
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 0

7.
11

.2
5 

05
:3

4:
09

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Tetrathiafulvalen
aDepartment of Chemistry, CICECO-Aveiro I

Aveiro, 3810-393, Portugal
bElectrochemical Processes Unit, IMDEA Ene
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Compostela, 15782, Santiago de Composte

usc.es

† Electronic supplementary information
materials, synthesis and characteriza
modelling, additional electrochemi
https://doi.org/10.1039/d4ta04576a

Cite this: J. Mater. Chem. A, 2024, 12,
24156

Received 2nd July 2024
Accepted 9th August 2024

DOI: 10.1039/d4ta04576a

rsc.li/materials-a

24156 | J. Mater. Chem. A, 2024, 12,
e-based covalent organic
frameworks as high-voltage organic cathodes for
lithium batteries†

Gonçalo Valente,a Raquel Dantas, a Pedro Ferreira,a Rebecca Grieco,b

Nagaraj Patil, b Ana Guillem-Navajas, c David Rodŕıguez-San Miguel, cd
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Redox-active covalent organic frameworks (COFs) are promising electrode materials for metal-ion

batteries owing to their tunable electrochemical properties, adjustable structure, and resource

availability. Herein, we report a series of two-dimensional tetrathiafulvalene (TTF)-based COFs

incorporating different organic linkers between the electroactive moieties. These COFs were investigated

as p-type organic cathode materials for lithium-organic batteries. The electrical conductivity of both

neutral and doped TTF-COFs was measured using a van der Pauw setup, and their electronic structures

were investigated through quantum-chemical calculations. Binder-free buckypaper TTF-based

electrodes were prepared and systematically tested as organic cathodes in lithium half-cells. The results

revealed high average discharge potentials (∼3.6 V vs. Li/Li+) and consistent cycling stability (80%

capacity retention after 400 cycles at 2C) for the three TTF-COF electrodes. In addition, the specific

capacity, rate capability, and kinetics varied depending on the structure of the framework. Our results

highlight the potential of TTF-COFs as high-voltage organic cathodes for metal-ion batteries and

emphasize the importance of molecular design in optimizing their electrochemical performance.
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Introduction

Covalent organic frameworks (COFs) are crystalline porous
polymers composed of molecular organic building blocks
linked by strong covalent bonds.1–4 The structure and porosity of
COFs are predetermined by the connectivity and size of the
organic linkers, which are of great interest in the pre-design of
newmaterials with specic functionalities and applications. For
example, the electrical and optical properties of layered two-
dimensional (2D) COFs can be ne-tuned by careful selection
of electroactive organic building blocks and linkages.5 Such
control over the structure and properties of COFs has attracted
considerable attention in their design and synthesis, particu-
larly in expanding their use to a wider range of applications.
Therefore, these materials are interesting for a wide variety of
applications such as gas storage and separation,6,7 catalysis,8

(opto)electronics,9,10 photo/electrocatalysis,11,12 and energy
storage and conversion.13,14

In recent years, COFs have emerged as promising organic
electrode materials (OEMs) for lithium-ion batteries and post-
lithium battery technologies.11,13–15 Some advantages over
conventional OEMs include their insolubility in electrolytes,
permanent porosity that enhances ion diffusion, and the ability
to incorporate numerous redox-active centres within the
This journal is © The Royal Society of Chemistry 2024
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framework. Moreover, their crystalline nature allows their
structure and properties to be predicted through computational
modelling, providing meaningful insights into the structure–
property relationship, enabling researchers to rationally design
COFs with targeted functionalities, and accelerating the devel-
opment of highly efficient and purpose-specic materials. To
date, most COF electrodes have used n-type building blocks,15,16

which typically result in high specic capacities but moderate
potentials (<3 V vs. Li/Li+). Conversely, redox-active COFs built
up from p-type moieties have been much less explored, even
though they may showmuch higher working potentials (>3 V vs.
Li/Li+). For example, COFs based on TEMPO radical,17 phenox-
azine,18 or dibenzopentalene19 moieties have achieved poten-
tials exceeding 3.5 V vs. Li/Li+. In this case, the p-type building
blocks are oxidized to the cation state and combine with anions
from the electrolyte such as PF6

− to compensate the positive
charges.15 Despite their promise as high-potential organic
cathodes, p-type COFs are limited in variety compared to n-type
COFs.

