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Abstract Covalent organic frameworks (COFs) are an advanced class of
crystalline porous polymers that have garnered significant interest due
to their tunable properties and robust molecular architectures. As a
result, COFs with energy-storage properties are of particular interest to
the field of rechargeable battery electrode materials. However,
investigation into COFs as candidates for energy-storage materials is
still in its infancy. This review will highlight methods used to fabricate
COFs used as electrode materials and discuss the factors that prove
critical for their production. A collection of known COF-based energy-
storage systems will be featured. In addition, the ability to utilize the
storage properties of COFs for systems beyond traditional Li-ion
batteries will be addressed. An outlook will address the current progress
and remaining challenges facing the field to ultimately expand the
scope of their applications.
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Introduction

The ability to efficiently store and utilize energy is one of
the most significant challenges the world currently faces.
Due to rapidly increasing energy demand, the depletion of
nonrenewable sources of energy has accelerated, and the
need for new, more effective technologies has become a
critical topic of interest. As a result, the development of
renewable energies has seen a recent explosion in the forms
of wind, solar, and wave energy harvesting technologies.
However, these energy-production sources are inherently
inconsistent, and the simultaneous use of such technologies
can be restricted by geographic limitations. If society is to
continue its upward trend of energy consumption, the
challenge of utilizing energy when the means of production
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are scarce must be addressed. The storage of energy
produced via renewable sources is therefore of great
importance as a potential solution. As such, research into
high-performance energy-storage systems with high capac-
ities (generally reported as mA h g '), high coulombic
efficiencies (generally reported as percentages), and long
cycling lifespans has become a top priority for scientists.

Lithium-ion batteries (LIBs) have become ubiquitous
energy-storage devices due to their high energy densities,
attractive redox potentials, high coulombic efficiencies, and
fast charge mobility. These features have led to a diverse
range of rechargeable battery applications through careful
design of the electrode materials.! However, the demand for
LIBs with higher energy-storage capacities and longer
cycling lifetimes has spurred continuing development of
novel materials such as inorganic Ni-rich systems and high
voltage spinel systems.?® While these inorganic materials
are capable of excellent performance in many energy-
storage applications, they often suffer from critical issues
such as irreversible capacity loss during initial cycles,
capacity fading at high rates, and electrode degradation. In
addition, because inorganic electrodes often require heavy
and expensive metals, there is much room for improvement
in the realm of energy density and production cost for
commercial use.

Organic-based electrode materials (OBEMs) are a
promising candidate for state-of-the-art solutions to the
energy-storage problem.? In contrast to their inorganic
counterparts, OBEMs are comprised mainly of lighter C, H,
N, O, and S atoms, resulting in less dense and more cost-
effective electrodes.® In addition, there is an exceptionally
large degree of variability possible when designing OBEMs.
The ability to incorporate well-studied, redox-active build-
ing blocks into a bulk structure has led to an extensive
library of materials and deeper fundamental understanding
of structure-function relationships. Furthermore, by taking
advantage of the flexibility inherent in some covalently-
linked systems, electrodes capable of performing well even
while stretched or bent have been reported.®® However,
despite their often highly conjugated systems, OBEMs can
suffer from low electrical conductivity, requiring the
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addition of conductive dopants, which decrease the
battery’s overall energy density. Decreases in performance
have also been linked to dissolution of conductive polymers
into their surrounding organic electrolyte.>!°

Covalent organic frameworks (COFs) are an advanced
class of crystalline porous polymers that enable the
integration of various building blocks with molecular
precision.''? The modular nature of COFs has made
them attractive for applications related to catalysis,!>-1°
gas storage,'® and optoelectronics.!”

Much of the early COF research focused on leveraging
symmetry and structure-function relationships to obtain
high-performance functional materials. A large area of
research has since been devoted to developing methods to
incorporate novel linkages and building blocks, allowing for a
diverse range of COF architectures. From this diversity arose
COFs that incorporate redox-active monomers for energy-
related applications including photovoltaics'® and super-
capacitors.!® Due to their robust stabilities, insolubility in
electrolyte solutions, and high solvent permeability arising
from their ordered periodic structures, COFs are particularly
attractive candidates for the development of novel electrode
materials for energy storage. Additionally, the large degree of
m-conjugation throughout COF structures has generated
interest in processing them into composite materials for
enhanced performance.

The following review will discuss COFs in the context of
their electrochemical energy-storage properties. Specifically,
this review will include a summary of methods used to
fabricate redox-active COFs, a collection of COFs with known
energy-storage properties, and a discussion about factors that
have proven critical to producing high-performing COF-based
electrode materials. While most of the information provided
herein will focus on LIB technology, a portion of the review
will be dedicated to COF-based electrode materials beyond
traditional LIBs. Finally, the challenges and outlook of the field
will be discussed.

Working Principles of COF-Based Electrodes

When utilizing COFs as electrode materials
for secondary batteries, the charge storage process is
dependent on the redox-active components of the material,
which will generally place them into one of two types of
organic electrode materials: p-type or n-type. During the
process of LIB cycling, p-type materials undergo oxidation to
a positively charged state, which is balanced by the release
of cations to the counter electrode. Conversely, n-type
organic electrode materials undergo reduction to a nega-
tively charged state, attracting cations which are then stored
(Figure 1). The difference in redox potentials between the
anode and the cathode serves as the thermodynamic
gradient for the discharge process. The subsequent charging

Discharge Charge

Cathode
(n-type)

Anode
(p-type)

Cathode
(n-type)

Anode
(p-type)

Electrolyte
Electrolyte

Figure 1 Schematic representation of Li-ion batteries.

is accomplished by using electrical energy to reverse the
process. Therefore, a high-performing electrode material is
one that has suitable redox potentials for its counter
electrode, highly reversible redox chemistry, fast charge
kinetics, and a large number of active sites. All of these
criteria must be addressed by an electrode material that is
stable and insoluble to prevent dissolution into the
electrolyte while the battery cycles. Taken together, fulfill-
ing these conditions yields batteries with long cycling
lifetimes for high-capacity or high-power applications.

Currently, traditional LIBs are the frontrunner in com-
mercial battery technology due to lithium’s low redox
potential (—3.05 V vs. standard hydrogen electrode), light
atomic mass (6.94 g mol '), and small atomic radius (90 pm).
These unique properties have made it amenable to either
high-power or high-energy applications, depending on the
components used to assemble the battery cell. However,
limitations in both performance and safety have spurred
interest in next-generation, nontraditional Li-ion technolo-
gies such as Li-sulfur (Li-S), Li-air, and solid-state batteries.2°
Many of these systems benefit not only from the high
performance possible from leveraging lithium’s inherent
properties, but also from lower costs and toxicities in
comparison to the widely commercialized LIBs (e.g., LiCo0O,).
Unfortunately, in spite of the advantages Li-ion technology
provides, lithium’s low earth abundance (0.0017%) and poorly
efficient battery recycling methods severely limit the long-
term application of LIBs. As a result, other more earth-
abundant ion sources such as sodium, potassium, and zinc are
being investigated for battery technology and will be
discussed in detail later in the review.

General COF Synthesis and Design Principles

The design of COFs is based on utilizing dynamic covalent
chemistry in conjunction with noncovalent interactions to
yield permanently porous, ordered materials. In addition,
utilizing only organic components for COFs can produce
materials with exceptionally low densities?! and high thermal
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stabilities.?? Originally synthesized in 2005, Yaghi and cow-
orkers employed highly reversible boronate ester and
boroxine condensation reactions to develop the first reported
COFs.'? Unfortunately, the Lewis acidic nature of boron led to
issues with hydrolytic stability. Consequently, interest in
more chemically robust frameworks led to the development
of more stable linkages including azines,?>?* oxazoles,?>~2”
and olefins (Figure 2).28-30

By leveraging the design principles mentioned above, it
has become possible to obtain a rich variety of two-
dimensional (2D) and three-dimensional (3D) COF architec-
tures through careful selection of mt-electron-rich monomers
with different symmetries (Figure 3). Indeed, it has allowed
molecular-scale, topological precision while simultaneously
providing strategies for synthesis of functional materials by
leveraging structure-function relationships. Incorporating
monomers with known functionalities has proven to yield
COFs with predictable bulk properties for use in specific
applications where small-molecule systems may be insuffi-
cient. Additionally, the inclusion of functional groups that
remain unreactive during COF synthesis provides a route for
postsynthetic modification of the bulk material. Taken
together, these design strategies have provided a vast
assortment of functional COFs for a growing library of
applications.

