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Covalent organic frameworks (COFs) are crystalline porous organic
polymers that have recently emerged as promising electrode materials
for rechargeable batteries. Herein, we present an approach to improve
the electrochemical performance of an anthraquinone-based COF
(DAAQ-TFP-COF) cathode material in metal anode (Li, Mg) based
batteries through proper selection of the electrolyte and binder. Our
that the bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) in tetraethylene glycol dimethyl
ether (TEGDME) as electrolyte and poly(tetrafluoroethylene) (PTFE) as
binder led to the best electrochemical performance with high uti-

results show combination of lithium

lisation efficiency of the redox sites and specific capacities close to the
cyclable
symmetric cells consisting of two DAAQ-TFP-COF organic electrodes

theoretical value. Using such electrolyte and binder,

exemplify 79% capacity retention after 2000 cycles at a high current
density of 500 mA h g~*. The high reversibility and stability of the COF
electrode material upon cycling were confirmed by ex situ IR spec-
troscopy. In addition, DAAQ-TFP-COF was explored as a cathode in
magnesium cells using two different Mg electrolytes; one based on
MgCl, and one containing weakly coordinating anions. Electro-
chemical characterisation reveals significant differences in the
performance of COF in terms of achievable capacities and voltage
profiles, pointing towards hindered transport. Our findings demon-
strate that the appropriate choice of electrolyte and binder is crucial to
maximise the performance of COF-based materials in different post-
lithium-ion metal anode batteries.
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Introduction

Lithium-ion batteries (LIBs) are among the most promising
devices for electrochemical energy storage from renewable
sources and for the development of long-range electric vehi-
cles."” However, the increasing demand for some critical raw
materials used in LIBs (e.g., lithium, cobalt, nickel) may pose
supply risks in the near future® and raise relevant environ-
mental concerns.* Electroactive organic materials have attrac-
ted much interest as an alternative to inorganic electrodes
because they are based on abundant elements (e.g., carbon,
oxygen, sulphur, nitrogen), are environmentally friendly, may
have high theoretical capacities and their electrochemical
performance can be finely modulated by chemical design.*”
However, organic electrodes based on small molecules gener-
ally suffer from high solubility in electrolyte, resulting in fast
capacity fading. A successful strategy to overcome the solubility
problem is the polymerisation of redox-active building blocks to
improve the cycling stability and insolubility in electrolyte.***>

Covalent organic frameworks (COFs) are crystalline porous
polymers based on organic building blocks linked by strong
covalent bonds."* Electroactive COFs' have recently emerged
as promising electrode materials due to their insolubility in
electrolyte, high chemical and structural versatility, tuneable
porosity, and the possibility to introduce numerous redox-active
centres in a controlled manner.'*>* However, some challenges
such as the relatively low electronic conductivity*® or sluggish
ion diffusion in bulk COFs* still need to be addressed to
increase their practical capacity. In many cases, COFs have been
mixed with conductive carbon substrates (carbon
nanotubes,>?® graphene,” conductive polymers,* etc.) to
increase the electronic conductivity of the composite electrode,
but this may reduce the overall energy density of the battery.*
Another recent strategy to increase the practical capacity of the
active material is the exfoliation of bulk COFs into few-layer
nanosheets to maximise the utilisation efficiency of the redox-
active sites.”**> Nevertheless, the yield for the synthesis of few-
layer COFs nanosheets is usually very low, which might be an
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insurmountable toward
applications.*®

Much less attention has been invested into studying the
influence of the electrolyte and binder on the performance of
COF-based batteries and no systematic correlation analysis has
been reported to date. It is worth noting that the nature of the
electrolyte can have a major impact on the performance of
organic batteries.*® On the other hand, although polyvinylidene
fluoride (PVdF) is widely used as a binder with inorganic elec-
trode materials, it can have a weaker affinity for organic elec-
trode materials,**** and raises serious environmental concerns
due to the use of N-methyl-2-pyrrolidinone (NMP) as a solvent.*®

Among alternative rechargeable battery technologies,
magnesium batteries have attracted a lot of interest because Mg
is an earth-abundant element, inexpensive, safe under ambient
atmosphere, and has a high volumetric capacity.’” However,
Mg>" insertion in most cathode materials (especially in the
inorganic ones) presents several problems because of the strong
electrostatic interaction between the divalent cations and the
host materials, difficult desolvation and slow Mg>" diffu-
sion.*®**® Organic materials have been proposed as a versatile
and environmentally friendly alternative cathodes that can
improve the kinetics and cycling stability in Mg batteries.**** In
this sense, COFs have been scarcely investigated as electrodes
for Mg batteries and, although they are very promising, only
a few examples have been reported very recently.***