Tetrathiafulvalene (TTF) is an electroactive molecule widely
recognised in the eld of organic electronics for its tuneable
redox and electron-donor properties, as well as its role as
a building block in developing organic conductors.5,20 TTF can
be reversibly oxidized to TTFc+ and TTF2+, making it appealing
for energy storage applications. For example, TTF has been used
as a redox mediator in Li–O2 batteries,21 and some TTF-based
extended molecules22 and conventional linear polymers23–25

have been investigated as p-type electrodes for lithium-organic
batteries, where they exhibit a relatively high average voltage.
Although some studies have reported the use of TTF COFs for
other applications,26–32 to our knowledge, detailed studies into
the electrochemical performance of TTF-based COFs used as p-
type cathodes in lithium batteries are still lacking.

Herein, we report the synthesis and characterization of
a series of three imine-linked 2D TTF-COFs, investigated as p-
type cathodes for lithium-organic batteries. These three TTF-
COFs share a similar topology but incorporate different
organic spacers (phenyl, diphenyl, 4,7-diphenyl-
benzothiadiazole) between the redox-active TTF building
blocks (Scheme 1). This design allowed us to assess how various
Scheme 1 Schematic representation of the three 2D TTF-COFs.

This journal is © The Royal Society of Chemistry 2024
linkers affect the electrical and electrochemical properties of
the COFs. The electronic conductivities of neutral and iodine-
and F4TCNQ-doped TTF-COFs were measured as pressed pellets
using a van der Pauw setup. Additionally, quantum chemical
calculations were performed to get further insights into the
electronic structure of the TTF-COFs. Self-supported binder-free
buckypaper electrodes using the TTF-COFs as active materials
were prepared and investigated as p-type cathodes in lithium-
organic half-cells showing high average potentials (∼3.6 V vs.
Li/Li+) and tuneable electrochemical performance depending
on the spacers used between the TTF moieties.
Results and discussion
Synthesis and characterisation of TTF-COFs

The synthesis of TTF-Ph-COF was previously reported,26–28

whereas TTF-(Ph)2-COF and TTF-BT-COF were obtained by
optimizing the synthetic parameters. In general, TTF-COFs were
synthesized under solvothermal conditions by the condensa-
tion reaction of tetrathiafulvalene–tetrabenzaldehyde and the
corresponding diamine derivatives in mixtures of mesitylene,
dioxane, and acetic acid (6 M) at 120 °C for different times (see
ESI† for Experimental details). Aer cooling, the resulting
precipitates were washed with anhydrous THF to remove
unreacted precursors, and the dark maroon powders were
activated using supercritical CO2 (see ESI†). Fourier-transform
infrared (FTIR) and 13C solid-state cross-polarization magic-
angle spinning (CPMAS) NMR spectroscopies conrmed the
formation of the imine bonds. FTIR spectra of TTF-COFs
exhibited characteristic C]N stretching bands around
1620 cm−1, along with a reduction in the intensity of the
carbonyl band from residual aldehyde groups (Fig. S1†). 13C
CPMAS NMR spectra of TTF-COFs showed signals around 153–
157 ppm attributed to the formation of the new C]N bond
(Fig. S2†).26,28 Thermal gravimetric analysis (TGA) demonstrated
that TTF-COFs are thermally stable up to 370 °C (Fig. S3†).
Scanning electron microscopy (SEM) was used to study the
morphology of TTF-COF powders, revealing spherical particles
of 1–2 mm (Fig. S4–S6†).
Structural determination

Powder X-ray diffraction (PXRD) measurements were employed
to assess the crystallinity of the synthesized TTF-COFs (Fig. 1).
PXRD of TTF-Ph-COF showed an intense reection at 2q = 3.8°,
accompanied by a weak peak at 7.6°, which are attributed to the
(100), and (200) reections, respectively.26–28 The PXRD pattern
of TTF-(Ph)2-COF revealed peaks at lower angles (2q = 3.4° and
6.6°), while TTF-BT-COF displayed an intense diffraction peak
at 2.8° and a weaker peak at 5.6°. To conrm the structure of
TTF-COFs and determine their framework topology, computa-
tional models were built to explore possible conformations and
align them with the observed PXRD patterns. The structural
models were simulated using AA or AB stacking modes (Fig. S7–
S10†). The theoretical PXRD patterns using the AA stacking
mode were found to be comparable to the experimental ones
(Fig. S11–S13†). The unit cells of these models underwent
J. Mater. Chem. A, 2024, 12, 24156–24164 | 24157
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Fig. 1 PXRD patterns and Pawley refinement (AA stacking mode) of (a) TTF-Ph-COF, (b) TTF-(Ph)2-COF and (c) TTF-BT-COF.
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Pawley renement to achieve a close match with the experi-
mental PXRD results, showing minimal discrepancies in the
tting (Fig. 1).
Table 1 Average electrical conductivity values for pristine and doped
TTF-COFs pressed pellets were measured using a van der Pauw four-
probe setup at room temperature. Optical band gaps (Eg) calculated
from the Kubelka–Munk-transformed data