Initially, COFs were synthesized through solvothermal
methods in order to encourage reversibility and the eventual
formation of a thermodynamically favored product. However,
the microcrystalline powders produced via this method
typically limited the application of COFs to those where a bulk
powder is sufficient. Interest in addressing this challenge
produced new synthesis and processing methodologies that
provided COFs in a variety of forms including mem-
branes,>’>®> monoliths,>*37 and exfoliated sheets.334°
Additionally, COFs have proven amenable to processing as
composite materials, which work synergistically to further
enhance performance.

Synthesis and Design of COFs for OBEM
Applications

On rare occasions, the design methods mentioned above
have been successfully employed to yield COFs that perform
well as electrode materials for LIBs in their pristine, bulk
form. One such case was reported by Zhou, Bu, and
coworkers where a naphthalimide-based COF was used as
a cathode material for LIBs.#! Combining 2,7-diaminobenzo
[Imn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (DANT)
with triformylphloroglucinol (Tp) yielded Tp-DANT-COF
(Figure 4a). After assembling into LIB coin cells, the cycling
performance for Tp-DANT-COF was tested, revealing initial
discharge and charge capacities of 93.4 and 789 mAh g™ ',
respectively, at a current loading of 1.5 C. The initial

capacity loss was contributed to the decomposition of the
electrolyte. The cells showed good cycling stability over 200
cycles, with coulombic efficiencies remaining above 95% for
the majority of cycling (Figure 4b). The rate performance
was also assessed at rates of 0.37, 0.75, 1.5, 3.7, 7.5, and
14.9 C, which showed reversible capacities of 104.3, 96.7,
92.3, 86.0, 79.2, and 66.3 mA h g~ !, respectively. Returning
the current loading to initial conditions yielded comparable
reversible capacity values, demonstrating the stability of
the material under intense redox conditions.

To determine the effect of the Tp linker on the material’s
performance, 1,3,5-triformylbenzene (Tb) was combined
with DANT to form Th-DANT-COF (Figure 4a). While the
cyclic voltammetry (CV) profile was similar (Figure 4d, e),
the authors note a decrease in the gap between
the oxidation and reduction potentials in comparison to
Tp-DANT-COF, which is attributed to changes in the overall
conjugation of the structure. Galvanostatic charge/dis-
charge cycling of Tb-DANT-COF produced a reversible
capacity of 123.7 mA h g~! at a rate of 1.4 C. (Figure 4c).
Notably, DANT, Tp, and Tb could not be reliably used as
organic electrode materials on their own due to their
solubility in the battery electrolyte, demonstrating the
importance of controlling solubility via bulk structures.
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Figure 2 Common linkages used in COF synthesis.
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Figure 3 Common topologies accessible through COF synthesis.

In addition to naphthalimides, it has been shown that
dehydrobenzo[12]annulene (DBA) is capable of reversible
redox behavior at low potentials. McGrier and coworkers
utilized an aldehyde-functionalized DBA and p-phenyl-
enediamine (PPD) to synthesize highly crystalline
DBA-COF 3 (Figure 5a), which was then used as an anode
material for LIBs.*? After 90 cycles at a current loading of
50 mA g~ !, DBA-COF 3 displayed a reversible capacity of
207 mA h g~! and a coulombic efficiency that remained
over 95% for the majority of cycling (Figure 5b, c). Rate
performance studies yielded capacities of 184, 149, 123,
107, and 90 mA h g~! when cycled at 50, 100, 250, 500,
and 1000 mA g~ ! current loadings, respectively
(Figure 5d). Notably, when current loadings were returned
to 50 mA g~', the reversible capacity returned to
comparable levels as well, demonstrating the excellent
rate stability of the material. X-ray photoelectron
spectroscopy (XPS) showed clear attenuation and
regrowth of the alkyne peak after lithiation/delithiation,
demonstrating the critical role of the DBA alkyne moieties
in DBA-COF 3’s performance.

Enhancing Performance via Sulfur
Impregnation

Li-S batteries have been of interest in recent years in the
drive to build batteries with higher capacities in comparison
to LIBs. Li-S batteries have a high theoretical capacity of
1672 mA h g~ '. In addition, sulfur has the added benefits of
being naturally abundant as well as environmentally and
economically friendly.#>~*> Two obstacles Li-S batteries face
aretheir electronicinsulating behavior and low cyclabilityasa
consequence of the loss of soluble lithium polysulfide (PS)
intermediates generated during the charge/discharge pro-
cess.*® To bypass this issue, there has been research into
utilizing nano- or mesoporous materials such as metal-
organic frameworks,*’*° porous carbon,’°>®> and more
recently, COFs for sulfur impregnation.*4

Wang and coworkers have sought to minimize the issue
of low cyclability by impregnating sulfur into the pores of
COFs to effectively trap the generated lithium PSs.>* A
covalent triazine-based framework (CTF), CTF-1, was
chosen for its semiconductive properties as well as its

© 2021. The Author(s). Organic Materials 2021, 3, 67-89
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high thermal and chemical stability. CTF-1 was synthesized
via the cyclotrimerization of 1,4-dicyanobenzene with
ZnCl,. It was noted that the small pore size of CTF-1
(1.23 nm) should be optimal for the restricted aggregation
of Sg in the channels. A melt-diffusion technique was used to
prepare the CTF-1/S@155°C composite with a CTF-1:S
weight ratio of 3:2 (Figure 6a). The occupation of sulfur
in the pores was confirmed by the decrease in both surface
area from 789 to 1.6 m? g~ ! and pore size volume from 0.37
to 0.0036 cm® g~'. Elemental sulfur mapping also showed
the homogeneous distribution of sulfur throughout the
material (Figure 6b). The constructed coin cell battery
showed a capacity of 1197 mA h g~! at 0.1 C at the second
cycle, which dropped to 982 mA h g~ ! after the 20th cycle
and to 762 mA h g ! after the 50th cycle. A coulombic
efficiency of 97% was maintained indicating the strong
absorption of Sg in the pores inhibiting the leaching of
lithium PS intermediates. In comparison, CTF-1/S@RT
exhibited a lower initial capacity of 1015mA h g!
decreasing to 480 mA h g~! after 20 cycles (Figure 6c).
This low cycling stability was attributed to the fact that the
composite prepared at room temperature did not allow for
the embedding of sulfur into the material’s pores. Wang and
coworkers found these results promising and turned their
focus on designing a COF more suited for sulfur storage.

After embedding sulfur into the pores of CTF-1 in 2014,
Wang and coworkers sought to design a porphyrin-based COF
for sulfur storage in hopes of an improved performance.>® Por-
COF was designed and synthesized via the condensation
reaction between PPD and 5,10,15,20-tetrakis(4-benzalde-
hyde)porphyrin as a host material for sulfur (Figure 7a).
Thelarge pore volume (0.71 cm®g~!)and the narrow pore size
distribution of Por-COF were cited as positive attributes for
acting as an appropriate sulfur-storage material. A melt-
diffusion procedure was utilized to synthesize the Por-COF/S
composite with a Por-COF:S weight ratio of 45:55 (Figure 7b),
confirmed by thermogravimetric analysis (TGA). The success-
ful diffusion of sulfur into the pores of the COF was confirmed
by the decrease in pore volume from 0.71 to 0.037 cm® g~ .
Once utilized in a battery, after 200 cycles at 0.5 C a reversible
capacity of 633 mA h g ! was recorded. The measured
discharge capacity was 1166 mA h g~! after the 1st cycle,
dropping to 929 mA h g~ ! after the second and leveled off at
870 mA h g~!. This capacity drop in the early cycles was
attributed to sulfur residing on the surface of the COF which
was then reduced during the cathodic cycle and dissolved into
the electrolyte. XPS analysis on the cathode indicated the
generation of Li,S, and Li,Sg in the charge/discharge process
leading to low coulombic efficiencies.

