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Ion transport mechanisms in covalent organic
frameworks: implications for technology

Wonmi Lee, a Haochen Li,a Zhilin Dub and Dawei Feng *ab

Covalent organic frameworks (COFs) have emerged as promising materials for ion conduction due to

their highly tunable structures and excellent electrochemical stability. This review paper explores the

mechanisms of ion conduction in COFs, focusing on how these materials facilitate ion transport across

their ordered structures, which is crucial for applications such as solid electrolytes in batteries and fuel

cells. We discuss the design strategies employed to enhance ion conductivity, including pore size

optimization, functionalization with ionic groups, and the incorporation of solvent molecules and salts.

Additionally, we examine the various applications of ion-conductive COFs, particularly in energy storage

and conversion technologies, highlighting recent advancements and future directions in this field. This

review paper aims to provide a comprehensive overview of the current state of research on ion-

conductive COFs, offering insights into their potential to design highly ion-conductive COFs considering

not only fundamental studies but also practical perspectives for advanced electrochemical devices.

1. Introduction

Covalent organic frameworks (COFs) have been developed since
they were firstly discovered by Yaghi and co-workers in 2005
due to their advantageous features for various applications.1

COFs are a class of porous crystalline materials composed of

light elements such as carbon, hydrogen, oxygen, and nitrogen.
The organic units are connected by covalent bonds to form
reticular frameworks with periodic channel structures. The
unique and advantageous features of COFs are their light-
weight, crystallinity, superior thermal and electrochemical sta-
bility, and porosity (Scheme 1).2–6 In particular, the main
strength is the easy tunability of COF structures. This tunability
can create structural diversity, and it can lead to tuning the
properties of COFs in the desired direction depending on the
applications we want to apply.7,8 Therefore, there are a lot of
applications using COFs: gas storage, catalysis, sensing, energy
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storage and conversion areas like batteries and superca-
pacitors, and environmental applications such as water
purification.9–14

In this review, the ion-conducting properties of COFs will be
mainly covered, considering their potential in applications
such as battery electrolytes, fuel cells, and other energy storage
and conversion devices. Ion transport is important to enhance
the performance of electrochemical devices because the ion
transport is much slower than electron transfer, which is a
critical control step in the electrochemical reactions when
using them as electrodes.15 In addition, the solid conductors
are important to replace the conventionally used liquid electro-
lytes for more safe batteries, and the poor ion mobility was the
main hurdle to prevent their practical application.16,17 In liquid
electrolytes, solvent and solvated molecules quickly exchange
in a uniform environment. On the other hand, in solid con-
ductors, ions should navigate through periodic bottlenecks and

overcome energy barriers to move.18,19 COFs are key alterna-
tives to the conventionally used inorganic or polymeric mate-
rials because they exhibit superior ion conducting behavior due
to their unique features such as well-defined directional chan-
nels, functional diversity, structural robustness, low ionic diffu-
sion energy barrier, and excellent temperature tolerance.20,21

COFs have both advantageous features of high orderness of
inorganic materials and high tailorability of polymers and can
eliminate the drawbacks of inorganic or polymer materials.22

In addition, when incorporating the ionic groups inside the
structures of COFs, the functionalized COFs can further
decrease the ion diffusion energy barrier (Fig. 1).23,24

Scheme 1 Unique features of COFs.

Fig. 1 Ion conduction scheme and energy barrier graph of inorganic
material, COF, and functionalized COF.
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The purpose of this review is emphasizing the uniqueness of
COFs compared to inorganic or polymeric materials in terms
of ion conducting properties by looking at ion diffusion
mechanisms with different ion conduction pathways, activation
energy, mobile ion concentration, and transference number.
In addition, the rational design strategies of ion-conductive
COFs through structural modification, incorporation of solvent
and additional solvent, and processing optimization are pro-
vided. Finally, future studies such as mechanism understanding
studies, considering cost and scalability for practical usage in
various real devices, are discussed.

2. COF’s uniqueness compared to
inorganic and polymeric materials
2.1 Structural features

The structural diversity of COFs stems from the tunability in
topology and chemistry by choosing an appropriate symmetry
of building blocks and linkage chemistries. First, the topo-
logical tunability can be achieved by using a different geometry
of building blocks. The dimensions and topology of COFs can
be determined by how the building blocks are spatially
arranged, which is directly influenced by the shape and con-
nectivity of the building blocks (Fig. 2).25 There are mainly two-
dimensional (2D) and three-dimensional (3D) COFs, and 2D
COFs will be mainly focused on in this review. 2D COFs exhibit
unique properties that can make them more advantageous
than 3D COFs regarding ion conductivity due to an increased
accessible surface area, tunable interlaying spacing, flexibility
in modification, and solution-processability.26,27 These benefits
can make 2D COFs particularly suitable for applications in
energy storage and conversion devices, where fast ion transport
is crucial. Specifically, more exposed surface area can provide
more ion conduction sites and accessible pores, thereby facil-
itating ion transport. The basic units of COFs are connected
through covalent bonds to create planar, interconnected layers.
These layers are subsequently stacked on top of each other,
forming complex multi-layer frameworks that incorporate
directional one-dimensional nanochannels, and the ion diffu-
sion can also occur through this inter-layer pathway, leading to
rapid ion conduction.

Furthermore, modification of the surface chemistry in 2D
COFs is easy, allowing for the introduction of various ionic
groups that can enhance the ion diffusion. There are various
topologies of COFs such as tetragonal, hexagonal, rhombic, and
trigonal, based on the symmetry of the monomers. Second, the
chemical tunability of COFs can also be obtained by choosing
the different organic building blocks. The common building
blocks to form the covalent bonds are boronic acids, aldehydes,
amides, or amines, and different types of linkages such as
boroxine, imine, hydrazone, or triazine can be made.28–31 Even
one monomer can make the covalent bonds by themselves, and
two different monomers can also make various types of lin-
kages (Fig. 3). In addition, the different number of reaction
sites that can form the covalent bonds for various monomers

should also be considered to design an accurate molar ratio to
synthesize the desired structures of COFs. Even though the
COFs were synthesized with the same symmetries, the different
structural and functional properties such as crystallinity or
ionic conductivity would be achieved when using different
chemistries of monomers. In addition, the different reversibil-
ity of different covalent linkages can result in different crystal-
linity, recyclability, and chemical stability. The reversible
linkages of COFs typically enable high crystallinity due to the
dynamic error correction during synthesis.32 This error correc-
tion allows the framework to reorganize during the formation,
leading to more ordered structures. For example, imine (CQN)
linkages are reversible under acidic conditions, which helps in
the formation of highly crystalline structures.33 In addition, the
reversible covalent bonds can be beneficial for the recyclability
of COFs. COFs can be disassembled into their building blocks
and then reassembled easily, reducing waste, and enabling the
reuse of materials.34 However, the reversibility of linkages can
lead to reduced stability under certain conditions.35 Therefore,
sometimes irreversible and robust linkages for highly stable
COFs are developed. The COFs with these linkages exhibit

Fig. 2 Topological tunability of (a) 2D COFs and (b) 3D COFs (reproduced
from ref. 25) with permission from Elsevier.
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superior chemical stability in harsh environments. However,
the robustness of these linkages generally makes COFs less
recyclable. The trade-off relationship between crystallinity,
recyclability and stability depending on the reversibility of

covalent linkages should be considered for designing COFs
to meet the requirements of specific applications. Moreover,
the all-organic nature makes COFs facile and flexible to the
introduction of functional groups into their frameworks,
which is beneficial for ion-conduction. The introduction of
specific functional groups into COFs can tailor their inter-
action with ions, enhancing ion conductivity. Functional
groups such as sulfonic acid, amine, and carboxylic groups can
interact with ions through various mechanisms such as coordina-
tion, ion–dipole interactions, or by providing a pathway for
hopping conduction.36–39 More detailed ion conducting mechan-
isms of functionalized COFs will be discussed later in section 3.1.