Herein, we report a comprehensive study of the influence of
the electrolyte and binder on the performance of COF-based
batteries. A redox-active anthraquinone-based COF (DAAQ-
TFP-COF) (Scheme 1) was evaluated in four different Li elec-
trolytes with two different binders. The combination of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in tetraethylene
glycol dimethyl ether (TEGDME) as the electrolyte and poly(-
tetrafluoroethylene) (PTFE) as the binder resulted in specific
capacities close to the theoretical value with high capacity
retention. It is worth noting that the bulk COF was not sub-
jected to any processing. Ex situ infrared spectroscopy
confirmed the highly reversible reduction of the anthraquinone
electroactive moieties. Building on the efficient material
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utilisation seen in lithium-based electrolytes, DAAQ-TFP COF
was also explored as cathode in magnesium batteries. Our
results show that in addition to the proper design and pro-
cessing of the COF as an active material, the choice of the
electrolyte and binder can be critical to the performance of COF-
based metal anode batteries.

Results and discussion

First, a detailed analysis of the electrolytes, binders and elec-
trode composition used in reported COF cathode materials for
LIBs was carried out (Table S17).2%24263143:4557 Tn most cases,
LiPF¢ in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1/
1) or LiTFSI in 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME)
were used as electrolyte, while PVdF is the most commonly used
binder. We have chosen DAAQ-TFP-COF as a model COF active
material for this comprehensive investigation because of: (i) its
relatively high theoretical capacity; (ii) the high chemical
stability of the B-ketoenamine linkages; (iii) it can be easily
obtained in large quantities; (iv) interestingly, two independent
research groups reported very different capacities (54 and
110 mA h g™') when the bulk COF was used as a cathode in
lithium half-cells using different electrolytes.>*°

As previously reported,*® DAAQ-TFP-COF was synthesised by
condensation of 2,6-diaminoanthraquinone (DAAQ) and 1,3,5-
triformylphloroglucinol (TFP) (Scheme S1t) and characterised
by several techniques to confirm its chemical composition,
crystallinity, redox activity and high porosity (Fig. S1-S6, ESIT).
Electrodes were prepared by mixing the active material (DAAQ-
TFP-COF), carbon black and the binder (PVAF or PTFE) in
a weight ratio of 6/3/1. Electrochemical experiments were first
carried out in a two-electrode Swagelok setup using Li metal as
the anode (see ESIt for Experimental details). Four different
electrolytes were selected for the study. The first two are ether-
based 1 M LiTFSI solutions in DOL/DME and TEGDME. These
solvent/salt combinations have demonstrated favourable elec-
trochemical performance with COFs in previous studies, as
shown in Table S1.7 The third electrolyte is a commercial 1 M
LiPF¢ in EC/DEC, which is commonly used for electrochemical
characterisation of inorganic materials. The fourth electrolyte is
1 M LiClO, in cyclic carbonate (GBL), known for its high anodic
and thermal stability.>

We first compared the cycling stability of DAAQ-TFP-COF
electrodes at the current density of 150 mA g~ ' with the elec-
trodes containing PVdF binder (Fig. 1a and S8, ESI}). Using
LiPF, in EC/DEC (1/1) and LiClO, in y-butyrolactone (GBL) as
electrolytes, the worst performances were obtained showing
capacity retention of ~58% and ~67%, respectively, after 100
cycles (Fig. 1a, S8 and Table S2, ESIf). The capacity fading
observed when using LiPFs in EC/DEC could be explained by
undesired side reactions***** or higher solubility of the redox
polymer in carbonate-based electrolytes.®® A comprehensive
electrochemical study on (poly)anthraquinone linear polymer
reported that oxidation become progressively more hindered as
the cycling of the polymer progresses in carbonate-based elec-
trolyte.** It appears that this is the case for the inferior elec-
trochemical performance of DAAQ-TFP-COF as well (Fig. S97).