Wang and coworkers used a 2D pyrene-based COF
(Py-COF) in 2018 as a host material for sulfur to employ in
Li-S batteries (Figure 8a).>® The Py-COF/S composite was
formed via a melt-diffusion procedure using a Py-COF:S
weight ratio of 30:70. After this process, a decrease in
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Figure 6 (a)Schematic representation of the sulfurimpregnation of CTF-
1to generate CTF-1/S (grey: carbon; blue: nitrogen; red: hydrogen; yellow:
sulfur). (b) Sulfur elemental mapping of CTF-1/S@155 °C. (c) Cycling

performance of CTF-1/S@155 °C and CTF-1/S@RT at 0.1 C. Adapted with
permission from Ref. 54. Copyright 2014 The Royal Society of Chemistry.

surface area from 2093 to 10 m? g~! and a decrease in pore
volume from 1.25 to 0.07 cm® g~ ' were noted, indicating the
presence of sulfur trapped in the COF pores, which was
further confirmed by the homogeneous distribution of
sulfur seen in energy dispersive spectroscopy. When
utilized as a cathode, Py-COF delivered a reversible capacity
of 963.4 mA h g~ ! over 100 cycles at 1 C. As a control,
Py-COF/S was directly compared to a commercially available
microporous carbon, BP2000, which was functionalized into
a S-containing composite referred to as BP2000/S. After 550
cycles at 5 C, a reversible capacity of 481.2 mA h g~! could
be achieved by the Py-COF/S composite. In contrast, the
BP2000/S electrode exhibited a lower reversible capacity of
265 mA h g~! at 5 C after just 220 cycles (Figure 8b). These
results show that utilizing 2D COFs for Li-S based batteries
can produce electrodes with large high-rate capacities as
well as long-term stabilities. CV measurements were
performed to further understand the high electrochemical
performance of the Py-COF/S electrode. It was concluded
that the rates of Li-ion diffusion in the Py-COF/S electrode
are much faster than those in BP2000/S, most likely as a
consequence of the one-dimensional (1D) channels in
Py-COF acting as diffusion pathways.

Enhancing Performance via Polysulfide
Trapping

Most challenges facing Li-S batteries involve the formation
of PSs during the activation of the cathode and the shuttle
effect in which generated long-chain PSs dissolve into the
electrolyte and diffuse to the lithium anode where they are

© 2021. The Author(s). Organic Materials 2021, 3, 67-89
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Figure 7 (a) Synthesis of Por-COF from the condensation of p-Por-CHO
and PPD. (b) Schematic representation of the synthesis of the Por-COF/S
composite and its charge/discharge process. Adapted with permission
from Ref. 55. Copyright 2016 The Royal Society of Chemistry.

chemically reduced, forming short-chain PSs. These short-
chain PSs return back to the cathode where they are re-
oxidized. This continuous process leads to decreased active
mass utilization and leakage of active material resulting in low
capacities, poor cycling, and low energy efficiency.>’ Research
has been devoted to tuning the nanostructures of carbon
materials to limit the generation of PSs and retain the active
sulfur species within the sulfur electrodes. Microporous
materials that allow for the diffusion of Li-ions and facile
electron transfer have proven to be advantageous.>®>°
Lithium PSs can generally be stabilized by two classes of
chemical interactions, lithiophilic and sulphilic. Wang and
coworkers designed a COF incorporating boroxine and triazine
units to utilize both classes of chemical interactions in one
structure.® TB-COF was synthesized via the self-condensation
of 4-cyanophenylboronic acid (Figure 9a). By using TB-COF
as a sulfur host material, Wang and coworkers hoped to
investigate the amphiphilic interactions of PSs in Li-S
batteries. A melt-diffusion method was employed to prepare
TB-COF/S. There was a reported decrease in surface area from
708 to 2 m? g~ ! as well as a corresponding decrease in pore
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Figure 8 (a) Synthesis of Py-COF from the condensation of 1,3,6,8-
tetrakis(4-aminophenyl)pyrene (PyTTA) and terephthalaldehyde (TA).
(b) Cycling performance of Py-COF/S and BP2000/S at 5.0 C, where the
first 10 cycles correspond to an activation cycle run at 0.5 C. Adapted
with permission from Ref. 56. Copyright 2018 The Royal Society of
Chemistry.

volume from 0.28 to 0.04 cm?® g, indicating the successful
diffusion of sulfur through the bulk material. The sulfur
content of the TB-COF/S composite was determined to be
40wt% by TGA. Coin cells were fabricated using the TB-COF/S
composite as the cathode. The electrochemical performance of
the electrode was investigated at 0.2 C. Initial cycling data
show a coulombic efficiency of over 100%, which is attributed
totheincomplete activation of the cathode. During these initial
cycles, the sulfur particles are converted into PSs, which are
then effectively trapped in TB-COF due to favorable inter-
actions along the pore wall. This allows facile diffusion of the
electrolyte and Li-ions. The entrapment of the PSs in the
composite allows the remaining sulfur species to rearrange in
electrochemically stable sites. Nyquist plots of the composite
indicate minimal leakage of sulfur into the electrolyte solution
after the cathode activation process. At 0.2 C the TB-COF/S
electrode achieved amaximum capacity of 1390 mAhg~'and
maintained a capacity of 945 mA h g~ ! after 250 cycles witha
stable coulombic efficiency, indicating the success of sulfur
entrapment in the pores of the electrode (Figure 9b). Notably,
the electrode still delivered high reversible capacities at 1 and
3 Cof670and 432 mAhg!, respectively (Figure 9c). After 800
cycles, the electrode displayed reversible capacities of 663 and
482 mA h g ! for current rates of 1 and 2 C, respectively. To
investigate the impact of the introduction of lithiophilic and
sulphilic groups in one material, two more COFs were
synthesized, one containing only triazine rings (T-COF) and
one containing only boroxine rings (B-COF). Examination of
their electrochemical performances showed that TB-COF/S
displayed the highest discharge and recovered capacities,
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Figure 9 (a) Synthesis of TB-COF containing both lithiophilic and
sulphilic sites. (b) Cycling performance of TB-COF/S at 0.2 C. (c)
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indicating the importance of the amphiphilic nature of the
material. Ultimately, the cooperative effect of lithiophilic
and sulphilic interactions produced an electrode that demon-
strated high cycling stability and coulombic efficiency as a
direct result of the interactions mitigating the dissolution of
PSs into the electrolyte and free migration toward the anode.