2.2 Ion diffusion mechanisms

The unique features of COFs, including their long-range ordered
channels, high stability, low density, and their capability for
functionalization, position them as promising candidates for
solid electrolytes. In particular, COFs have shown potential
for achieving high ionic conductivity. Unlike inorganic and poly-
mer SEs, which often present a high energy barrier to the
migration of bulky ions due to the segmental motion of polymers
or the rigid crystalline spaces of inorganic solids, COFs can
significantly lower the energy barrier for ion diffusion.40–42 This
is attributed to their intrinsic open channels, offering ample void
space for the rapid diffusion of various ions, regardless of size.
This mechanism of ion conduction through COFs could poten-
tially lead to superior ionic conductivities for bulky ions (Fig. 4).

More specifically, the ion migration in the inorganic solid
materials mainly relies on the distribution and concentration
of defects. Here, the defects can be divided into vacancies and
interstitials.43 The cationic vacancies or interstitials are con-
sidered as the mobile charge species. The ion diffusion mecha-
nism in the inorganic solid materials can be considered as
three pathways (Fig. 5a). First, vacancy diffusion occurs when

Fig. 3 Chemical tunability of COFs.

Fig. 4 Scheme for comparing the brief ion conduction mechanism in inorganic, polymers, and COFs.
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an ion moves into an adjacent empty site. Second, a direct
interstitial mechanism involves movement between partially
occupied sites. Third, in the correlated interstitialcy process,
migrating interstitial ions shift a nearby lattice ion to an
adjacent position. Defects such as vacancies or interstitials
can provide ion conducting pathways. Therefore, the higher
defect concentrations can facilitate greater ion mobility, thereby
increasing ion conductivity. However, the concentration of defects
should be optimized because too many defects can lead to
structural instability and other undesirable properties. The
defect levels can be controlled by some strategies such as
doping, sintering, chemical substitution, or annealing in con-
trolled atmospheres.44–47 In addition, the valence and size of
mobile ions greatly affect the ionic conduction.48,49 When the
valence increases, the ionic conductivity decreases due to the
strong electrostatic interaction between the mobile ions and
solid skeleton. The impact of the size of mobile ions on ion
conductivity is more complex than valence. When the size of
the mobile ions is too large, the resistance of ion diffusion will

increase, then the diffusivity of mobile ions will decrease.
On the other hand, when the size of the mobile ions is too
small, they occupy sites with a large electrostatic trap, leading
to difficulties in migrating. In the case of polymer materials,
the ion conducting mechanism can be performed through
intrachain or interchain hopping (Fig. 5b).50 The mobile ions
are coordinated with the polar groups in the polymer chain,
and the free volumes are created for the hopping of mobile ions
with the segmental motion of the chains. The intrachain
hopping involves the movement of ions along a single polymer
chain. This mechanism is facilitated by the flexibility of the
polymer backbone and the presence of ionic or polar groups
attached to the polymer chain that can temporarily bind ions.51

The process typically involves three steps. First, the ions bind to
specific sites on the polymer chain, which are often ionic
groups or other polar functionalities. Second, as the polymer
chain undergoes segmental movements, the ion can move from
one site to another along the chain. This movement might be
assisted by the rotation of bonds within the polymer backbone
or by the stretching and bending of the chain. Third, the ions
are released from one site and can either rebind to a new site
on the same chain or hop to another chain. This interchain
hopping depends on the mobility of the polymer chain and the
strength of interaction between the ion and the chain. On the
other hand, the interchain hopping involves ions moving
between different polymer chains. This hopping is crucial in
more rigid or closely packed polymer systems where intrachain
mobility is limited. It also involves three steps. First, ions
dissociate from a binding site on one polymer chain. Second,
the ions move to another polymer chain. This movement can
occur through the polymer matrix or along interfaces where
polymer chains meet. Third, the ion binds to a site on a
neighboring polymer chain. This hopping can be influenced
by the density and arrangement of the polymer chains, the
spacing between them, and the dielectric constant of the
medium. Interchain hopping is more common in polymers
with high crystallinity or tight packing, where intrachain
pathways are less accessible.52

COFs exhibit a distinct ion transfer mechanism compared to
many inorganic and polymer materials due to the unique
properties of their ordered structures and high porosity, which
can be precisely tuned at the molecular level.53 The ordered 1D
nanochannels of COFs can provide a fast ion-conduction path-
way with a large free volume.54 In addition, the customizable
nanochannels by introducing ionic functional groups can
facilitate the ion conductivity.55 These groups can interact
electrostatically or through hydrogen bonding with mobile
ions, helping to solvate and mobilize them. The ion transport
mechanisms in COFs can be classified into two types: the
hopping mechanism and the vehicle mechanism (Fig. 5c). First,
the hopping mechanism involves the movement of ions from
one site to another site.56 In COFs, this typically involves ions
moving facilitated by electrostatic interactions or coordination
with functional groups embedded in the framework. The hop-
ping can be modulated by the framework’s ability to coordinate
with ions through functional groups which can act as binding

Fig. 5 Ion conduction mechanism of (a) inorganic materials (reproduced
from ref. 43 with permission from Springer Nature), (b) polymer materials,
(reproduced from ref. 50 with permission from the Royal Society of
Chemistry) and (c) COFs.
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sites that temporarily capture and release the ions, thereby
enabling their transport across the framework. Second, the
vehicle mechanism describes ion transport that occurs along
with a molecule that acts as a carrier.57 This mechanism is
relevant in systems where COFs are impregnated with a solvent
(like water or an organic solvent) that can solvate the ions.
The solvent molecules effectively ‘‘carry’’ the ions through the
framework, with the solvent acting as a medium in which the
ions are dissolved, aiding their diffusion through the material.
The distance between the hopping sites will affect the ion
conductivity. The shorter distance between the hopping sites
can facilitate the ion transport. It can be modulated by regulating
the stacking mode or introducing the ionic functional groups.58

In addition, the solvent or salt can make different solvation
environments, thereby affecting the ion diffusion.59

2.3 Activation energy (energy barrier)

The activation energy for the ion conduction in the solid
materials refers to the energy needed to enable the movement
of ions through the solid materials, overcoming various types of
energy barriers.60

In inorganic solid conductors such as ceramic and glasses,
their energy barriers are usually related to lattice structure,
thermodynamic and kinetic barriers, and electrochemical stabi-
lity.61 The crystal lattice of inorganic solids often provides a more
rigid pathway for ion migration than in COFs. Ions move through
the lattice by hopping from one stable site to another, influenced
heavily by the presence of vacancies or interstitial sites.