COF system RT conductivity (S cm−1) Eg (eV)

TTF-Ph-COF, pristine 2.66 × 10−8 1.79
TTF-Ph-COF/I2 8.50 × 10−5 1.57
TTF-Ph-COF/F4TCNQ (1 eq.) 1.18 × 10−7 1.52
TTF-(Ph)2-COF, pristine 1.95 × 10−8 1.84
TTF-(Ph)2-COF/I2 6.98 × 10−5 1.49
TTF-(Ph)2-COF/F4TCNQ (1 eq.) 1.65 × 10−7 1.52
TTF-BT-COF, pristine 3.43 × 10−8 1.82
TTF-BT-COF/I2 3.98 × 10−7 1.68
TTF-BT-COF/F4TCNQ (1 eq.) 9.72 × 10−8 1.50
Gas sorption measurements

Nitrogen adsorption–desorption isotherms of activated TTF-
COFs were performed at 77 K (Fig. 2a–c) and a BETSI anal-
ysis33 of the results was performed to obtain the Brunauer–
Emmett–Teller (BET) surface area. This analysis yielded
a surface area of 1148 m2 g−1 for TTF-Ph-COF, in agreement
with previous ndings,26–28 and 1278 m2 g−1 for TTF-(Ph)2-COF
(Fig. S14–S15†). Additionally, the pore width distribution was
determined using the non-local density functional theory
(NLDFT) method (Fig. 2d). As expected, an increase in the
length of the diamine used in each TTF-COF led to a corre-
sponding increase in pore size. Thus, the experimental
measurements show that TTF-Ph-COF and TTF-(Ph)2-COF have
a pore width of about 1.6 nm and 1.9 nm, respectively. These
values are in good agreement with the computed results from
PoreBlazer v4.0,34 which calculated values of 1.49 nm and
1.82 nm for TTF-Ph-COF and TTF-(Ph)2-COF, respectively (Table
S4†). For TTF-BT-COF, measuring the porosity was proved to be
more challenging due to its larger pore size and thus more
fragile structure. To prevent the collapse of the structure,
a delicate activation process was necessary (see ESI† for details).
By performing a solvent exchange with a low surface tension
solvent such as peruorohexane35 before the activation with
supercritical CO2, it was possible to maintain the integrity of the
Fig. 2 N2 adsorption (filled symbols) and desorption (empty symbols) isot
width distributions of TTF-Ph-COF (blue), TTF-(Ph)2-COF (red) and TTF-

24158 | J. Mater. Chem. A, 2024, 12, 24156–24164
COF structure. This approach yielded a BET surface area of 487
m2 g−1 (Fig. 2c and S16†) and a pore width distribution centred
at 2.2 nm (Fig. 2d), which agrees with the calculated value of
2.12 nm (Table S4†). The BET value is similar to a recently re-
ported pyrene-BT COF analogue.36
Electrical conductivity and chemical doping

Electrical conductivities of neutral TTF-COF bulk materials as
pressed pellets at room temperature were measured using a van
der Pauw four-probe setup (Experimental details in the ESI†).
Similar conductivity values (∼10−8 S cm−1) were obtained for
the 3 TTF-COFs (Table 1), indicating that porosity does not have
herms of (a) TTF-Ph-COF, (b) TTF-(Ph)2-COF, (c) TTF-BT-COF. (d) Pore
BT-COF (black).