Utilizing an inverse vulcanization process,®! Segura and
coworkers designed a 2D-COF, H,P-COF-BATA, with accessi-
ble allyl moieties in the pores (Figure 10a).52 The inverse
vulcanization process was employed to make strong C-S
bonds between sulfur and the allyl groups via radical
copolymerization. The electrochemical performance of this
COF was examined along with the previously reported allyl-
free H,P-COF to examine the synergistic effect of the physical
encapsulation and covalent binding of sulfur in the COF’s
pores. After sulfur incorporation, both COFs showed a
significant decrease in surface area from 435 to 34 m? g~
for H,P-COF-BATA and from 490 to 38 m? g~! for H,P-COF.
Similarly, decreases were observed in pore volume from 0.187
to 0.014 cm® g~ ! for H,P-COF-BATA and from 0.187 to
0.014 cm? g~ ! for H,P-COF. S@H,P-COF displayed a coulom-
bic efficiency approaching 90% at a current rate of 0.1 Cand a
specific discharge capacity of ~900 mA h g~ after 100 cycles
(Figure 10b), though it was commented that there was a wide
dispersion of values most likely attributed to the shuttle effect
of PS intermediates. S@H,P-COF-BATA also displayed a
discharge capacity of ~900 mA h g~ after 100 cycles but
with a coulombic efficiency of 95% (Figure 10c). While cycling
values were similar, it was found that the electrochemical
stability during extended cycling was improved for S@H,P-
COF-BATA, indicating a dramatic decrease in the shuttle

effect. Rate performance was measured at increasing current
loadings 0of0.1,0.2,and 0.5 C, cycled five times at each current
loading (Figure 10d, e). During this process, S@H,P-COF-BATA
slightly outperformed S@H,P-COF delivering specific capaci-
ties of 1200, 550,and 190 mAh g~ in comparison to 975,520,
and 150 mA h g ! at the corresponding current rates,
respectively. When the current loading was returned to the
initial rate of 0.1 C, S@H,P-COF-BATA and S@H,P-COF
displayed specific capacities of 1100 and 810 mA h g,
respectively, demonstrating the improved rate capability of
S@H,P-COF-BATA. It is suggested that the covalent linkage of
sulfur intermediates inhibits sulfur release, -effectively
decreasing the shuttle effect, thereby increasing the electro-
chemical performance of the battery.

Enhancing Performance via Exfoliation

The large 1D pore channels of COFs are very beneficial
for enabling high solvent permeability.>*%* However, the
dense face-to-face packing of the 2D layers can restrict
intercalation of ions deep into the bulk material resulting in
sluggish ion kinetics. Thus, as the cell cycles, ions must
migrate along relatively lengthy portions of these 1D
channels, hindering the number of utilized active sites,
particularly at higher current loadings. To address this issue,
strategies have been developed to chemically or mechani-
cally exfoliate COFs from their bulk form into processed
materials with fewer layers.

Feng, Wang, and coworkers utilized diaminoanthraqui-
none (DAAQ) along with triformylphloroglucinol (TFP) to
form DAAQ-TFP-COF (Figure 11a), which was then success-
fully delaminated mechanically via a ball-milling technique.®®
This exfoliated COF, named DAAQ-ECOF, achieved a capacity
of 145 mA h g~!, which correlates to 96% utilization of its
active sites. It also showed two- and three-fold capacity
performance enhancements compared to the nonexfoliated
DAAQ-TFP-COF at 500 and 3000 mA g~ ! current loadings,
respectively (Figure 11c). Remarkably, 98% capacity retention
was observed after 1800 cycles of deep charge/discharge
cycles. The authors attributed this enhanced performance to
the drastic increase in site accessibility, as evidenced by the
changes in CVs for DAAQ-TFP-COF and DAAQ-ECOF. Before
exfoliation, the cathodic and anodic peaks grew linearly with
the square root of the scan rate, which is indicative of redox-
reaction Kinetics bottle-necked by Li-ion diffusion through
the material. Conversely, after exfoliation, the cathodic and
anodic peaks grew linearly with changes in sweep rate,
indicating surface or near-surface redox processes. This
suggests that the kinetics were mainly determined by charge
transfer processes. In other words, the diffusion of Li-ions to
active sites was essentially unhindered, and charge/discharge
processes were limited only by how quickly charges could
reach the active sites. This imbued the exfoliated COF with

© 2021. The Author(s). Organic Materials 2021, 3, 67-89



76

E. R. Wolfson et al.

Organic Materials

" 100
s
b) PR AL
3 AP I .....'.'.:\’;o ”
& 12004 ®
z . 4
i 1000 4 ... o .' 3
3 o &y « NZAATTY Le
- LA P R PO ki z
004 " -
§ - b2
 Efficiency (%)
* Capacity (mAh/g)
“o M v v T T o
° 20 . © "~ 100
Cycle Number
1200
d) 10004 gatwwy
i :c 430 A, 0.1C - 850 mAh/g
gm. ’ e .'.-.'.0-'-
2w 0.2C - 500 mAh/g
2 "
3 wo
-
£ 200 0.5C - 150 mAh/g
1 Sssscsssant
04
o h » M “® ©
Cycle Number

THIEME

S@H,P-COF-BATA

1600 4 . - ®
%) R W Ty vy
mo..\."\.’;:.~:-. 0’y ot Voo .o.“. A
- W0de
S »
% 1204 *
£ Y m
1200 4 S
; \. -0 3
i 1100 4 "'k - g
S o] -\'." ot ©3
il AN, et . 1
i o g, s ] z
@ 00 L 20
70 * Efficiency (%)
* Capacity (mAh/g)
“o T v T T T .
° 2 © © ) 100
Cycle number
1600
-
e) 1400 .
- o 0.1C- 1200 mAh/g
S 1200 4 ", -
2 o
E 104 0.1¢- 1100 mAh/g e
-
g ws ]
8 wol 0.2C - 550 mAh/g
& e ]
i 40 4
3 0.5C - 200 mAh/g
200 4 - -
o
o 1 2 » “ Py
Cycle number

Figure 10 (a) Synthesis of H,P-COF-BATA and S@H,P-COF-BATA. Cycling performance of (b) S@H,P-COF and (c) S@H,P-COF-BATA at 0.1 C. Capacities
of (d) S@H,P-COF and (e) S@H,P-COF-BATA at different scan rates from 0.1 to 1.0 C. Adapted with permission from Ref. 62. Copyright 2019 Wiley-VCH

Verlag GmbH & Co.

ultrafast charge/discharge performance and nearly full
utilization of its active sites.

This method of performance enhancement was demon-
strated to be generalizable to two other structures
presented by the authors as well (Figure 11a). By using
diaminobenzoquinone (DABQ) linkers instead of DAAQ,
DABQ-TFP-COF was synthesized. Additionally, TEMPO-COF
was synthesized by combining 1,3,5-tris-(4-aminophenyl)
benzene (TAPB) with 2,5-bis(2-propynyloxy)terephthalal-
dehyde, followed by appending an azide-modified TEMPO
via a copper-mediated click reaction postsynthetically. Both
COFs showed marked improvement in performance upon
exfoliation (Figure 11e), and voltage profiles obtained from
galvanostatic discharging demonstrate the expected trends

in charge storage performance (Figure 11d). At 20 mA g},
capacities for DABQ-ECOF and TEMPO-ECOF were deter-
mined to be 35% and 53% higher than their nonexfoliated
counterparts, respectively, demonstrating the distinct
advantage exfoliation can have on both the capacity and
kinetics for COF-based electrode materials.

Ajayan, Chen, Wang, and coworkers developed an
approach to chemically exfoliate their COF structure into
few-layered covalent organic nanosheets (CONs) for signifi-
cantly improved cycling.5® Schiff base condensation reac-
tions between 1,2,4,5-tetrakis-(4-formylphenyl)benzene
(TFPB) and PPD yielded TFPB-COF (Figure 12a), which could
then be chemically exfoliated under strong oxidative
conditions, followed by washing to remove impurities to

© 2021. The Author(s). Organic Materials 2021, 3, 67-89
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Figure 11 (a) Structures of DAAQ-TFP-COF, DABQ-TFP-COF, and TEMPO-COF.

(b) Schematic representation of the exfoliation of 2D COFs into exfoliated

COFs. (c) Cycling performances and coulombic efficiencies of DAAQ-ECOF and DAAQ-TFP-COF at 500 mA g~ . (d) Discharge curves for TEMPO-ECOF,
DABQ-ECOF, and DAAQ-ECOF at 20 mA g~ . (e) Comparison of capacities of pristine and exfoliated COFs at 20 mA g~ . Adapted with permission from

Ref. 65. Copyright 2017 American Chemical Society.

yield E-TFPB-COF. The successful exfoliation was confirmed
by high-resolution transmission electron microscopy
(HR-TEM) and XPS. After 300 cycles at 100 mA g~ ! current
loading, the pristine TFPB-COF produced a reversible
capacity of 126 mA h g~'. In contrast, under the same
conditions, E-TFPB-COF produced a reversible capacity of
968 mA h g~! (Figure 12b). In situ Raman spectroscopy of
the anode during battery cycling provided insight into
the lithiation/delithiation mechanism. In the case of E-TFPB-
COF, it was observed that additional redox reactions took
place using the conjugated m-electrons from aromatic

benzene rings which manifested in its large reversible
capacities.