Unlike inorganic materials, polymers can offer flexibility,
which allows for expansion or contraction accommodating
ionic pathways. This elasticity can reduce the mechanical
energy barriers but may introduce others related to the arrange-
ment of polymer chains. Ions in polymers typically migrate
through amorphous rather than crystalline regions, where they
encounter fewer barriers related to rigid lattice structures.62

However, they might still face significant resistance from
viscous drag within the polymer matrix. In addition, polymer
materials often require a certain temperature to maintain
amorphous phases that are conducive to ion migration, which
can limit their use in low-temperature applications.63

On the other hand, the energy barriers in COFs for ion
conduction can be considered with pore size, chemical
compatibility and interaction, and structural stability. The pore
size of COFs determines whether ions can physically pass
through the COFs or not. When a pore size is too small, it
physically blocks the ion, acting as a steric barrier. Therefore, to
optimize the ion transport, the pore size can be tuned.64

In addition, the functional groups within the pores of COFs
can interact with ions, either facilitating or hindering their
movement. These interactions might involve electrostatic
forces, hydrogen bonding, or even p–p interactions, depending
on the mobile ions and functional groups.65 For example, COF
with carboxylic groups might facilitate the transport of metal
cations through ion–dipole interactions, enhancing conduction
compared to a neutral pore surface. Moreover, the structural
stability of COFs also might affect the energy barrier.66

Overall, COFs can exhibit lower activation energy for ion
conduction compared to inorganic or polymer materials due
to their unique structural and chemical features. COFs are
characterized by their highly ordered and tunable porous
structures. This regularity can potentially facilitate more pre-
dictable pathways for ion migration compared to inorganic or
polymer materials. The inorganic materials require ions to
overcome higher energy barriers associated with defect sites,
and the randomness of the polymer structure can create
inconsistent pathways that increase the activation energy for
ion transport.67 On the other hand, the precise control over
pore sizes and connectivity in COFs allows for the design of
pathways that can minimize the energy required for ion con-
duction. In addition, chemical functionalization of pore walls
in COFs can be tailored to interact favorably with specific ions,
thereby reducing the activation energy for their transport.
In contrast, modifying the internal surface chemistry of
inorganic materials is more challenging, potentially leading
to higher activation energies for ion movement. Moreover,
COFs tend to be more flexible than many rigid inorganic
materials. This flexibility can accommodate ions more readily,
potentially reducing the strain and energy required for ion
conduction through the transport pathways.68 On the other
hand, the rigidity of inorganic materials might necessitate
higher energy to mobilize ions, especially when moving
through tight lattice structures.

The activation energy for ion conduction can be determined
experimentally using techniques like electrochemical impe-
dance spectroscopy (EIS), which measures the frequency
response of a material to an electrical stimulus.69 From these
measurements, the temperature dependence of the ionic con-
ductivity can be obtained and used to calculate the activation
energy via the Arrhenius equation:

sT ¼ s0 exp �
Ea

kT

� �

here, s is the conductivity at temperature T, s0 is a pre-
exponential factor (related to the number of mobile ions and
their attempt frequency), Ea is the activation energy, k is the
Boltzmann constant, and T is the absolute temperature.

Understanding and minimizing the activation energy in
solid electrolytes is crucial for improving the efficiency of
devices such as batteries and fuel cells. Lower activation
energies imply easier ion movement, which enhances the ionic
conductivity and overall performance of the electrolyte at lower
temperatures. This knowledge aids the design of better mate-
rials for energy storage and conversion technologies. Table 1
summarizes the activation energies of various types of solid
conductors.70–133 Most COFs show high activation energies due
to their structural benefits for ion conduction. Even though
some of the other inorganic or polymer materials also exhibit
high activation energies, they have some disadvantages. For
example, many high-performance inorganic materials require
high-temperature processing or complex synthesis routes that
can be costly and energy-intensive.134 COFs, on the other hand,
are often synthesized at relatively low temperatures through
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Table 1 Ion conducting properties summarized for inorganic, polymer, and COF materials

Type Chemical formula s(RT) mS cm�1 Ea eV
Ion concentration
ions cm�3

Transference
number Ref.

Na-ion NASICON Na3.4Sc2Si0.4P2.6O12 6.9 0.33 3.99 � 1021 70
Na3.3Zr1.7Pr0.3Si2PO12 6.7 0.235 3.46 � 1021 73
Na3Zr2(SiO4)2PO4 (NZSP) 0.411 0.12 3.46 � 1021 76

b Alumia Na-b00-Al2O3 (Na2O�5.33 Al2O3) 2.1 0.1 3.25 � 1021 77
b-Al2O3 12 0.16 78

Sulfide Na3SbS4 1 0.24 5.66 � 1021 80
Na3PS4 1B2 6.99 � 1021 81
Na3SbSe4 3.7 0.19 3.56 � 1021 1 82

Halide NaTaCl6 4.62 0.3 3.79 � 1021 87
Na–LaCeZrHfTa–Cl 4 3.61 � 1021 88
Na4OI2 0.0162 0.68 9.13 � 1021

Polymer PEO + 10 wt% NaTFSI + 40 wt% BMIMTFSI 0.41 0.12 0.39 91
PEO16-NaPF6 0.63(50 1C) 0.58 92
PEO-NaBF4-SN (36 : 1 : 8) 0.05 0.363 93
PDFE-20 3.31 0.1 94

COF NaOOC-COF + NaPF6 + PC 0.268 0.24 0.9 95
TPDBD-CNa-QSSE + 9 wt% PC + 5 wt% FEC 0.13 0.204 0.9 96
MIL-121/Na + 50 wt% NaClO4 + PC 0.1 0.36 97
MOF-808-SO3K + PC 0.031 0.32 0.76 98
i-COF-1 (Na) 0.141 0.28 1.22 � 1021 Manuscript

submittedi-COF-2 (Na) 0.317 0.21 1.48 � 1021

i-COF-3 (Na) 0.275 0.24 1.66 � 1021

K-ion COF i-COF-1 (K) 0.137 0.21 1.22 � 1021 Manuscript
submittedi-COF-2 (K) 0.102 0.21 1.34 � 1021

i-COF-3 (K) 0.142 0.25 1.28 � 1021

Li-ion LISICONs Li10Ge(P0.975Sb0.025)2S12 16.6 0.26 2.1 � 1022 99
Li10Ge(P0.9Sb0.1)2S12 13.5 0.276 2.06 � 1022

Li3.2Ge0.2P0.8O4 0.001 0.53 4.06 � 1022 100
Li3.5Ge0.5V0.5O4 0.096 0.39 6.9 � 1022 101
Li1.5Al0.5Ge1.5(PO4)3 0.75 0.725 7.38 � 1021 103

Halide Li3ErCl6 0.31 0.41 1.38 � 1022 104
Li3YBr5.7F0.3 1.8 0.39 1.15 � 1022 106

Sulfides Li9.54Si1.74P1.44S11.7Cl0.3 25 1.98 � 1022 1 108
Li10.25P3S12.25I0.75 9.1 0.28 2.30 � 1022

Li10.2[Sn0.8Si0.2]1.2P 1.8S12 2.5 2.09 � 1022 111
Organic PEO-PS 0.095 (60 1C) 0.103 0.22 113