This journal is © The Royal Society of Chemistry 2023
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Fig.1 (a) DAAQ-TFP-COF electrode performance with PVdF as a binder at 150 mA g~* (1C) in four different electrolytes: 1 M LiTFSI DOL/DME (1 :
1, vol%) (red), 1 M LiTFSIin TEGDME (green), 1 M LiPFg in EC/DEC (1: 1, vol%) (blue), and 1 M LiClO4 in GBL (orange). (b) Comparison between PVdF
(dark green) and PTFE (light green) as bindersin 1 M LiTFSI TEGDME electrolyte. (c) Stability and coulombic efficiency of DAAQ-TFP-COF cathode
in 1 M LiITFSI TEGDME at 150 mA g~* using PVdF or PTFE as binder. (d) Rate capability test in 1 M LiTFS| TEGDME.

Hindered oxidation can lead to incomplete charging of the
organic cathode, followed by gradual capacity fade. This
hypothesis of incomplete charging also explains coulombic
efficiency over 100% observed in 1 M LiPFs in EC/DEC. In
contrast, when LiTFSI in DOL/DME (1/1) was used as electrolyte
the initial capacity was 118.0 mA h g~ ' and a much better
capacity retention (90%) was observed after 100 cycles (Table S2,
ESIT). The electrochemical performance was further improved
by replacing DOL/DME with TEGDME solvent since the specific
capacity was maintained at 118.3 mA h g~ " after 100 cycles. The
origin of different behaviour in selected electrolytes might be
a consequence of the nature of the solvent/solvent mixture used.
Charge distribution on the solvent molecule can also influence
the stability of the ionic or radical C-O fragment during the
redox process which can affect the stability of the material in the
electrolyte in question.®*

PTFE is an alternative binder that can be dispersed in water
and exhibits high chemical and mechanical stability as well as
strong hydrophobicity.** Up to our knowledge, PTFE has not
been explored as a binder in COF-based cathode materials for
LIBs (Table S11) and has only been used in two examples of
COF-based anodes without any comparative analysis with
PVdF.%%¢ PTFE-based DAAQ-TFP-COF electrodes were prepared
(see ESIT for experimental details) to compare their

This journal is © The Royal Society of Chemistry 2023

performance with those based on PVdF. We first confirmed that
the PTFE-based electrodes were insoluble in all the electrolytes
used (Fig. S7, ESIT). In general, all the initial capacities and
capacity retentions of DAAQ-TFP-COF electrodes increased
when PTFE was used as a binder, regardless of the electrolyte
(Fig. S10, S11 and Table S2, ESIt). One of the main reasons for
the better electrochemical performance of the PTFE-based
electrodes is due to its fibre-like structure, which results in
a more porous electrode, as can be observed by comparing the
morphology of electrodes based on PVAF or PTFE binders
(Fig. S12, ESIt). Such porosity may facilitate the ion diffusion
and accessibility to the redox-active sites, as well as allow easier
swelling of the polymer electrode. The capacity retention
tendency was similar to that obtained with PVdF-based elec-
trodes, with LiTFSI in TEGDME and LiPF, in EC/DEC showing
the best and worst electrochemical performance, respectively. It
is important to highlight that DAAQ-TFP-COF shows a capacity
of 147.5 mA g~ after 100 cycles (99% capacity retention) at
a rate of 150 mA g ' when using LiTFSI in TEGDME as elec-
trolyte and PTFE as a binder (Fig. 1c). After subtracting the
carbon black capacity contribution (Fig. S13 and Table S3, ESIT),
the capacity obtained corresponds to the 88% capacity uti-
lisation of the active material at 150 mA g~ (theoretical capacity
=151 mA h g, see ESI{). We note that our results are similar

J. Mater. Chem. A, 2023, 11, 21553-21560 | 21555
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to those of the same active material when exfoliated (DAAQ-
ECOF) and using PVdF as a binder (capacity of 145 mA g "
after 70 cycles at a rate of 20 mA g~ ').® These results suggest
that both proper binder selection and the exfoliation of the
active material can lead to improved utilisation of redox-active
sites. However, the top-down exfoliation of bulk COFs still
presents some challenges such as the difficulty in precisely
controlling the thickness of the exfoliated material and the
relatively low yield for the synthesis of few-layer COF nano-
sheets, limiting the homogeneity and scalability of the active
material.** The use of PTFE binder is a more straightforward
approach allowing significantly higher process yields while
being both more cost-effective and simpler.