Vaidhyanathan, Ogale, and coworkers combined TFP and
3,5-diaminotriazole to synthesize a flexible triazole-contain-
ing COF which spontaneously self-exfoliated into CONs during
synthesis (Figure 13a).” In its calculated lowest energy state,
the triazole rings acted as a pivot point, buckling to form a
wavy 2D structure which was easily disrupted, causing the
self-exfoliation phenomenon. During cycling, IISERP-CON1
exhibited stable cycling behavior over 100 charge/discharge
cycles at 100 mA g~ ! current loading, producing a reversible

© 2021. The Author(s). Organic Materials 2021, 3, 67-89
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capacity of 720 mA h g~! (Figure 13b). Interestingly, there
was only a decrease of 150 mA h g~! observed when the
current density was increased to 1 A g~'. ISERP-CON1 also
demonstrated remarkably high coulombic efficiency of
almost 100% throughout cycling. The authors further probed
the cycling stability by cycling cells at 500 mA g~ . At the
1000th cycle, 98% capacity retention was observed, along
with no significant change indicated in the resistance of the
cell, as determined by electrochemical impedance spectros-
copy (EIS). Additionally, cycling of the neat material over 100
charge/discharge cycles showed no change in the crystal or
chemical structure. These results indicate a lack of ohmic loss
or material degradation throughout the entire cycling
process.

Huang, Zhao, and coworkers utilized mechanical exfolia-
tion to improve the performance of their COF system
compared to the bulk material.*® Combination of pyromellitic
dianhydride (PMDA) with 1,3,5-tris(4-aminophenyl)amine

to PI-ECOF-1. The improved performance after exfoliation is
attributed in part to a more efficient transportation of Li-ions
within the cell, as signaled by the high peak current seen
during CV studies compared to the nonexfoliated variant
(Figure 14b). This is further indicated by the decreased value
of R in the Nyquist plot for PI-ECOF-1, which indicates an
improved rate of charge transfer during cycling (Figure 14c).

The authors noted that during cycling, rapid capacity
fading and poor coulombic efficiencies could be observed
even at low current loadings, indicating the presence of
parasitic side reactions which were proposed to be taking
place between the carbonate-containing electrolytes and
carbonyl moieties of the COF materials. Changing the Li-ion
source from LiPFg to LiTFSI, a more ionic lithium source, and
from carbonate-based electrolyte to a dioxolane/dimethy-
lether (DOL/DME) electrolyte improved cycle stability and
efficiency dramatically, allowing for nearly 100% efficiency
maintained over the majority of 300 cycles.

Composite Materials with Carbon Nanotubes

The process of forming hybrid materials using COFs has
been shown to assist invarious applications from catalysis®® to

© 2021. The Author(s). Organic Materials 2021, 3, 67-89
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gas storage’® to dye separation. Often, COF-based composites
are designed by one of two methods: covalent tethering or
template-assisted growth. In the case of covalent tethering,
prefunctionalized scaffolds serve as both covalent anchoring
points as well as nucleation sites for growing COF crystallites
orthogonal to the template’s surface. Alternatively, the -
electron-rich COF structures can be grown directly on the
scaffold’s surface viam—m stacking interactions, as in the case of
template-assisted growth.

Feng and coworkers developed a polyarylimide-based
COF@CNT composite via polycondensation of TAPA and
1,4,5,8-naphthalenetetracarboxylic dianhydride alone or in
the presence of CNTs to achieve 2D-PAI and 2D-PAI@CNT,
respectively (Figure 15a).”! Both materials were tested as
cathodes to determine the effects of CNTs on LIB electrode
performance. In its bulk form, 2D-PAI performed modestly,
demonstrating a reversible capacity of 28.5 mA h g~! when
cycled at 0.1 C, corresponding to 22.6% utilization of its
active sites. In contrast, using 2D-PAI@CNT improved active-
site utilization to 82.9%, thus enhancing the reversible
capacity to 104.4 mA h g~! (Figure 15b). It is important to
note that this improvement is superior to the 65.6 mAhg™!
observed when simply mixing bulk COF and CNTs in a 1:1
mass ratio during cell fabrication, which points to a
synergistic effect observed in the composite material.

During cycling, the authors noted the interesting long-
term cycling stability of the bulk COF material. Over 50
cycles, 2D-PAl retained 100% of its capacity in contrast to a

boronate ester-linked analog previously reported, which
they ascribed to the improved chemical stability of imides.
Remarkably, at 500 mA g, 2D-PAI@CNT was able to retain
100% of its cycling capacity over 8000 cycles (Figure 15d). To
determine the significance of the imide structure employed,
the authors also synthesized a COF@CNT composite using
TAPA and PMDA to make PI-PMDA@CNT, which showed a
20% capacity loss after 50 cycles (Figure 15c). The authors
attribute this loss to the difference in lithiation states
between the two structures during cycling.

Because the lithium enolates from PI-PMDA are a part of
five-membered rings, they show weaker resonance degree
and less aromaticity than the six-membered conjugated
lithium enolates from 2D-PAI This leads to intramolecular
strain and manifests as poorer chemical stability.

Jiang and coworkers also employed naphthalene units as
redox-active building blocks for COF-based composites.
Combining 2,3,6,7,10,11-hexahydroxytriphenylene (TP)
and N,N'-di-(4-boronophenyl)-naphthalene-1,4,5,8-tetra-
carboxylic acid diimide (NDI) yielded highly crystalline
D1p-Anpi-COF (Figure 16a).7? As a cathode material, bulk
D1p-Anpi-COF performed modestly, producing a reversible
capacity of 21 mA h g~! after 40 cycles at 200 mA g~ !,
corresponding to only a 26% utilization of its redox-active
imide units. EIS determined that this result may be due to
high levels of electrical resistance within the material in the
amount of 129 Q. Synthesizing the CNT composite material,
D1p-Anpi-COF@CNT, drastically decreased the resistivity of
the material to only 8.5 Q (Figure 16b). This translated into a
dramatically increased utilization of active sites to 82%
during cycling, corresponding to a reversible capacity of
67 mA h g! at 200 mA g~ ! (Figure 16c). Notably, the
coulombic efficiency remained close to 100% during cycling,
even when current loadings were increased as high as 12 C
and charging/discharging was continued to 700 cycles,
demonstrating the excellent high-rate performance and
long-term stability of the material in comparison to
conventional organic cathodes.

Composite Materials with Graphene

In addition to the exfoliation of PI-COF-1 and PI-COF-2
discussed earlier in this review, Huang, Zhao, and coworkers
utilized the m-electron-rich structure and perceived advan-
tages of reduced graphene oxide’s (rGO) high conductivity
to design a COF-based graphene composite for use as a
LIB cathode material.%® Preparation via ball milling produced
PI-COF-1/rGOx, where x describes the wt% loading of rGO
during synthesis. Increasing from 0 to 10, 30, and then 50%
loadings improved capacity from 103 to 110, 127, and
167mA h g ', respectively, when cycled at 0.1C
(Figure 17a). Subtracting out the contribution of the rGO
substrate allowed calculation of the total active-site utilization
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in each material. With no rGO, only 72% of active sites were
utilized. Increasing to 10, 25, and 50% rGO loadings
improved active-site utilization to 74, 79, and ~100%,
respectively. This performance proved to be stable at
coulombic efficiencies of ~100% over 300 cycles at current
loadings of 0.1 C (Figure 17b). Remarkably, while PI-ECOF-
1 shows no electrochemical activity at a current loading of
10 C, PI-ECOF-1/rGO30 and PI-ECOF-1/rGO50 produced
capacities of 60 and 90 mA h g~ !, corresponding to 60% and
67% of their total theoretical capacities.