SLIC-3 + 20% LiTFSI + 20%
DEGDME + 2% SiO2

0.12 0.07 114

PEO + LLZTO 0.19 0.38 115
PMC10 0.233 (50 1C) 0.32 116
ANP-5 0.15 0.16 117
PCL 1 (60 1C) 118
LiPVFM 0.57 119

COF ICOF-2 0.03 0.24 0.80 � 0.02 120
Li-con-TFSI 0.209 (70 1C) 0.34 0.61 � 0.02 121
TpPa-SO3Li 0.027 0.18 0.9 122
UiO-66-LiSS 0.06 0.21 0.9 123
LiCON3 + 20 wt% EC 0.126 (60 1C) 0.13 0.92 124
Im-COF-TFSI 0.029 0.32 0.62 � 0.02 125
PEO-n-UIO + 40% UIO/Li-IL 0.13 0.34 0.35 126
dCOF-ImTFSI-60 0.097 0.28 0.72 � 0.02 127
CF3-Li-Im-COF + n-BuLi + 20 wt% PC 7.2 0.1 0.81 128
CH3-Li-Im-COF + n-BuLi + 20 wt% PC 0.08 0.27 0.93
H-Li-ImCOF + n-BuLi + 20 wt% PC 5.03 0.12 0.88
CD-COF + LiPF6 + EC + DMC 2.7 0.26 129
COF-5 + LiClO4 0.26 0.37 130
LE@ACOF + EC/DEC 3.7 0.15 0.82 131
NUS-9 12.4 0.2 132
NUS-10 39.6 0.21
COF-QA-2 211 (80 1C) 0.12 133
COF-QA-4 200 (80 1C) 0.16
COF-QA-6 190 (80 1C) 0.19
COF-QA-EO 210 (80 1C) 0.19
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straightforward chemical reactions, potentially reducing manu-
facturing costs and complexity.135 In addition, polymer materials
have lower thermal stability and limited ion selectivity. Whereas,
COFs can be designed to withstand higher temperatures using
many approaches such as modification of chemical composition
and the ion selectivity can also be tuned using various strategies
such as customizing pore environments.

In summary, the activation energy of ion conduction in solid
materials is a key factor that influences their efficiency and
suitability for various applications. By tailoring the material
properties to reduce this energy barrier, the performance
of devices that rely on these materials can be significantly
enhanced.

2.4 Mobile ion concentration

The ion conductivity is a measure of how easily ions can move
through a medium, and it can be related to the concentration of
mobile ions using the following equation:

s = n � q � m

here, s is the ion conductivity, n is the concentration of mobile
ions (number of ions per unit volume), q is the charge of the
ions, and m is the mobility of the ions (how quickly an ion
moves in response to an electric field).

As the concentration of mobile ions increases, the ion
conductivity typically increases. This is because more charge
carriers are available to carry the current. Ion mobility depends
on the medium and the temperature.136 Higher temperatures
generally increase ion mobility by reducing the viscosity of the
medium and allowing ions to move more freely. In solids,
defects and the crystalline structure can affect ion mobility.137

The charge of the ions affects conductivity because higher
charge means more current is carried by each ion.138 Therefore,
doubly charged ions contribute more to the conductivity than
singly charged ions, assuming all other factors are equal.

The mobile ion concentration and ion conductivities of
various solid conductors such as inorganic and COFs are
summarized in Table 1. When comparing the ion conductivi-
ties between inorganic materials and COFs, they are similar.
Here, the concentrations of mobile ions in COFs are lower than
those in inorganic materials. This means that the ion mobili-
ties in COFs are faster than those in inorganic materials. This is
consistent with the superior ion conducting mechanism with
potentially lower energy barriers for ion conduction with COFs
than inorganic materials due to their unique features.

2.5 Transference numbers

The transference number of mobile ions in the solid electro-
lytes is a crucial parameter that quantifies the contribution of a
particular ionic species to the overall ionic current in a con-
ductor. The measurement of transference numbers of ions can
be approached using the Bruce–Vincent method with electro-
chemical techniques.139 The Bruce–Vincent method involves a
combination of Wagner’s DC polarization test and AC impe-
dance spectroscopy. During the DC polarization test, a sym-
metric two-electrode cell was used as a non-blocking setup.

Then a small step potential was applied and the resulting curr-
ent over time was observed (Fig. 6).140 The cell’s impedances
were measured before and after polarization. This process leads
to the formation of a concentration gradient across the solid
conductors. Before polarization of a symmetric cell, the con-
centrations of cationic and anionic species are almost the same
on either side of the electrolyte layer. With applying a steady
potential, the mobile ions (cations) move and collect on the
negatively charged side, while the anions are drawn to the
positively charged side. Here, both migration and diffusion
push mobile cations to move in the same direction, while the
anions move in the opposite direction. Therefore, the current
reaches a steady state when a distinct gradient of ionic species
forms across the entire electrolyte. Consequently, the trans-
ference number of mobile cations (such as lithium or sodium
ions) can be calculated with the following equation:

tþ ¼
Iss DV � I0R0ð Þ

I0 DV � IssRssð Þ

here, t+ is the cationic transference number, I0 is the initial
current, Iss is the stead state current, DV is the DC polarization
potential, R0 is the initial interfacial resistance, and Rss is the
steady-state interfacial resistance, respectively.

The transference numbers cannot be compared between
inorganic, polymer, and COFs exactly because each type of
solid material can be tuned to enhance their transference
numbers. For example, some inorganic solid conductors such
as lithium lanthanum zirconate (LLZO) or sodium beta alu-
mina exhibit high ion conductivities and stability. Therefore,
the cationic transference numbers in these materials can be
quite high. As an example, garnet-type LLZO can have high t+

values close to unity, indicating almost exclusive cation
transport.141 On the other hand, polymer materials generally
show low transference numbers. This is because the ionic
transport mechanism in polymers involves the movement of
anions, and the polymer matrix may not strictly favor cation
over anion mobility.142 Polymer solid conductors can suffer
from significant anion mobility unless specifically designed to
inhibit it. On the other hand, COFs can be engineered to have

Fig. 6 Bruce-Vincent method of measuring the ion transference number
from the steady state in the DC polarization curve. (Reproduced from ref.
140 under a Creative Commons CC BY license.)
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high transference numbers by designing their pore sizes and
functionalities to preferentially interact with cations, providing
selective transport channels.143 In summary, inorganic solid
electrolytes tend to have high transference numbers compared
to polymer materials, primarily due to their robust and rigid
structures which can be highly selective for cations. COFs can
also exhibit high transference numbers due to their tunability.
Table 1 demonstrates the high transference numbers of
inorganic and COFs compared with polymer materials. A high
cationic transference number is desirable in solid electrolytes
because it enhances overall efficiency, reduces detrimental side
reactions, and improves the long-term stability of the energy
storage and conversion devices such as batteries. Even though
both inorganic and COF materials showed high transference
numbers, the COFs are superior compared with inorganic
materials in terms of tailorability and functionalization, flexi-
bility, fabrication and processability, lower environmental
impact, and cost effectiveness.

3. Bottom-up design strategies
of ion-conductive COFs

The ion-conductive COFs can be rationally designed with
bottom-up design strategies from structural control such as
functionalization with ionic motifs and pore size or crystallinity
regulation to incorporation of solvent or salts and processing
for not only enhancing the ion conducting properties but also
considering the practical feasibility (Fig. 7).

3.1 Structural control

Ion-conductive covalent organic frameworks (COFs) are
advanced materials designed for specific applications, such as
batteries and fuel cells, due to their ability to conduct ions.
These materials can be engineered with precise structural
control through pore size regulation, pore wall decoration via

functionalization, or crystallinity regulation, to optimize their
ion-conductivity.

3.1.1 Pore size regulation. The pore size of COFs is an
important parameter affecting ionic conductivity. Ion conduc-
tion in COFs involves the movement of ions through well-
defined nanochannels. These channels are created by the
organized stacking of molecular building blocks from the
COF.144 The dimensions of these channels, which are directly
related to the pore size, dictate how easily ions pass through.

