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Redox-site accessibility of composites containing
a 2D redox-active covalent organic framework:
from optimization to applicationt}

Tyran Gunther,? Kouki Oka, & *® Sandra Olsson, 22 Michelle Anhlén,?
Norimitsu Tohnai* and Rikard Emanuelsson & *<

Redox-active covalent organic frameworks (RACOFs) can be employed in various functional materials and
enesrgy applications. A crucial performance or efficiency indicator is the percentage of redox centres that
can be utilised. Herein, the term redox-site accessibility (RSA) is defined and shown to be an effective metric
for developing and optimising a 2D RACOF (viz, TpOMe-DAQ made from 2,4,6-trimethoxy-1,3,5-
benzenetricarbaldehyde [TpOMe] and 2,6-diaminoanthraquinone [DAQ]) as an anode material for
potential organic-battery applications. Pristine TpOMe-DAQ utilises only 0.76% of its redox sites,
necessitating the use of conductivity-enhancement strategies such as blending it with different
conductive carbons, or performing in situ polymerisation with EDOT (3,4-ethylenedioxythiophene) to
form a conductive polymer. While conductive carbon-RACOF composites showed a modest RSA
improvement of 4.0%, conductive polymer-RACOF composites boosted the redox-site usage (RSA) to
90% at low mass loadings. The material and electrochemical characteristics of the conductive polymer-
RACOF composite containing more-than-necessary conductive polymer showed a reduced surface area
but almost identical electrochemical behaviour, compared to the optimal ratio. The high RSA of the
optimally loaded composite was replicated in a RACOF-air battery with over 90% active redox sites. We
believe that the reported approach and methods, which can be employed on a milligram scale, could
serve as a general guide for the electrification and characterisation of RACOFs, as well as for other

rsc.li/materials-a redox-active porous polymers.

Introduction

Two-dimensional covalent organic frameworks (2D COFs) are
typically porous and microcrystalline materials made up of
covalently-bonded atomic layers, which are stacked on top of
each other and held in place by non-covalent interactions." Each
layer is constructed under reversible bond-forming conditions
from monomers possessing restricted bonding directions. Once
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T When applying the BET method, IUPAC recommends interpreting the
calculated surface area as an apparent surface area, especially for porous
materials that show a combination of type 1 and type 2 isotherms.*® The term
BET-area has been used instead of BET surface area to discourage the reader
from assuming the values represent accurate surface areas. The term “specific
BET-area” used herein means the apparent surface area per gram of material.
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connected, they form the extended and repeatable covalent
bonding pattern that defines the framework."> When one of
these monomers is deliberately selected/tailored to possess
a reversible redox-active functional group (which can be
accessed within a reasonable and application-specific voltage
window), redox-active COFs (RACOFs) can be formed.* Such
layered 2D RACOFs have been investigated as functional
materials for applications in various technologies: energy
storage devices (Li-ion batteries*® and pseudocapacitors®),
electrocatalysis,’ reductive ion-trapping,"** and chemical
sensing.’ Accessing as many redox sites as possible in a mate-
rial is of considerable importance, because the theoretical
capacity of batteries, efficiency of electrocatalysts, and sensi-
tivity of sensors (which are all headline material characteristics)
depend on the number of redox sites that can be utilised.
Therefore, mapping a functional material's application-specific
limitations is crucial for both fundamental understanding and
achieving optimised performance.**

For ease of description, we here employ the term “redox-site
accessibility” (RSA) and clearly define its meaning throughout
this article. In the context of a material that contains a known
number of potential redox sites, RSA is a metric in percent and
is meant to represent the percentage of redox sites inferred
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based on the experimentally observed faradaic charge from an
application-specific measurement (i.e.,, faradaic charge
measured/theoretically expected faradaic charge x 100). The
term “redox-site accessibility” has been previously defined and
used in context of conducting polymers.** This metric is both
convenient and crucial in accounting for how efficiently the
redox sites in the material are utilised. In addition, comparing
and evaluating RSA values for different materials and compos-
ites offers the possibility of assisting in guiding their rational
improvement.

Although many bulk 2D RACOFs have demonstrated
a significantly reduced ability to store and release electrons at
their redox sites (i.e., they have low RSA), thin films (up to a few
hundred nm) have shown better characteristics (higher RSA).>*¢
Owing to the highly porous structures of most 2D RACOFs
(whereby ion diffusion is not expected to be limiting),"” the
problem of low RSA has mainly been attributed to poor electron
conductivity throughout the material.®

Consequently, this problem has been tackled by several
strategies, mostly involving the production of composite mate-
rials. The first approach, which has long been customary in
electrode preparation, is simply mixing the 2D RACOF material
with a chosen amount and type of conductive carbon.'**** A
second approach involves polymerizing the 2D RACOF in the
presence of conductive carbon, consequently forming thin films
over the surface of conductive carbon structures.**'* The third
approach involves infusing the 2D RACOFs with specific
monomers that could subsequently form a conductive polymer
(e.g., poly(3,4-ethylenedioxythiophene), PEDOT) via electro-
polymerisation,'® chemical oxidation,*'® or heating.” Regarding
this third approach, polymerisation via chemical oxidation or
heating (as with the solid-state polymerisation of 2,5-dibromo-
3,4-ethylenedioxythiophene) offers the advantage of producing
a ready-to-use powder on large scales compared with the
production method of electropolymerisation.>

In Dichtel et al.'s pioneering work on boosting redox-site
accessibility in a 2D RACOF with anthraquinone redox units,
they emphasised that adding more than the necessary con-
ducting polymer to the RACOF would ultimately reduce the
gravimetric capacity of the composite material, and they allude
to the potential benefits of optimising this parameter.®'*
Furthermore, the addition of a conducting polymer into porous
materials via monomer infusion has been shown to reduce the
material's specific Brunauer-Emmett-Teller (BET) area and
porosity,>**>** as well as affect the material's conductivity
(wherein adding more polymer improved electronic trans-
port).>>** These studies suggest a trade-off between conductivity
and material porosity at high loadings which could affect the
electrochemical performance of redox-active materials that rely
on efficient mass transport.