Similarly, performance enhancement was observed
between the exfoliated PI-ECOF-2 and the PI-ECOF-2/rGO30
composite material. Before the addition of graphene, PI-ECOF-2
achieved a reversible capacity of 103 mAh g~ ! ata cycling rate
of 0.1 C, corresponding to utilization of 80% of its active sites.
However, when tested as the composite material, PI-ECOF-2/
rGO30 showed an enhanced capacity of 128 mA h g7,
corresponding to 97% utilization of its active sites
(Figure 17c). In addition, cycling at higher rates showed
improvement when in a composite material. Reversible
capacity when charging/discharging at 5 C increased from
10 mA h g~! with PI-ECOF-2 to 37 mA h g~!. Notably, the
performance proved very stable, maintaining consistent
capacity values and nearly 100% coulombic efficiency over
300 cycles (Figure 17d). The authors note that this demon-
strates the significant impact graphene-based composite
materials seem to have in energy-storage applications.

Composite Materials with Nanoparticles

As was mentioned previously in this review, Ajayan, Chen,
Wang, and coworkers developed an imine-linked COF, TFPB-
COF, which was amenable to improved LIB anode perfor-
mance via chemical stripping exfoliation.®® The method of
chemical stripping involved the use of highly oxidizing
conditions which resulted in the production of MnO,
nanoparticles (NPs), the presence of which served to prevent
the reaggregation of the sheets back into a bulk structure via
physically limiting their contact distances (Figure 18a). While
the NPs could be washed away to afford purified E-TFPB-COF,
the authors also isolated E-TFPB-COF/MnO, for testing as
a composite anode material for LIBs. Cycling E-TFPB-COF and

© 2021. The Author(s). Organic Materials 2021, 3, 67-89
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Figure 17 (a) Charge/discharge profiles of the second cycle at 0.1 C of
PI-ECOF-1 and its rGOX composites. (b) Coulombic efficiency and
cycling stability at 1 C of PI-ECOF-1 and its rGOX composites. (c)
Charge/discharge profile of the second cycle at 0.1 C of PI-ECOF-2 and
PI-ECOF/rGO. (d) Coulombic efficiency and cycling stability at 1 C of PI-
ECOF-2 and PI-ECOF/rGO. Adapted with permission from Ref. 68.
Copyright 2019 The Royal Society of Chemistry.

E-TFPB-COF/MnO, for 300 cycles demonstrated extremely
high reversible capacity values of 968 and 1359 mA h g,
respectively, both of which significantly outperform the
pristine bulk material's capacity of 126 mA h g~'. The
composite material also proved tolerant to harsh redox
conditions, including charge/discharge rates as highas 5Ag™!
(Figure 18b).

Lou, Ci, and coworkers utilized Si NPs as a template for COF
synthesis with the intention of providing a robust, artificial
solid-electrolyte interphase (SEI) layer.”®> Combining Tp
with 2,5-diaminobenzenesulfonic acid and prefabricated Si
NPs under solvothermal conditions yielded Si@COF NPs
(Figure 19a). When assembled into a LIB, Si@COF
demonstrated stability and efficiency that was markedly
improved over uncoated Si NPs. Introduction of the COF
structure slightly decreased the reversible capacity from 2869
t02761 mAhg !atacycling rate of 500 mA g~ . However, the
coulombic efficiency for Si@COF during the initial
charge/discharge cycle increased from ~71% with pristine Si
NPs to ~82% with Si@COF, which the authors ascribe to the
disfavoring of SEI growth in the presence of the artificial COF-
based SEI layer. This is further corroborated by the absence of
peaks correlated to SEI growth in CVs taken of both the
composite materials (Figure 19¢, d). Additionally, the material
showed dramatically improved cycling performance at ex-
tremely high current loadings. When cycled at 5000 mA g™,
pristine Si NPs produced a reversible capacity of 371 mAhg .
In contrast, Si@COF demonstrated a reversible capacity of
962 mA h g~! (Figure 19b). Cross-sections of both materials
were measured to determine volume expansion as a result of
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Figure 18 (a) Schematic representation of the chemical exfoliation of
TFPB-COF to E-TFPB-COF/MnO.. (b) Rate performance of E-TFPB-COF/MnO,
at different current densities ranging from 0.1 to 5 A g~'. Adapted with
permission from Ref. 66. Copyright 2019 Wiley-VCH Verlag GmbH & Co.

SEI formation, which is a common source of poor cycle life in Si-
based electrode materials (Figure 19e). Expansion of the
Si@COF material was 80% on average, compared to 160%
expansion for noncomposite materials, signaling that the
artificial SEI disfavors additional growth of SEI via electrolyte
decomposition. The authors note that preventing SEI formation
should also provide significant long-term cycling stability.
Cycling lifetimes were investigated at a current loading of
2000 mA g~ !, wherein it was determined that 60% capacity
was retained over 1000 cycles, most of which cycled at a
coulombic efficiency of ~100%. This is remarkable improve-
ment over pristine Si, which lost >50% of its capacity when
cycled for 100 cycles at only 1000 mA g~ 1.

Composite Materials with Ni-Rich Layered
Oxides

Choi and coworkers employed a pyrazine-linked COF
grown on the surface of a Ni-rich NiggCop1Mng 10,
(NCM811) cathode material (Figure 20a).’* The authors
believed this composite material would protect the surface
from cracking as a result of volume expansion, while
simultaneously preventing cation swapping with Li-ions
and the subsequent dissolution of the cathode material into
the electrolyte. Combination of hexaketocyclohexane and
benzenetetramine yielded Pyr-2D. When synthesized in the
presence of NCMS811, NCM811-Pyr-2D was obtained.
During galvanostatic charge/discharge cycling, the compos-
ite material demonstrated exceptionally high coulombic

© 2021. The Author(s). Organic Materials 2021, 3, 67-89
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efficiency compared to the pristine material. Additionally,
the NCM811-Pyr-2D electrode retained 88.8% of its original
capacity after 100 cycles, which was a marked improvement
compared to the 51.2% retention seen with pristine NCM811
after the same number of cycles (Figure 20b). Rate-

performance studies of both materials demonstrated the
superior cycling and rate performance of the NCM811-Pyr-
2D electrode. Whereas NCM811-Pyr-2D produced revers-
ible capacities of 161.2 mA h g~! when cycled at a rate of
2 C, the pristine NCM811 material was only able to produce

© 2021. The Author(s). Organic Materials 2021, 3, 67-89



THIEME

(o] ELITMEIGCEIJM  F. R. Wolfson et al.

a capacity of 102.3 mA h g!' (Figure 20c). The authors
attributed this difference in performance to the
protective role of the Pyr-2D and its ability to inhibit
electrode dissolution and parasitic side reactions with the
electrolyte, which are normally accelerated at high current
loadings.

Applications beyond Li-lon Batteries

While the development of Li-ion technology remains at
the forefront of research, recently there has been a growing
interest in utilizing other ion systems for high-performance
energy-storage applications. In large part, this is due to the
low abundance of lithium within the earth’s crust, which
ultimately limits the long-term sustainability of Li-ion
batteries as an energy-storage solution. As a result, research
into other more abundant ion sources such as sodium and
potassium has garnered significant interest.

One common issue for batteries employing larger ions is
the significant volume expansion observed during interca-
lation, which can be detrimental to the material’s integrity.
Lei and coworkers found that electrodes composed of 2D
layered organic materials showed only a minimal volume
change, making materials such as COFs a promising area to
explore.”> To investigate this in practice, Pradhan and
coworkers synthesized COF TFPB-TAPT from TFPB and 1,3,5-
tris(4-aminophenyl)triazine (TAPT) to utilize as an anode
material in a Na-ion battery (SIB) (Figure 21a).”® After
evaluating the electrochemical performance at a current
density of 30 mA g~!, TFPB-TAPT exhibited a capacity of
125 mA h g7 ! after 500 cycles with an initial reversible
capacity of 246 mA h g~! (Figure 21b). Ex situ HR-TEM
experiments were performed on the electrode at different
potentials to investigate the sodium-storage mechanism
and structural changes that may be taking place during the
charge/discharge process. While discharging, the micro-
structure shows ripple-like features as a consequence of the
large Na-ions inserting into the COF. The layered structure of
the COF is restored during the charging process as the ions
are removed, indicating that the nanoporous COF allows for
the reversible accommodation of Na-ions.