There are mainly three roles of pore size. Firstly, larger pore
sizes generally facilitate greater ion mobility. This is because
bigger pores provide less resistance to ion passage, which can
increase the ionic conductivity. However, while larger pore sizes
can enhance conductivity by providing easier pathways for ions,
they typically reduce the overall surface area when compared to
smaller pores. Since surface area is crucial for ion adsorption
and interaction, there is a balance to be struck between pore
size and the surface area available for ionic reactions.
In addition, if the pore size is too large, the interaction between
the pore wall and mobile ions would be weaker, leading to low
ionic conductivity. As one example which showed the relation-
ship between the pore size and ionic conductivity of different
COFs, Zhang et al. synthesized various COFs with different pore
sizes by using different building blocks, and the COF-NUST-9
with the smaller pore size (12.4 Å) than those of COF-NUST-8
(21.2 Å) and COF-NUST-7 (20.4 Å) showed the highest ionic
conductivity (Fig. 8).145 This means that larger pore size does
not mean high ionic conductivity due to the complex relation-
ship between pore size and ionic conductivity of the COFs that
should be considered.

There are several methods to control the pore size of COFs.
The simplest method to control the pore size is through the
selection of building blocks. Larger building blocks can create
larger pores. For example, Zhang et al. synthesized similar
COFs with different pore sizes by using different lengths of
building blocks (Fig. 9).146 The pore size distributions derived
from nitrogen gas adsorption isotherms at 77 K for CN-COF-3
synthesized using longer diphenol showed a larger pore size of
18 Å than that for CN-COF-2 (11 Å). In addition, the pore size of
COFs can be modulated with topological design. The topo-
logy of COFs, determined by the connectivity pattern of the
building blocks, can significantly influence pore size. Designing

Fig. 7 Bottom-up design strategies of ion-conductive COFs.

Fig. 8 Synthesis routes of COF-NUST-7, COF-NUST-8, and COF-NUST-
9. (Reproduced from ref. 145 with permission from American Chemical
Society.)
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different topological networks can lead to variations in pore
structures and sizes. As an example of tuning the topology to
control the pore sizes in COFs, Wang et al. presented a strategy for
introducing microporosity into COFs by partitioning the micro-
pores/mesopores (Fig. 10).147 This is accomplished by designing
and synthesizing multicomponent COFs through imine conden-
sation reactions involving aldehyde groups that are attached to
the COF pores. Additional symmetric building blocks, like those
with C2 or C3 symmetries, are introduced to act as agents that
segment the pores, dividing them into smaller micropores.
Another method to regulate pore size is optimization of the
synthetic conditions such as through crystallization control. Wang
et al. studied the crystal-size-controlled synthesis and effect of
crystal size on pore size. The pore size distributions showed the
disorder in nanocrystals (centered at 7.3 Å and 11.8 Å), whereas,
both 1 mm- and 30 mm-sized crystals were centered at 10.9 Å.148

3.1.2 Pore wall decoration by functionalization. In addition
to the size, the chemical functionality within the pores can
influence ionic conductivity. For example, pore walls that
contain functional groups such as amine, hydroxyl, or sulfonic
acid can interact with ions, potentially facilitating easier trans-
port by stabilizing the ion within the channel.149 The functional
ionic groups can be divided into two types (anionic and cationic
groups). As can be seen in Fig. 11, the ion conducting mecha-
nism for different charged COFs would be different. Here, we
hypothesize the mobile ions are cations such as lithium or
sodium ions. For neutral COFs, there is no charged group, but
polar groups. Therefore, the polar groups such as nitrogen can
interact with mobile ions.150 However, the interaction between
polar groups and mobile ions would be weaker than the
interaction between charged functional groups and mobile
ions. To enhance the ionic conductivity of COFs, cationic or
anionic groups can be immobilized into the pore walls. In the
case of cationic COFs, the cationic groups attached in the pore
wall would interact with anions (for example, the TFSI anion
when using LiTFSI as a salt). Then, the free mobile cations
can be more easily moved through the channels using the TFSI
anion hopping site. For example, Feng et al. used the imid-
azolium-based monomers as building blocks to construct a new
cationic COF (Im-COF-Br) via Schiff base reaction (Fig. 12).125

Based on the ion substitution method, TFSI� replaced Br�,
which could enhance lithium-ion conductivity (4.64� 10�4 S cm�1

at 353 K). On the other hand, the anionic COFs can enhance the
ionic conductivity by providing sites that can attract and tem-
porarily bind cations with electrostatic interactions, aiding their
transport through the channels of frameworks. For example, Lee
et al. presented a new class of solvent-free, single lithium–ion
conductors using a lithium sulfonated covalent organic frame-
work (COF), denoted as TpPa-SO3Li (Fig. 13).

122 The framework,
featuring well-designed ion channels, high concentrations of
mobile ions, and substituted anion groups, can achieve a high
ionic conductivity of 2.7� 10�5 S cm�1 at room temperature and
a lithium-ion transference number of 0.9, without the need for
additional lithium salts and organic solvents. The low activation
energy of 0.18 eV suggests the presence of directional ion
conduction pathways within the framework.

Both methods, anionic and cationic COFs, can enhance
ionic conductivity. However, cationic COFs necessarily require
additional salt, whereas anionic COFs do not need extra salt as
a source of mobile ions. Therefore, anionic COFs are a superior
design choice for single-ion conductors.

Fig. 9 Isoreticular expansion of CN-COFs. (a) Stacking of PXRD patterns
showing the consistent shift of (100) peaks to smaller 2y values and (b)
AA0-stacking models of CN-COFs with the longer linkages and increasing
pore sizes of 10 Å in CN-COF-1 to 12 Å CN-COF-2 and 18 Å in CN-COF-3.
(c) and (d) Nitrogen adsorption and desorption isotherms recorded at 77 K
and pore size distribution profiles for (c) CN-COF-2 and (d) CN-COF-3.
(Reproduced from ref. 146 with permission from American Chemical Society.)

Fig. 10 (a) Schematic illustration of the traditional approach used in the
synthesis of COFs. (b) Illustration of the pore partition synthetic strategy in
imine-linked multivariate COFs, showing the synthesis of multicomponent
COFs with predesigned accessible aldehyde sites, followed by the intro-
duction of a symmetric building block as the pore partition agents to divide
one micropore/mesopore into two or three micropores (reproduced from
ref. 147 with permission from American Chemical Society). Fig. 11 Ion conducting mechanism for neutral, cationic, and anionic COFs.
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3.1.3 Crystallinity regulation. The relationship between
crystallinity and ionic conductivity of COFs involves complex
interplays between structural order, porosity, and the pathways
available for ion transport. In terms of pathway regularity,
higher crystallinity in COFs can lead to more uniform and
predictable pore sizes and shapes. This regularity can facilitate
more directed pathways for ion transport, potentially increas-
ing ionic conductivity.151 Regular pathways reduce the possibi-
lity of ions being trapped, thus enhancing mobility. In addition,
lower crystallinity typically indicates more defects and disorder
within the COF structure. While this might suggest lower ionic
conductivity due to disrupted pathways, in some cases, these
defects can act as additional sites for ion transport, which
might enhance conductivity under certain conditions. For
example, the exfoliation can lead to the production of two-
dimensional COF nanosheets with the separation of a bulk
crystalline material by weakening the interlayer interaction
(Fig. 14).152 This reduces the overall crystallinity by disrupting
the stacking of COFs. However, the remaining nanosheets may
still retain significant in-plane crystallinity, preserving some of
the structured pathways necessary for ionic transport. This
change in crystallinity by exfoliation can affect ionic conduc-
tivity. It can increase the surface area of COFs and can expose
more functional sites that can interact with ionic species. This
enhanced exposure can potentially increase the ionic conduc-
tivity. In addition, the new edges created by exfoliation may
have different chemical properties than the bulk material.
These edges can interact with ions in a manner that either
facilitates or impedes their movement, depending on the che-
mical nature of the edges and the type of ions. Moreover, the

thinner layers may facilitate faster ion transport across the plane
of the sheets, as the distance that ions need to migrate is reduced.
Furthermore, defects introduced during exfoliation can serve as
active sites for ion diffusion, potentially enhancing conductivity.