Despite achieving a high level of capacity utilisation, the
overpotential observed in the 1 M LiTFSI TEGDME electrolyte
for DAAQ-TFP-COF is unusually high for anthraquinone-based
materials, measuring around 210 mV (Fig. S14, ESIf{). In
contrast, when the cell is cycled in the DOL/DME solvent
combination, the overpotential is 85 mV lower under identical
conditions. In order to differentiate between the anode and
cathode contributions to the overpotential, an electrochemical
test using a cyclable symmetric cell was carried out (see ESI} for
Experimental details).*” In this controlled environment, where
the performance of the cell is determined solely by the elec-
trochemical performance of DAAQ-TFP-COF electrode, the
overpotential decreases to 62 mV, aligning closer to the value
obtained in the DOL/DME half-cell. The differences observed
between the half cell and the symmetric cell suggest that the
major overpotential contribution mainly originates from the Li
metal anode. The influence of the Li metal anode is also evident
in the rate capability test performed in the half-cell configura-
tion (Fig. 1d and S157). The rapid capacity degradation at higher
currents was again attributed to processes occurring at the Li
metal anode. In contrast, DAAQ-TFP-COF demonstrated good
cycling stability in the symmetric cell, retaining 79% of its
initial capacity at a current density of 500 mA g~ " after 2000
cycles (Fig. 2c). It is worth noting that the TEGDME solvent has
notably higher viscosity when compared with the DOL/DME
mixture, likely leading to impeded transport of active species
within the electrolyte. This can, in turn, affect the overpotential
of the organic cathode and the initial activation behaviour
observed during the first few cycles. Therefore, in addition to
selecting an appropriate binder and electrolyte that maximise

View Article Online
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capacity utilisation of the active material, it is crucial to recog-
nise the contribution of the metal anode in the 2-electrode
setup and to ensure that experimental setups allow for a thor-
ough evaluation of the COF cathode material alone as exem-
plified by the symmetric cell test.®”

Ex situ infrared (IR) spectroscopy was performed on cycled
electrodes at different charge states to assess the reversibility of
the electrochemical performance (Fig. 3). Taking into account
the recorded voltage profiles as well as the obtained capacities,
it is reasonable to assume that only the anthraquinone moieties
participate in the electrochemical reaction. Several character-
istic IR bands can be observed in the pristine electrode. The
carbonyl stretching of the anthraquinone unit can be found at
1619 and 1673 cm™ ', whereas the carbonyl band of the TFP
moiety can be observed around 1658 cm™ " in the spectrum of
pristine linker (Fig. S2t). However, following the polymerisation
process, spectral bands begin to merge, leading us to assume
that TFP C=0 stretching is part of a broad band appearing at
1544 cm ™', mainly due to C=C stretching. The strong band at
1225 cm™ " is related to the C-N stretching.®® Throughout the
reduction process, all C=0 bands diminish in intensity, as
shown in Fig. 3c. Upon recharging, carbonyl bands increase in
intensity, confirming the good reversibility of the electro-
chemical process. The strong peak at 1544 cm ™" also decreases
in intensity and broadens upon discharge, indicating changes
in aromaticity upon reduction. In the half-discharged electrode,
a new peak is observed at 1428 cm™*, due to the formation of -
C-O" Li". The band around 1225 cm ' related to the C-N
stretching also showed some changes in the shape and intensity
of the peak on discharge, which could be related to the change
in conjugation on the anthracene ring. These results are
consistent with the good reversibility observed in the galvano-
static cycling.

Encouraged by the good reversibility and high utilisation of
non-exfoliated DAAQ-TFP-COF, we decided to extend the study
to COF performance in Mg-based batteries. Given the strong
tendency of Mg metal to passivate, only handful of salt/solvent
combinations are available that enable reversible Mg plating
and stripping. In this case, we opted for two electrolytes — one
containing chloride species (0.6 M MgTFSI, — 1.2 M MgCl, in
DME) and another containing weakly coordinating anions
(0.2 M Mg(B(hfip),), in DME). It is important to note that in Mg
metal half-cells, magnesium metal can significantly affect the
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(a) Galvanostatic profiles at different current rates and (b) discharge capacity of (+)DAAQ-TFP-COF||DAAQ-TFP-COF-M(—) symmetric
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discharged, red), and electrode fully charged back to 3.5 V (light blue).

overall performance of the cell, especially due to increased cell
overpotential stemming from Mg plating/stripping. Both elec-
trolytes chosen for this study enable highly reversible platting
and stripping of magnesium metal with reasonable over-
potential. Given the high surface area of the chosen COF, we
have subjected cathodes to electrochemically assisted swelling,
to maximise capacity utilisation.*