This journal is © The Royal Society of Chemistry 2024
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a signicant impact on their charge transport. In the case of
TTF-Ph-COF and TTF-(Ph)2-COF, the conductivities of TTF-
COFs were increased up to 3 and 1 orders of magnitude upon
chemical doping with iodine (I2) or 2,3,5,6-tetrauoro-
tetracyanoquinodimethane (F4TCNQ), respectively (Table 1).
These dopants are commonly employed for chemical doping of
COFs and the observed increase in conductivity is attributed to
the increment in the number of free charge carriers.37 To
prepare the doped materials, bulk TTF-COFs were either
immersed in a solution of F4TCNQ in acetonitrile or exposed to
iodine vapor (see ESI†). The room-temperature conductivities of
both pristine and iodine-doped TTF-Ph-COF are in line with
those previously reported in pressed pellets form using a two-
probe conguration.26 It is worth noting that, across all
samples, higher conductivities were achieved with iodine
doping. These results are in contrast with some Wurster-type
COFs, where the highest conductivities were observed with
F4TCNQ doping.38

The doped TTF-COFs were further characterized by different
spectroscopic techniques. Aer doping, the C^N stretching IR
band of F4TCNQ shied to lower frequencies, consistent with
the degree of charge transfer between the F4TCNQ acceptor and
TTF donor moieties (Fig. S17†).39 Additionally, the formation of
TTFc+ radical cation species in the doped TTF-COFs was
conrmed by EPR spectroscopy, which showed a signicant
increase in the intensity of the signal at g = 2.005 upon doping
with either iodine or F4TCNQ (Fig. S18–S20†). The uniform
distribution of the dopants was veried by energy-dispersive X-
ray spectroscopy (EDS) (Fig. S21 and S22†). The optical band
gaps of the neutral and doped TTF-COFs were determined by
linearly tting the absorption onsets in the Tauc plots of the
Kubelka–Munk-transformed data (Fig. 3 and S23, S24†). All
neutral TTF-COFs showed optical band gaps of approximately
1.8 eV (Table 1), consistent with theoretical band gap predic-
tions (see below) and corresponding to similar orders of
magnitude in conductivity. Conversely, the doped TTF-COFs
Fig. 3 Normalized Tauc plot of the Kubelka–Munk-transformed data
for TTF-Ph-COF, TTF-(Ph)2-COF and TTF-BT-COF. Dashed lines
depict linear fits to the absorption onsets.

This journal is © The Royal Society of Chemistry 2024
showed lower optical band gaps, consistent with the highest
measured conductivities.

Electronic structure of TTF-COFs

Theoretical models were used to elucidate the electronic
structure of TTF-COFs (see ESI† for details). Band structures
and band gaps were obtained using the B3LYP functional and
shown in Table S5 and Fig. S25.† The theoretical band gaps were
found to be similar (2.07, 2.15, and 1.94 eV) for the monolayers
of TTF-Ph-COF, TTF-(Ph)2-COF and TTF-BT-COF, respectively,
which are in close agreement with the experimental values
(Table 1). It is worth noting that the tested conformations (AA
and AB) exhibited considerable variability in band gap values.
In all cases, the highest occupied crystal orbitals (HOCO),
responsible for two distinct bands below the Fermi level, were
localized on the TTF moieties, whereas the lowest unoccupied
crystal orbitals (LUCO) were localized on the imine linkages and
the BT units in the case of TTF-BT-COF (Fig. 4, S26 and S27†).
Furthermore, it was found that the eigenvalue of the lowest
unoccupied orbital of the iodine molecule lies within the gap of
the investigated TTF-COFs. This conrms the theoretical
prediction that doping arises from the spontaneous formation
of electron holes in TTF moieties in contact with iodine mole-
cules for all COFs under study (Fig. S28†).

Electrochemical performance of TTF-COFs

The electrochemical properties of TTF-COFs were rst assessed
by solid-state cyclic voltammetry (CV) of the COFs deposited on
a glassy carbon working electrode performed at room temper-
ature using 0.1 M TBAPF6/CH3CN as electrolyte (Fig. S29†). CVs
of the three TTF-COFs show two reversible redox processes
assigned to the radical cation (∼0.55 V vs. Agwire) and dication
(∼0.90 V vs. Agwire) states at similar potentials.26 The potentials
are similar for all three COFs and consistent with the compu-
tational calculations that revealed similar HOCO energy values.
Furthermore, the average computed potential for the three TTF-
COFs (0.5 V vs. Ag) matches remarkably well with the measured
potentials (see ESI†). When applying more negative potentials,
a reduction process (−0.90 V vs. Agwire) was also observed in the
case of TTF-BT-COF (Fig. S30†). This could be attributed to the
reduction of the BT unit to the radical anion state, appearing at
similar potentials as in other BT-based COFs.36,40–43 In addition,
this matches our computer modelling results, which predict
a rst reduction at−1.4 V vs. Ag localized in the BT units, Fig. 4b
(see ESI†). Therefore, TTF-BT-COF could be a potential candi-
date to be explored as a redox-bipolar active material due to the
combination of n-type BT and p-type TTF building blocks
(Fig. S31†).