Fig. 12 Synthesis of Im-COF-Br and Im-COF-TFSI. (Reproduced from ref.
125 with permission from the Royal Society of Chemistry.)

Fig. 13 (a) Conceptual illustrations of ion transport phenomena in the
porous crystalline ion conductors: previous approaches (top) and this study
(bottom). (b) Chemical structure of lithium sulfonated COF (TpPa-SO3Li).
(Reproduced from ref. 122 with permission fromAmerican Chemical Society.)

Fig. 14 Illustration of the interlayer interactions of COFs. Based on the
quasi-2D polymer, the tendency towards stacking form or exfoliation form
is dependent on the strong/weak interlayer interaction. (Reproduced from
ref. 151 with permission from the Royal Society of Chemistry.)
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There are several routes to exfoliation of COFs such as
mechanical, chemical, sonication-assisted, electrochemical,
thermal shock, and microwave-assisted exfoliations.153–159

Here, mechanical and chemical exfoliations will be mainly
discussed. For mechanical exfoliation, manual peeling and ball
milling can be performed. Manual peeling is the simplest form
of exfoliation, often done using adhesive tape or a similar
mechanism to peel off layers from bulk COF materials. A more
robust mechanical approach involves using a ball mill to
physically grind the COF powders under conditions that pro-
mote the delamination of layers. This can be done dry or in the
presence of a solvent which can assist in the process. For
example, Sun et al. used a ball-milling method for the exfo-
liation of the bulk TP-COF to create few-layer E-TP-COF
(Fig. 15).158 This process effectively reduced the TP-COF to a
nanosheet-like structure with a thickness of approximately
2.6 nm, which is about 14 atomic layers. With the reduced
thickness of the COF layers, Li-ions have a shorter and more
direct path for ion conduction. On the other hand, for chemical
exfoliation, chemicals can be intercalated into the layers of the
COF, which expand the layers apart, weakening the interactions
between them.159

In addition, treatment of COFs with acids or bases can
modify the edge properties or charge interactions between
layers, facilitating their separation. Choosing the right exfo-
liation method depends on the COF’s chemical stability,
the desired thickness and size of the exfoliated sheets, and
the specific application for which the exfoliated material is
intended. It is also important to consider the scalability of the
exfoliation method, especially for industrial applications.

3.2 Solvent and salt effect

The ionic conductivity can be enhanced by increasing the
concentration of mobile ions or enhancing the mobility of
ions. Here, the addition of solvent can enhance the mobility
of ions, whereas the addition of salt containing mobile ions can
increase the concentration of mobile ions, thereby both can
boost the ionic conductivity. Table 2 summarizes the ion
conducting properties of some COFs or MOFs depending on
the addition of solvent or salts. It demonstrates that the COFs
without additional solvent or salt showed lower ionic conduc-
tivity than the COFs with the addition of a solvent or salt.

3.2.1 Solvent effect. The addition of a solvent to COFs can
significantly affect their ionic conductivity. This effect is pri-
marily due to the interaction between the solvent molecules
and the porous structure of the COFs. Solvents can be incorpo-
rated into the pores of COFs, which may change the dielectric
constant of the medium within the COF.160 This can enhance
the dissociation of ionic species and increase the overall ionic
conductivity. For example, the addition of polar solvents with
high dielectric constants in COFs can improve conductivity by
enhancing ion mobility through solvent-mediated interactions.
As an example, propylene carbonate (PC), which is commonly
used in liquid electrolytes, can be used to solvate ions in COFs
to enhance the ionic conductivity.161 PC acts by increasing the
dielectric constant of the environment around the ions, which
reduces the Coulombic interaction between them, thus facili-
tating easier ion transport. In addition, COFs often contain
various functional groups that can interact with solvents.
These interactions can modify the structural environment of
the COF, thereby affecting the mobility of ions. For instance,
COFs with hydroxyl or amine groups might form hydrogen
bonds with polar solvents, altering the framework’s dynamics
and potentially increasing ionic pathways.162 Moreover, the
solvent can act as an additional hopping site, thereby can
enhance the ionic conductivity in terms of different ion
conducting pathways within one pore (Fig. 16a), from one
pore to another pore by in-plane (Fig. 16b), or through-plane
directions (Fig. 16c).

In summary, the impact of solvent on the ionic conductivity
of COFs highlights the importance of COF design and solvent
selection in developing materials for applications like batteries,
sensors, and ion-exchange membranes. By investigating how
different solvents influence the structure and charge transport
in COFs, researchers can better design these materials for
specific ionic conductivity requirements.

3.2.2 Salt effect. The addition of salts including mobile
ions into the COFs can enhance the ionic conductivity by
increasing the concentration of mobile ions. For example,
Uribe-Romo et al. impregnated LiClO4 inside the COF-5 to
provide sufficient lithium-ion sources, achieving a high ionic
conductivity of 2.60 � 10�4 S cm�1 at room temperature.130

Similarly, Wang et al. incorporated LiPF6 inside the CD-COF,
resulting in an impressive ionic conductivity of 2.70� 10�3 S cm�1

at room temperature.129 For sodium-ion conducting COFs, Fan
et al. utilized NaPF6 within the NaOOC-COF, demonstrating a high
ionic conductivity of 2.68 � 10�4 S cm�1 at room temperature.

Fig. 15 (a) Chemical structure of dual-active-center modified TP-COF.
(b) PXRD patterns of TP-COF with experimental, Pawley refined, difference,
AA stacking, and AB stacking; calculated models for (c) and (d) AA-stacking
and for (e) and (f) AB-stacking. (g) A schematic representation of the
exfoliation process for TP-COF into E-TP-COF as cathodes for Li-ion
batteries. (Reproduced from ref. 157 with permission from Wiley-VCH.)
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However, most studies have yet to investigate the mechanisms by
which these salts enhance the conductivity of COFs.96

Salts can be introduced into the pores of COFs, where they
may remain as solid particles, dissolve, or partially dissolve
depending on the interaction with the framework. When salts
dissolve within the pores, they dissociate into ions.163 However,
when the concentration of added salts is too high, the ionic
mobility would be reduced due to higher ion aggregation and
viscosity.164 Therefore, the amount of salt addition should be
optimized to obtain the best ionic conductivity. In addition, the
dissociation energy of salts would also affect ionic conductivity.
A lower dissociation energy means that the salt can more
readily dissociate to produce free ions, which are essential for
conductivity.165 This is particularly significant in systems where
the COF might not provide sufficient energy to overcome
a higher dissociation barrier. The overall efficiency of ionic
transport also depends on the thermodynamic compatibility
between the salt and the COF material. The lattice energy of
the salt and the interaction energy between the salt ions and
the COF walls can influence the extent of dissociation and the
mobility of the ions. The interaction energy between COF and
mobile cations (E1) should be higher than the energy between
cations and anions in salts (E2) to dissociate the salts for
producing free ions to enhance the ion conductivity (Fig. 17).
These energies can be modulated by incorporating ionic func-
tional groups into the COFs that can interact with mobile ions
better or the addition of salts with lower dissociation energies.