Comparison of the galvanostatic curves obtained in two
different electrolytes revealed significant differences: COF in
chloride-free electrolyte exhibited higher overpotential accom-
panied by a lower average discharge potential (Fig. 4a and S16,
ESIT). Notably, the COF exhibited good stability in both elec-
trolytes, which is a consequence of its robust structure. This
stands in stark contrast to linear anthraquinone-based poly-
mers reported in Mg electrolytes.” However, in the case of the
chloride-containing electrolyte, coulombic efficiency surpasses
100% during cycling, likely indicative of side reactions or an
inadequate voltage window. The rate capability (Fig. 4c) was

a) 24 b)

performed only in chloride-containing electrolyte, considering
the relatively low capacities achieved at low current density in
the chloride-free electrolyte. The rate performance was
substantially poorer compared to that in lithium-based coun-
terpart. This discrepancy suggests that kinetic limitations
become more pronounced when Mg species are involved in the
electrochemical reaction.

The selection of the electrolyte in Mg batteries introduces
one key distinction compared to Li-based system - the possi-
bility of presence of different ionic species in discharged poly-
mer. In the chloride-containing electrolyte, the coordination of
reduced carbonyls was predominantly done with MgCI" ionic
complexes, rather than Mg>* ions, in agreement with prior
reports and confirmed by energy dispersive X-ray spectroscopy
(EDX) (Table S41).”* Conversely, in the chloride-free electrolyte,
a large fraction of Mg”>* was present, although ion pairs still
partially participate in coordination as evidenced by the
increased presence of fluorine in the discharge cathode. This
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(a) Galvanostatic charge/discharge curves of DAAQ-TFP-COF in 0.6 M MgTFSI, — 1.2 M MgCl, DME (red) and 0.2 M Mg(B(hfip)4), DME

(blue). (b) Evolution of discharge capacity and coulombic efficiency over 100 cycles. (c) Rate capability performance in chloride-containing

electrolyte. All the experiments were conducted in Mg metal half-cells.
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shows that COF performance is governed by the choice of salt/
solvent combination, with the effect of electrolyte being more
pronounced in Mg batteries than in their lithium counterparts.
This raises the challenge of designing COFs that would perform
better when coupled with multivalent charge carriers. One of
the strategies could be to design COFs with active units in which
the position of carbonyl groups is tuned to help accommodate
divalent cations.” Changing the active unit from an
anthraquinone-based one to a smaller unit such as benzoqui-
none could lead to higher potentials and ultimately higher
energy densities, as has already been demonstrated in the case
of COF cathodes in Li-based batteries.>® An alternative strategy
could also be designing hosts with hybrid mechanisms that
simultaneously allow for the optimisation of capacity and rate
performance of the covalent organic framework.”>”* Potential
improvements in COFs for Mg batteries could lead to readily
available cathodes for other divalent batteries suffering from
similar issues, such as Ca-based ones.

Conclusions

In summary, we have investigated the role of the electrolyte and
binder on the performance of a redox-active COF (DAAQ-TFP-
COF) electrode material. Our results demonstrate that by
identifying the most suitable electrolyte (LiTFSI in TEGDME)
and binder (TPFE) for DAAQ-TFP-COF, specific capacities close
to the theoretical values (88% real utilisation of the active
material) were obtained without the need for extensive COF
processing (e.g., exfoliation). The most likely reasons for the
improved performance are the better stability of prepared COF-
based electrodes in non-carbonate electrolytes and the
improved ion diffusion through the PTFE binder. Ex situ IR
experiments confirmed the reversibility of the electrochemical
process in agreement with the galvanostatic cycling perfor-
mance. In addition, electrochemical tests were performed using
symmetric cells by combining two DAAQ-TFP-COF electrodes to
identify the contribution of the metal anode in the 2-electrode
setup. To further investigate the electrolyte influence on the
cycling of COFs, we have employed DAAQ-TFP-COF in Mg cells
using chloride-free and chloride-containing Mg electrolytes We
are confident that our results will be very useful in evaluating
and comparing the performance of COF-based electrodes in
metal-ion batteries as well as stimulating the optimisation of
electrolytes and binders for this type of organic batteries. As
COFs are interesting host materials for a variety of ions, more
efforts should be invested to facilitate the accommodation of
multivalent cations, where high performance organic cathode
materials are urgently needed.
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