Binder- and metal current collector-free self-standing
buckypaper electrodes were fabricated to evaluate TTF-COFs
as potential cathodes for lithium-organic batteries. This elec-
trode preparationmethod has been used with other redox-active
conjugated microporous polymers,44 but unexplored with COFs.
The self-supported buckypaper electrodes comprised a blend of
COF as active material, single-walled carbon nanotubes
(SWCNTs) and reduced graphene oxide (rGO) in a weight ratio
J. Mater. Chem. A, 2024, 12, 24156–24164 | 24159
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Fig. 4 Integrated electronic density of TTF-BT-COF for (a) the two highest occupied bands and (b) the two lowest unoccupied bands.
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of 50/35/15. The electrodes were tested in a coin-type Li-ion half-
cell conguration, using lithium metal as both the reference
and counter electrodes. The electrolyte used was 1 M lithium
hexauorophosphate (LiPF6) in a mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) with a volume ratio of 3/7
(EC/DMC). The electrodes were fabricated with a target mass
loading of active material (TTF-COFs) of 1 mg cm−2. As
a commonly used procedure for organic batteries, specic
capacities were calculated based on the amount of the active
material.

Fig. 5a shows the CVs at 0.1 mV s−1 for the three p-type TTF-
COFs, exhibiting two pairs of redox processes associated with
the TTF moieties in the potential window of 2.5–4.2 V vs. Li/Li+.
These p-type TTF-COF electrodes may undergo two reversible
redox processes in this potential window. During charging, the
TTF moiety undergoes rst oxidation to the radical cation state
and subsequently to the dication state, during which it loses two
electrons that are compensated by one and two PF6

−

Fig. 5 (a) Cyclic voltammetry of TTF-Ph-COF, TTF-(Ph)2-COF, and
TTF-BT-COF using 1 M LiPF6 in EC/DMC (3/7 v/v) at a scan rate of
0.5 mV s−1. (b) Redox mechanism of the p-type TTF moiety in TTF-
COFs.

24160 | J. Mater. Chem. A, 2024, 12, 24156–24164
counterions from the electrolyte, respectively (Fig. 5b). The rst
set of peaks centred at 3.41, 3.42, and 3.47 V vs. Li/Li+ for TTF-
Ph-COF, TTF-(Ph)2-COF, and TTF-BT-COF, respectively, corre-
sponds to the redox transformation of the TTF moieties
between the neutral and the radical cation states. A less
pronounced second peak pair centred at 3.75, 3.80, and 3.81 V
vs. Li/Li+ for TTF-Ph-COF, TTF-(Ph)2-COF, and TTF-BT-COF,
respectively, is related to the redox transformation between the
radical cation and dication states.

The TTF-BT-COF, which combines the p-type properties of
TTF and n-type properties of the BT unit, could be considered
a potential redox-bipolar COF. In this case, when the battery is
discharged, the BT building block could be further reduced to
the radical anion state, with one Li+ compensating for the
negative charge. Galvanostatic charge–discharge (GCD) experi-
ments were rst performed for TTF-BT-COF using different
potential windows to preliminary assess the BT moieties redox
activity. However, differential capacity analysis (dQ/dV) shows
that when decreasing the lower potential cut-off limit, the
signals associated with the TTF units gradually decrease in
intensity, eventually leading to the irreversible oxidation of TTF
without traces of BT redox activity (Fig. S32†). This behaviour
can be related to the large voltage separation between the redox
processes associated with the p-type TTF and n-type BT building
blocks and/or incompatibility of BT in the tested carbonate
electrolyte.16 This makes it unsuitable to exploit both electro-
active units within the same potential window in this specic
electrolyte, despite the redox-bipolar nature of the COF.