In summary, the addition of salts to COFs can dramatically
improve their ionic conductivity primarily through the mechan-
isms of increasing the availability of free ions via salt dissocia-
tion and providing pathways for ion transport. The choice of
salt, dictated by factors like dissociation energy and interaction

with the COF, is crucial in optimizing these materials for
specific applications. On the other hand, unlike many other
COFs or MOFs that exhibit high ionic conductivity typically
through the addition of salts or solvents (Table 2), it is notable
that the recently developed COFs (i-COF-1, 2, 3 (Na) and i-COF-
1, 2, 3 (K)) by our group (Table 1) demonstrate extraordinarily
high conductivity without the need for additional plasticizers or
solvents. This is attributed to the strategic incorporation of
sulfonate groups and directional channels within the COF
structure, with the anchored sulfonate groups acting as carriers
for Na or K ions. This results in salt-free, solvent-free, and
uniquely efficient single Na-ion or K-ion conducting solid
electrolytes.

3.3 Processing

To utilize the ionic COFs for real applications, the fabrication of
freestanding COFs should be processed. There are several
methods for processing freestanding COFs. Firstly, the solvent
casting method can be used (Fig. 18).166 This method involves
dissolving both the COFs and a polymer matrix as binders in a
suitable solvent, followed by casting the solution into a mold.
After evaporation of the solvent, a freestanding film of COFs
embedded in the polymer matrix is obtained. Its advantage is
relatively simple and versatile, allowing for the incorporation of
various additives to enhance mechanical strength and ionic
conductivity. However, the presence of a polymer matrix can
sometimes inhibit the ionic conductivity due to the insulating
nature of most polymers. For example, Dichtel et al. reported a
COF-5 film formed by evaporating the solvent from a colloidal
suspension.167 The size and thickness of freestanding COF
films can be controlled using the solution casting method.
The second method is direct synthesis of COF films. COFs can

Table 2 Ion conducting properties summarized for COF materials depending on the addition of various solvents or salts

Solid electrolyte Conducting ion Additional solvent or salt Ea eV s(RT) S cm�1 Ref.

NaOOC-COF Na-ion Liquid electrolyte (10.0 mL, 1.0 M) of NaPF6
(in propylene carbonate, PC)

0.24 2.68 � 10�4 96

TPDBD-CNa-QSSE Na-ion 9 wt% solvent PC with 5 wt% FEC 0.204 1.30 � 10�4 97
MIL-121/Na Na-ion 50 wt% 1 M NaClO4 in PC 0.36 1.00 � 10�4 98
i-COF-1 (Na) Na-ion — 0.28 1.41 � 10�4 Manuscript

submittedi-COF-2 (Na) Na-ion — 0.21 3.17 � 10�4

i-COF-3 (Na) Na-ion — 0.24 2.75 � 10�4

i-COF-1 (K) K-ion — 0.21 1.37 � 10�4

i-COF-2 (K) K-ion — 0.21 1.02 � 10�4

i-COF-3 (K) K-ion — 0.25 1.42 � 10�4

MOF-808-SO3 K K-ion 20 mL of anhydrous PC 0.32 3.10 � 10�5 99
ICOF-2 Li-ion 50% PVDF, soaked in PC for 24 h 0.24 3.05 � 10�5 120
Li-con-TFSI Li-ion Mixed with LiTFSI in ethanol and dried 0.34 2.09 � 10�4 (70 1C) 121
TpPa-SO3Li Li-ion 0.18 2.70 � 10�5 122
UiO-66-LiSS Li-ion 0.21 6.00 � 10�5 123
LiCON3 Li-ion 20 wt% EC 0.13 1.26 � 10�4 (60 1C) 124
Im-COF-TFSI Li-ion 0.32 2.92 � 10�5 125
PEO-n-UIO Li-ion 40% UIO/Li-IL 0.34 1.30 � 10�4 126
dCOF-ImTFSI-60 Li-ion 0.28 9.74 � 10�5 127
CF3-Li-Im-COF Li-ion n-BuLi, 20 wt% PC 0.1 7.20 � 10�3 128
CH3-Li-Im-COF Li-ion n-BuLi, 20 wt% PC 0.27 8.00 � 10�5

H-Li-ImCOF Li-ion n-BuLi, 20 wt% PC 0.12 5.30 � 10�3

CD-COF Li-ion LiPF6/EC/DMC 0.26 2.70 � 10�3 129
COF-5 Li-ion LiClO4 0.37 2.60 � 10�4 130
LE@ACOF Li-ion EC/DEC 0.15 3.70 � 10�3 131
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be directly synthesized as thin films on substrates via chemical
vapor deposition (CVD) or by using a liquid-phase epitaxy
method.168 This approach allows the formation of highly
ordered, freestanding COF films. However, this method is
technically challenging and requires precise control over synth-
esis conditions and is not easily scalable. Another way to make
freestanding COFs is electrospinning.169 It involves using an
electric field to produce thin fibers from a liquid solution of
COF precursors and a polymer solution. The fibers are collected
as a non-woven mat that can be used as a freestanding electro-
lyte. It can create fibers with very high surface area-to-volume
ratios, which can enhance the ionic conductivity. However, the
alignment and distribution of COFs within the fibers can be
inconsistent, which might affect the overall performance of the
electrolyte. Forth, a layer-by-layer assembly method can be used
as a technique for building freestanding COF films by alter-
natively depositing positively and negatively charged COF com-
ponents on a substrate, allowing for precise control over film
thickness and composition.170 However, this method can be a
slow and labor-intensive process, particularly for thicker films.
Another promising method to fabricate freestanding COFs is a

solution-processable pressing method. For example, Loh et al.

developed hydrazone COF as a solid electrolyte and this bulk
COF powder was processed in water and mechanically pressed
into a freestanding pellet (Fig. 19).124 This method is advanta-
geous for large-scale production.

4. Applications of ionic COFs

Ionic COFs have gained attention for their applications in
several fields such as energy storage, gas storage and separa-
tion, catalysis, drug delivery, sensors, and water purification
and desalination. In this review, usage of COFs as solid
electrolytes or membranes as ion-conducting materials for
solid-state batteries and fuel cells are mainly discussed.

4.1 Solid-state batteries

Ionic COFs have shown potential as solid electrolytes in solid-
state batteries due to their unique structural and chemical
properties. They can be engineered to facilitate ion transport,
which is crucial for the operation of batteries. Ionic COFs are
characterized by a highly ordered and interconnected porous
structure. This allows for the easy movement of ions through
the framework. The pores can be tailored in size to optimally
accommodate specific ions used in batteries, such as lithium,
sodium, or magnesium ions.

One of the most studied applications of ionic COFs in
solid-state batteries is as electrolytes for lithium-ion batteries.

Fig. 16 Ion hopping mechanism without and with the addition of solvent
(a) within one pore, (b) from one pore to another pore in the in-plane
direction, and (c) in the through-plane direction.

Fig. 17 Interaction energy demonstrating E1 (energy between the COF
and mobile cation) and E2 (the energy between cation and anion in salt).

