) increase number
of redox-active sites in the framework; (2) improve
charge transport properties with precise structural adjust-
ment and postmodifications; (3) exploit the utility of
vacancies in lattice for enhanced performance and multi-
functionalities; (4) design and evaluate 2D hetero-
structural and 3D COFs for EES application; (5) develop
more efficient and scalable synthesis methods for highly
crystalline COFs; (6) systematically investigate the funda-
mental structure-properties relationships with experi-
mental and computational studies; (7) accelerate the
design and preparation of high-performance COFs with
computationally-driven optimization.
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