Therefore, unless specically stated, the remaining electro-
chemical studies have always focused on the potential window
of 2.5–4.2 V. In this potential window, the theoretical specic
capacities of TTF-Ph-COF, TTF-(Ph)2-COF and TTF-BT-COF were
calculated to be 70, 59 and 45 mA h g−1, respectively. These
values were obtained considering only two-electron redox
processes involving the p-type TTF moieties. GCD experiments
were performed to evaluate the rate capability and long-term
cyclic stability of the three TTF-COF electrodes. The rate capa-
bility tests for the TTF-COF electrodes were conducted within
the potential window of 2.5–4.2 V and using current rates (C-
rates) from 1C up to 120C, as shown in Fig. 6. TTF-Ph-COF,
TTF-(Ph)2-COF and TTF-BT-COF revealed reasonable
This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta04576a


Fig. 6 Galvanostatic charge–discharge rate capability experiments of
TTF-Ph-COF, TTF-(Ph)2-COF, and TTF-BT-COF, using a potential
window of 2.5–4.2 V. (a) Galvanostatic profiles at different current
rates. (b) Gravimetric specific capacity versus C-rate. (c) Capacity
retention as a function of C-rate.

Fig. 7 (a) Electrochemical impedance spectroscopy (EIS) results at
3.7 V (vs. Li/Li+) upon charging, (b) imaginary capacitance analysis and
characteristic time, and (c) diffusion coefficients of the PF6

− anion
(charging) for TTF-Ph-COF (blue), TTF-(Ph)2-COF (red) and TTF-BT-
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gravimetric capacity of 57, 41, and 49 mA h g−1 at 1C. Moreover,
Ph-based COFs exhibited better rate performance than the BT-
COF. For instance, at a C-rate of 10C, the capacity retention
was 64%, 53% and 41% for TTF-Ph-COF, TTF-(Ph)2-COF and
TTF-BT-COF, respectively, relative to the capacity observed at 1C
(Fig. 6c).

We made a preliminary attempt to understand the rate
performance differences among these COFs by CV, electro-
chemical impedance spectroscopy (EIS) and galvanostatic
intermittent titration technique (GITT) experiments. CVs at
This journal is © The Royal Society of Chemistry 2024
different scan rates from 0.1 to 1 mV s−1 (Fig. S33†), enabled
a detailed kinetics study of the redox processes. This analysis
involved determining the cathodic and anodic b-values for each
redox processes (see Fig. S34†) and deconvoluting bulk and
surface charge storage contributions using Dunn's method (see
Fig. S35†). In general, b-value for TTF-BT-COF was lower than
TTF-Ph-COF, TTF-(Ph)2-COF for the rst redox peak, and addi-
tionally, found to be lower for the second redox process (Table
S6†). Moreover, all three TTF-COFs have similar capacitive/
diffusion contributions (around 65/35%), with slightly higher
capacitive contribution for TTF-(Ph)2-COF (Fig. S35d†).

To complete the electrochemical study, we performed
a comprehensive EIS analysis (Fig. 7 and S36–S40†). During this
analysis, equivalent series and charge transfer resistances,
phase angles and characteristic times were measured (see
ESI†).45 TTF-Ph-COF and TTF-(Ph)2-COF consistently showed
better performance in terms of lower resistances (Fig. S38†),
COF (black).
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Fig. 8 Galvanostatic charge–discharge (GCD) long cycling experiments. (a) Cyclic stability and coulombic efficiency (square symbols) of TTF-
Ph-COF, TTF-(Ph)2-COF, and TTF-BT-COF during long-term cycling at 2C, using a potential window of 2.5–4.2 V. (b) Galvanostatic profiles of
the 2nd and 100th cycles. (c) Differential capacity analysis (dQ/dV) of the 2nd and 100th cycles.
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higher phase angles (Fig. S39†) and characteristic times
(Fig. S40†) compared to the TTF-BT-COF. The equivalent series
resistances (Rs) did not show signicant variation at different
state-of-charge and depth-of-discharges during different
charging and discharging potentials, respectively (Fig. S38†).
Additionally, the Rs charge-transfer resistances (RCT) values
were found to be lower for TTF-Ph-COF and TTF-(Ph)2-COF
compared to TTF-BT-COF. Therefore, Ph-based COFs are ex-
pected to provide better capacitance performance in line with
higher capacity utilization. The same trend was observed in the
diffusivity values of PF6

−, which were obtained using the GITT
technique (Fig. 7c and S41†). The better diffusivity values could
be explained by the higher porosity, i.e. higher BET surface area
(Fig. 2) of TTF-Ph-COF and TTF-(Ph)2-COF, justifying the poor
rate performance for the TTF-BT-COF. These results demon-
strate that, in addition to selecting the appropriate electroactive
building blocks, it is necessary to optimize the COF pore size to
improve ion diffusion.15,46 However, increasing pore size may be
inefficient if the density of redox sites decreases signicantly, so
the right balance between pore size and specic capacity should
be considered when designing new redox-active COF electrodes
for rechargeable batteries.15