Fig. 18 Solution-casting method for making a freestanding COF. (Repro-
duced from ref. 165 with permission from Wiley-VCH.)
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For example, Wu et al. developed a nitrogen hybrid conjugated
skeleton (NCS) based COF, consisting of triazine and pipera-
zine rings, as a single-ion conducting solid electrolyte for solid-
state lithium metal batteries (Fig. 20).171 This NCS-based COF
solid electrolyte exhibited a high ion conductivity of 1.49 mS
cm�1 at room temperature and a lithium transference number
of 0.84 without any additional agent. The fabricated solid-state
battery full cell showed stable cycling performance over
100 cycles with 82% capacity reservation at 0.5C.

Similarly, COFs can be adapted for other types of ions, such
as sodium or potassium ions, which are considered as an
alternative to lithium due to their abundance. For example,
Fan et al. developed a (–COO�)-modified covalent organic
framework (COF) as a Na-ion quasi-solid-state electrolyte with
a high sodium ion conductivity of 1.30 � 10�4 S cm�1

(Fig. 21).96 The assembled solid-state battery full cell utilizing
this COF solid electrolyte showed a stable cycling performance
over 1000 cycles at 60 mA g�1 with a 0.0048% capacity decay per
cycle and a final discharge capacity of 83.5 mA h g�1.

Ionic COFs represent a promising avenue for the develop-
ment of safer and more efficient solid-state batteries due to
advantageous features such as flexibility, tailorability, and thermal

or chemical stability. Their ability to be custom-designed at the
molecular level allows for the development of highly specialized
materials tailored to specific battery technologies.

4.2 Fuel cells

For proton exchange membrane fuel cells (PEMFCs), the pri-
mary mechanism involves the movement of protons (H+) across
the electrolyte from the anode to the cathode. Ionic COFs can
be designed to include proton-conductive pathways by integrat-
ing functional groups such as sulfonic acid groups, which are
known for their proton conductivity. These groups facilitate
proton hopping, enhancing the overall ionic conductivity of the
membrane.

For example, Banerjee et al. synthesized a bipyridine-based
COF mechanochemically and it could show an excellent proton
conductivity of 1.41 � 10�2 S cm�1 (Fig. 22).172 This COF was
designed to act as a solid electrolyte in proton exchange
membrane (PEM) fuel cells. This COF electrolyte could inhibit
the fuel crossover and maintain a stable open circuit voltage
(OCV) of 0.93 V at 50 1C. As another example, Tang et al. utilized
silk nanofibrils (SNFs) to assemble ion liquid (IL)-impregnated
sulfonic acid-based conductive COFs into a stable membrane
(Fig. 23).173 The impregnated imidazole-type ILs can lower the

Fig. 19 COF SE for solid-state Li ion batteries. (a) Schematic illustration
describing the fabrication of all-solid-state organic Li-ion batteries using
lithiated COF nanosheets. (b) Gram-scale preparation of COFs for solid-
state batteries. The bulk COF powder can be processed in water and
mechanically pressed into a battery separator after drying. (Reproduced
from ref. 124 with permission from American Chemical Society.)

Fig. 20 (a) Synthesis of NCS and TAL. (b) The top views of the AA-stacking
model of NCS-Li. (c) The ion migration number of NCS-Li and TAL-Li.
(d) Impedance diagrams of NCS-Li and TAL-Li. (e) Arrhenius plot of ionic
conductivity diagrams of NCS-Li and TAL-Li as a function of temperature.
(f) Linear scanning curves of NCS-Li and TAL-Li. (g) HOMO and LUMO
energy levels of NCS and TAL. (h) Surface structure of a cycled lithium
anode in NCS-Li SSB and TAL-Li SSB. (i) Constant-current voltage profile of
a lithium symmetry cell with NCS-Li and TAL-Li at 0.5 mA cm�2 current
density. (j) Long time cycling performance of Li/NCS-Li/LiFePO4 and Li/
TAL-Li/LiFePO4 SSBs at 0.5C. (Reproduced from ref. 171 with permission
from Springer Nature.)

Chem Soc Rev Review Article

View Article Online

https://doi.org/10.1039/d4cs00409d


This journal is © The Royal Society of Chemistry 2024 Chem. Soc. Rev., 2024, 53, 8182–8201 |  8197

energy barrier for proton conduction by providing more proton
hopping sites. Additionally, the sulfonate groups can further

reduce the energy barrier by forming strong interactions with
the ILs. Therefore, this COF membrane could show a high
proton conductivity of 0.224 S cm�1 at 90 1C.

While the potential of ionic COFs in fuel cells is significant,
practical application often requires extensive research and
development. Issues such as scalability of synthesis, integration
with current fuel cell technologies, and long-term stability and
degradation need to be addressed. Advances in materials
synthesis and characterization are critical to moving these
materials from the laboratory to practical applications.
By designing COFs specifically for ion conduction relevant to
fuel cell operations, researchers can create more efficient, safer,
and potentially cheaper fuel cell systems. The adaptability of
COFs to various ion types and environmental conditions makes
them a promising area of development in advanced energy
technologies.

5. Conclusions

Ionic COFs have advantages in high ionic conductivity, thermal
and chemical stability, and mechanical flexibility. They can be
engineered to include functional groups that facilitate ion
transport, which is crucial for high-performance solid electro-
lytes. In addition, they generally exhibit good stability, making
them suitable for a wide range of temperatures and chemical
environments. Moreover, with the right processing techniques,
COFs can be made flexible, which is advantageous for wearable
and portable electronic devices.

However, there are some challenges for the utilization of
ionic COFs in practical devices such as scalability, cost, and
uniformity/reproducibility. Many of the more precise methods
for fabricating COFs are not yet scalable, limiting their com-
mercial application. In addition, synthesis of some COFs can
be costly due to the materials and conditions required, and
ensuring consistent quality across larger batches of material
remains a challenge. In addition, there is not enough research
yet about revealing the ion conducting mechanism in terms of
fundamental perspectives. Future research should be focused
on not only fundamental research but also practical considera-
tions to make COFs more commercially viable for various types
of applications.

Fig. 21 (a) Biomimetic concept of sub-nanometer-sized Na+ transport
zones constructed by adjacent �COO� groups and COF inwalls (the
purple and red spheres and cyan ovals denote sodium and oxygen and
TFSI�, respectively, and the cyan sticks and molecular structures denote
the covalent organic framework). (b) LSV profiles of SS|TPBD-QSSE|Na
and SS|TPDBD-CNa-QSSE|Na asymmetric cells. (c) CV curves of the
Na|TPDBD-CNa-QSSE|NVP/C and Na|TPBD-QSSE|NVP/C cells at 0.1 mV
s�1. (d) Cycling performance of the Na|TPDBD-CNa-QSSE|NVP/C tiled
pouch cell at 12 mA g�1 for 160 cycles. The inset photos show an LED
powered by the QSSE pouch cell in different states of ‘‘Tiled’’, ‘‘Folded 901’’,
‘‘Completely folded’’, ‘‘Unfolded’’, and‘‘Cut’’. (Reproduced from ref. 96
under a Creative Commons CC BY license.)

Fig. 22 Schematic representation of the synthesis of TpBpy COF [via
mechanochemical (MC) as well as solvothermal (ST) routes] which upon
the loading of phosphoric acid (PA) forms PA@TpBpy and is later integrated
as a solid electrolyte in PEMFCs. (Reproduced from ref. 172 with permis-
sion from the Royal Society of Chemistry.)

Fig. 23 Schematic illustration of preparing of the IL-COF-SO 2 H@SNF
composite membrane. (Reproduced from ref. 173 with permission from
Elsevier.)
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