Previous reports indicate that the stacking thickness plays
acritical role in the reactivity of radical intermediates.”””8 Lu
and coworkers utilized DAAQ-COF and exfoliated it to varying
thicknesses to investigate its effect on COF-based anode
materials in SIBs (Figure 22a—c).”® The four sample thick-
nesses obtained after ball milling at various frequencies were
100-250, 100-180, 50-85, and 4-12 nm. The charge/
discharge voltage profiles of the samples exhibit two
discharge plateaus correlating to two Na-ion insertion
processes (Figure 22d). Cycling performances were studied
at a rate of 100 mA g~ ! in the voltage range of 0.5-3.0 V
(Figure 22e). After an initial activation period, reversible
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Figure 21 (a) Synthesis of TFPB-TAPT-COF. (b) Cycling performance of
TFPB-TAPT COF at 30 mA g~ . Adapted with permission from Ref. 76.
Copyright 2018 The Royal Society of Chemistry.

capacities 0f 420, 310, 208, and 154 mA h g~! were observed
for4-12,50-85, 100-180, and 100-250 nm COF thicknesses,
respectively. Notably, the activation was found to vary based
on COF thickness, stabilizing after 5, 10, 15, and 30 cycles
when changing from the thinnest to thickest samples,
respectively. These results indicate that weakening the
stacking interaction by decreasing COF thickness may
enhance both stability and capacity of the electrode. These
weak stacking interactions may be reducing the electron self-
exchange process and thus making more active sites available.
The Nyquist plot confirmed that as COF layer thickness
decreased, ionic conductivity of the electrode increased
(Figure 22f). The subsequent investigation of rate perform-
ances at varying current densities also confirmed the benefit
of reduced thickness on capacity and cycle stability
(Figure 22g). The 4-12 nm sample displayed capacities of
500,450,420, 390,350, 320,310,and 300 mAh g~ atcurrent
densities of 50, 75, 100, 150, 200, 400, 500, and 1000 mA g,
respectively. Conversely, the 100-250 nm sample exhibited

© 2021. The Author(s). Organic Materials 2021, 3, 67-89
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Figure 22 (a) Synthesis and (b) simulated structure of DAAQ-COF.
(c) Representation of layer-by-layer stacking in a COF with different
thicknesses. (d) Voltage profiles for the second cycle at 50 mA g~". (e)
Cycle performances of COFs with different thicknesses at 100 mA g~
and the coulombic efficiency of the 4-12 nm sample. (f) Nyquist plots
of COFs with different thicknesses. (g) Rate performances at various
current densities between 50 and 1000 mA g~'. Adapted with per-
mission from Ref. 79. Copyright 2019 American Chemical Society.

much lower capacities at the same current densities of 182,
148, 137, 125, 92, 76, and 47 mA h g~!, respectively.
Furthermore, the 4-12 nm sample reached a reversible
capacity of 198 mA h g~! at a high current density of 5 A
g~!, remaining stable for 10000 cycles with a capacity

THIEME

retention of 99%. Scanning electron microscopy (SEM) images
also showed little difference in the morphologies before and
after cycling, indicating the stability of the electrodes.
Designing COF-based cathode materials with high
capacity and rate capability is a challenge partially due to
the inactive groups that act as linkages in the COF skeleton.
Chen and coworkers sought to eliminate this issue with the
design of TQBQ-COF (Figure 23a).8° This COF forms via a
condensation reaction between tetraminophenone and
cyclohexanehexanone endowing the COF skeleton with
triquinoxalinylene (TQ) and benzoquinone (BQ) units and
no inactive linkage groups. The carbonyl and pyrazine
groups in the COF skeleton can both be redox-active sites
resulting in a theoretical capacity of 515 mA h g~!. Fourier
transform infrared spectroscopy (FT-IR) was employed to
examine the sodium-storage mechanism during the
charge/discharge process for two cycles (Figure 23b, c).
The Na-ion storage ability by carbonyls and pyrazine units in
the COF skeleton could be confirmed by the corresponding
peak changes in the charging process followed by the
gradual recovery of the C = O and C = N peaks during the
discharge process. This could be observed again during
the second cycle indicating the reversibility of the
sodiation/desodiation process. Ex situ XPS data were in
good agreement with the FT-IR results (Figure 23d), further
confirming the role of both carbonyl and pyrazine sites in
the sodium-storage mechanism. Density functional theory
calculations were utilized to gain insight into the
sodiation/desodiation process wherein it was determined
that the first six Na-ions will each be accommodated
between two adjacent nitrogen atoms. The next six Na-ions
are each located outside the TQBQ-COF plane between two
adjacent oxygen and nitrogen atoms for a total of 12 ions
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Figure 23 (a) Synthesis of TQBQ-COF. (b) Charge/discharge profile of TQBQ-COF in the first two cycles at 0.02 A g~ in the voltage range of 0.8-3.7 V.
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(Figure 23e). The galvanostatic charge/discharge profile at
0.02 A g~! from 1 to 3.6 V exhibited an initial discharge
capacity of 452 mA h g~! and a reversible capacity of about
400 mA h g~ ! after 10 cycles and 352 mA h g~ ! after 100.
After 1000 cycles at 0.5 and 1.0 A g~ !, the electrode
displayed reversible capacities of 236.5and 213.6 mAhg™!
respectively. Columbic and energy efficiencies were around
100% and 85%, respectively, indicating good stability and
high-energy efficiency. The high rate performance was
ascribed to the morphology of TQBQ-COF, which allows for
the rapid ion/electron transport among the multiple redox
sites available.

In comparison to Li-ions, Na-ions are larger and therefore
exhibit lower ionic mobility in battery applications. There
have been reports of doping hard carbon with heteroatoms
such as B2' S8 N2 and P® in efforts to reduce the
sluggishness of Na-ions by introducing a chemical driving
force. While these efforts have seen success, rate performance
remains an issue. Vaidhyanathan and coworkers synthesized
three mesoporous COFs to use as anodes in SIBs. IISERP-
COF16, IISERP-COF17, and IISERP-COF18 were synthesized
containing phenyl, tetrazine, and bispyridine-tetrazine
moieties, respectively, in efforts to drive Na-ions into their
pores via favorable interactions (Figure 24a).8> CVs were used
toinvestigate the sodiation/desodiation mechanisms withina
potential window of 0.05-3 V (Figure 24c). For IISERP-COF17
and IISERP-COF18, the sodium insertion during the discharge
occurred via a two-step process (Figure 24b). [ISERP-COF16,
the only COF possessing no m-stacked s-tetrazine rings
through the nanochannel, displayed very little current output.
During the discharge process, the anode becomes negatively
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charged. The electron-deficient s-tetrazine rings in IISERP-
COF17 and IISERP-COF18 are able to accommodate the influx
ofelectrons, favorably impacting the Na-ioninsertion into the
nanopores of the COFs. The ease of the reduction of the anodic
COF is thought to depend on the stabilization of the LUMO
energy level (Figure 24d). The tetrazine units in IISERP-COF18
are conjugated with a pyridine ring, lowering the LUMO in
comparison to IISERP-COF17. IISERP-COF18 exhibited the
highest specific capacity of 410 mA h g~! ata current density
of 100 mA g~ ! (Figure 24e). The anodic COFs displayed high
rate performances, maintaining about 80% of their specific
capacities at a current density of 1 A g~ (Figure 24f). [ISERP-
COF17 and IISERP-COF18 both showed high electrochemical
stability, while IISERP-COF16 lost most of its specific capacity
at 500 mA g~ !, further indicating the important role the
tetrazine units play in accommodating high electron
densities.