To further evaluate the performance of TTF-COF electrodes,
the cycling stability of the three COFs was assessed by con-
ducting GCD experiments at 2C rate, as shown in Fig. 8. The
capacity retentions were calculated to be 83%, 84% and 76% for
TTF-Ph-COF, TTF-(Ph)2-COF and TTF-BT-COF, respectively,
aer 400 cycles at 2C, showing relatively good cycling stability.
The low coulombic efficiency during the rst cycles can be due
to parasitic reactions from the electrolyte at high potentials.
Differential capacity analysis (dQ/dV) of the three TTF-COF
electrodes (Fig. 8c) indicated that the rst redox process is
relatively more stable than the second one. To explore this
behavior more thoroughly, additional electrochemical tests
were performed on the TTF-Ph-COF, restricting the potential
window to encompass only the rst redox process (Fig. S42†).
Evidently, the one-electron redox process exhibited better cycle
stability, with no capacity decay observed over 500 cycles and
quantitative CEs. In contrast, capacity retention was 85% over
the same number of cycles with lower CEs when considering
both redox processes. Interestingly, the comparative rate capa-
bility experiments also revealed better rate performance when
24162 | J. Mater. Chem. A, 2024, 12, 24156–24164
limiting the potential window to the rst redox process
(Fig. S43†). The results indicate that the reversibility of the
second redox process at high C-rates can be signicantly
compromised because such a redox process is too slow. This
hypothesis is partially corroborated by the observed lower
potential peak separation (Fig. 8c) and generally higher b-value
(Table S6†) for the rst redox process over the second, and
higher anion diffusivity during charging, below 50% SOC
(Fig. 7c). This diminished reversibility at high C-rates may be
attributed to conformational changes that occur during the
second oxidation of TTF radical cation moieties to the dication
state, which normally adopts a twisted conformation.47 Volume
expansion and increased charge repulsion in the dication state
could also explain this behavior.
Conclusions

In conclusion, the comprehensive study of TTF-COFs as p-type
cathode materials has demonstrated their potential as high-
voltage organic cathodes in lithium batteries. The series of
TTF-COFs explored, comprising different organic linkers,
exhibited signicant effects on electrochemical properties and
performance metrics. Structural analyses conrmed the crys-
talline nature of the COFs, with different linkers inuencing the
framework porosity and electronic structure. All three TTF-
COFs show a high average discharge potential (∼3.6 V), being
one of the highest for COF-based cathodes in lithium
batteries,15 and good cycling stability (∼80% capacity retention
aer 400 cycles at 2C). Although TTF-BT-COF may have a redox-
bipolar character, the n-type BT units could not be exploited
which considerably decreases its specic capacity. The cathodes
based on TTF-Ph-COF and TTF-(Ph)2-COF showed faster
kinetics, lower resistance, and facile diffusion than BT-TTF-
COF. Overall, TTF-Ph-COF showed the best electrochemical
performance in terms of higher specic capacity, capacity
retention, and faster kinetics. Our results show that increasing
the pore size can be counterproductive if it does not have
a signicant effect on the kinetics and ion diffusion. Future
research will focus on the incorporation of extended TTF
derivatives with improved electrochemical performance as well
as on the design of redox-bipolar COFs combining n- and p-type
building blocks synergistically.
This journal is © The Royal Society of Chemistry 2024
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10.5281/zenodo.13305166) as a source data les.
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Miguel, J. Feng, N. Huang, W. Wang, F. Zamora, X. Feng,
A. Thomas and D. Jiang, Nat. Rev. Methods Primers, 2023, 3, 1.
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S. K. Ghosh, S. Mukherjee, M. R. Hill, M. M. Sadiq,
P. Horcajada, P. Salcedo-Abraira, K. Kaneko, R. Kukobat,
J. Kenvin, S. Keskin, S. Kitagawa, K. Otake, R. P. Lively,
24164 | J. Mater. Chem. A, 2024, 12, 24156–24164
S. J. A. DeWitt, P. Llewellyn, B. V. Lotsch, S. T. Emmerling,
A. M. Pütz, C. Mart́ı-Gastaldo, N. M. Padial,
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