Potassium-ion batteries (PIBs) have been suggested as an
alternative energy-storage system due to abundant resources,
low electrolyte cost, and weaker Lewis acidity.2® Hazardous
potassium dendrites can form during the charge/discharge
process making choice of anode material critical. In 2019,
Wang and coworkers reported the controlled growth of COF-10
on a CNT (COF-10@CNT) surface to use as an anode material in
PIBs.8” COF-10 was synthesized via the polycondensation of
4.4'-biphenyldiboronic acid and TP (Figure 25a, b). The
charge/discharge profile of COF-10@CNT showed an initial
capacity of 348 mA h g~ ! while COF-10 showed a lower initial
capacity of 130 mA h g ! at a current loading of 0.1 A g~
(Figure 25c). COF-10@CNT exhibited a stable cycling perfor-
mance indicating a robust electrode structure and reversible
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Figure 24 (a) Building blocks of the three COFs showing the presence of electron-deficient and electron-rich moieties. (b) Electrochemical reduction
mechanism of (top) tetrazine and (bottom) phloroglucinol, followed by sodiation under a withdrawing potential. (c) CV curves of COFs. (d) HOMO-
LUMO energy levels and band gaps of the COFs calculated from the CV measurements. (e) Rate performance of COFs. (f) Cycling stability of the COFs at 1
A g~'. Adapted with permission from Ref. 85. Copyright 2020 The Royal Society of Chemistry.
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Figure 25 (a) Synthesis of COF-10. (b) Schematic representation of
COF-10@CNT. (c) Cycling performance of COF-10 and COF-10@CNT at
100 mA g~". (d) Representation of proposed potassium storage

mechanism. Adapted with permission from Ref. 87. Copyright 2019
American Chemical Society.

electrochemical properties. After 500 cycles, COF-10@CNT
maintained a reversible capacity of 288 mA h g ! out-
performing previous reports of organic anodes for PIBs 3892
The porous few-layered COF-10@CNT provided more exposed
active sites, shortens the ion/electron diffusion distance, and
facilitates the kinetics of the potassiation/depotassiation
process. The potassium-storage mechanism (Figure 25d),
investigated using XPS and Raman spectroscopy, is likely
influenced by the m-cation effect between the m-electron
clouds of benzene and K-ions.

In 2020, Alshareef, Eddaoudi, and coworkers reported the
synthesis of PA-COF, a phenanthroline-based COF to use as a
zinc-ion supercapattery (ZIS) cathode (Figure 26a).%® ZISs
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Figure 26 (a) Structure of PA-COF. (b) Cycling performance at 100 mA
g~ ". (c) Cycling stability at 1 A g~". (d) Thickness and bending
measurements of flexible supercapattery using PA-COF electrodes. (e)
Charge/discharge curves at initial state and after bending the flexible
supercapattery. Adapted with permission from Ref. 93. Copyright 2020
American Chemical Society.

represent yet another class of promising energy-storage
devices due to their nontoxicity and relative inexpensive-
ness.> In 2019, Shao and coworkers found that nitrogen
substitution in 1,4,5,8-naphthalenetetracarboxylic dianhy-
dride yielding 1,4,5,8-naphthalene diimide led to an electrode
with improved specific capacity and cycling stability.%®
N-doping of porous carbon was also shown to promote the
chemical adsorption of Zn-ions by Lu and coworkers.*® It was
hypothesized that PA-COF, containing an electron-rich back-
bone and nitrogen active sites, would facilitate the reversible
Zn-ionintercalation. To evaluate the material’s electrochemical
performance, PA-COF was utilized as a cathode. PA-COF
exhibited a high capacity of 247 mAh g~ ! ata current loading
of 0.1 A g~ ! (Figure 26b). The material was able to maintain a
capacityof 175 mA hg~! after 300 cycles at a currentdensity of
0.1Ag™ !, demonstrating its cycling performance. The material
further demonstrated its high cycling stability, achieving a
capacity decay rate of 0.38% per cycle over 10000 cycles at a
current density of 1 A g~ ! (Figure 26¢). The high capacity was
attributed to the chemical intercalation of ions coupled with
electron transfer on the active sites of the COF. The authors used
various physiochemical techniques to confirm the intercala-
tion/deintercalation of Zn-ions through the PA-COF electrode.

© 2021. The Author(s). Organic Materials 2021, 3, 67-89
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Interestingly, through solid-state NMR, the authors were able
to determine that the cointercalation of Zn-ions and H-ions
demonstrated capacity contributions of 60% and 40%, respec-
tively. Furthermore, the authors used PA-COF to design and
fabricate a high-performance supercapattery for practical
applications (Figure 26d). The flexible device demonstrated
high stability while being bent and produced similar
charge/discharge profiles (Figure 26e), indicating its promising
future in energy-storage and wearable electronics.

Conclusions and Outlook

In this review, it was shown that the unique design and
electronic properties of COFs give them a unique advantage as
rechargeable battery electrode materials for not only
traditional LIBs, but also less established battery technologies
including Li-S batteries and PIBs. However, the development
of COF-based electrode materials is still in its infancy, and
further improvement will require addressing performance
issues such as poor conductivity and capacity fading at high
rates in bulk form.

Currently, the largest bottleneck in COF-based electrode
performance remains their poor electronic conductivity.
Investigation of COF-based composites on highly conductive
substrates has been done in an attempt to alleviate this
issue. However, in an ideal scenario, highly conductive COF-
based electrode materials would allow for the exclusion of
all conductive carbon additives, which would increase the
overall energy density of the cell. Currently, it is still
necessary to include these sources because COFs are not
conductive enough to facilitate charge through their bulk
structure from/to the current collector. Overcoming this
problem will require further development of COF-based
materials with high degrees of conjugation without the
addition of redox-inactive building units. It is also under-
stood that COF stacking patterns can affect the out-of-plane
conductivity of electronic systems. Presently, it is unclear
what role this plays in tuning the high-rate performance of
COF-based electrode materials. Therefore, further experi-
mental and theoretical investigations are warranted.

Poor ionic conductivity through bulk materials also
remains an issue negatively affecting performance. Process-
ing methods involving exfoliation into thin sheets has proven
to be a powerful solution to this issue. However, it remains
advantageous to leverage the modularity of COF synthesis to
incorporate moieties that improve ionic conductivity without
sacrificing either capacity or electronic conductivity. In order
to achieve this, further investigation into ion conduction in
COF structures will be important. Computational modeling
may prove very useful in determining moieties best suited for
particular ion systems.

COFs are a highly versatile class of materials amenable for
use in a multitude of applications, and recent progress proves

that advanced electrode materials are no exception. Their
variable design strategies offer limitless architectures, which
can be assembled with molecular precision, allowing for
unprecedented control over energy-storage mechanisms.
However, these properties can only be leveraged through the
development and investigation of novel systems. This will
require expanding beyond the limited number of building
blocks that have been utilized to construct COFs. Even more
so, it will be advantageous to expand the current library of
reversible linkages shown to produce ordered COF structures.
Additionally, investigating the effects of transitioning from 2D
to 3D COF architectures for energy-storage applications
remains unexplored. While it is likely that this change would
reduce conductivity throughout the material, there may be
distinct benefits gained with regards to charge kinetics and
active-site accessibility. Particularly, if COF crystallization
results in a bor topology, very high solvent permeability can
be expected in addition to access to active sites that would
be unhindered by adjacent layers as opposed to 2D systems
or interpenetrated 3D systems. It is unknown whether
these properties would improve or diminish their perfor-
mance, overall.

In summary, significant progress has been made in
utilizing COFs as an advanced class of electrode material. As
a direct result, high-performing batteries have been
presented using COF-based materials as both anodes and
cathodes with exceptional capacities. With more inves-
tigations into structure-property relationships and the
synthesis of other novel porous polymeric systems on
the horizon, we believe that COFs will undoubtedly achieve
their full potential as electrode materials for rechargeable
batteries in due time.
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