Here, we aim to map RSA in a porous 2D RACOF and reveal if
the material's apparent high surface area or key electrochemical
parameters undergo a trade-off at higher conducting-additive
loadings. Marder and co-workers recently reported on a struc-
ture-property relationship between a microcrystalline 2D
RACOF, its amorphous 1D and 2D analogues and their respec-
tive electrochemical performance.> Their study revealed (by
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varying the redox-active polymer's structure while keeping the
conductive additive constant) the best choice of redox-active
polymer structure for an electrochemical device was not
straightforward as both 1D amorphous and 2D COF polymers
performed well. Here, we report a complementary study where
the redox-active polymer's structure is kept constant while the
conductive additive is varied. We report a rational and system-
atic method for electrifying 2D RACOFs, characterising the
resulting composite, evaluating its electrochemistry, and
employing it as a functional material. Starting from commercial
carbons, we demonstrated how the RSA metric could guide
rational improvement of the material and emphasised the
dramatic improvement using in situ formation of PEDOT.
Furthermore, we show how the amount of conductive additive
affects the RSA, surface area, material porosity and resulting
electrochemistry. Finally, we employed the optimised
composite as the active anodic component in a promising
RACOF-air battery that exhibited excellent performance. The
methodology employed might also apply to other porous poly-
mers containing redox-active units, and we believe that it can
serve as a general guide for the electrification and character-
isation of such materials.

Results and discussion

We chose TpOMe-DAQ* (made from 2,4,6-trimethoxy-1,3,5-
benzenetricarbaldehyde  [TpOMe] and  2,6-diaminoan-
thraquinone [DAQ]) as our 2D RACOF model for redox-site
accessibility (RSA) studies and low-potential anodic material
(for the battery application) because it can undergo a reversible
2e7/2H" anthraquinone/hydroanthraquinone redox reaction
(see Fig. S1 in the ESI}). Its attractive properties include
demonstrated stability in aqueous acid/base solutions and
a high average specific BET-area (~1530 m” g~ ' compared to
1120 m* g~ for the more studied analogue, DAAQ-TFP™).

The four-step synthesis of TpOMe from 1,3,5-trimethox-
ybenzene was performed according to the strategy first outlined
by Banerjee et al.>® (ESI{ Section 2 describes each synthesis step
and highlights where any modifications were made). The
prepared COF material was characterised using powder X-ray
diffraction (PXRD), N, sorption isotherms, Fourier transform
infrared (FT-IR) spectroscopy, scanning electron microscopy
with energy dispersive analysis (SEM-EDX), thermogravimetric
analysis (TGA) and elemental analysis (EA). The specific BET-
area (1574 + 14 vs. 1530 m” g~ '), pore size distribution (2.1
vs. 2.4 nm), PXRD peaks and FT-IR for our TpOMe-DAQ were all
in excellent agreement with previous reports (see ESI} Section
5.1 for details).”® The PXRD and the large specific BET-area
indicate the COF is mostly microcrystalline, however, we
cannot determine with certainty how much of the material is
crystalline or amorphous nor how these regions are distributed
throughout the material. Both EA and SEM-EDX confirmed the
presence of small amounts of residual sulphur in the TpOMe-
DAQ, which originated from the excess para-toluenesulphonic
acid (PTSA) used during the synthesis (ESI Table S2 and
Fig. S18%). However, extensive washing and sonication can
reduce this amount. Particle size measurements using laser

This journal is © The Royal Society of Chemistry 2023
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diffraction suggested that particle aggregates ranged from
approximately 2 to 350 um in size, with most aggregates
distributed around 20 and 80 um (ESI Fig. S19%).

In a functional material designed to incorporate redox-active
molecular units, the number of accessible centres is a crucial
parameter. For example, the faradaic charge (typically origi-
nating from these accessible redox-sites within the electrode
material), mainly determines the battery's capacity during
cycling.”” We investigated pristine TpOMe-DAQ together with
only PVDF as a binder (10% of the combined mass) to establish
a baseline, that is, to determine how many redox units could be
electrochemically accessed in the pristine material and to
establish whether conductive additives would be required. To
allow for upscaling, the focus was on higher material loadings
beyond very thin and ordered films. A mass loading between
0.45 t0 0.75 mg cm > formed evenly-coated films, and produced
reasonably reproducible (std = 0.06%) RSA values of ca. 0.76%
when utilizing an aqueous acidic electrolyte and determining
the faradaic charge from three-electrode cyclic voltammetry (see
ESI} Sections 1.10 and 3 for all details). This suggests that only 1
in every 130 redox-active sites within the TpOMe-DAQ frame-
work is electrochemically accessible and such low RSA has
previously been attributed to poor electron conductivity in
similar framework materials.® It should be noted that the
method used here to evaluate RSA cannot distinguish between
redox-active moieties located in crystalline or amorphous
domains within the COF material. It also assumes an infinite
and defect-free repetition of the redox moiety depicted in
Fig. S17.; We also observed that lower areal loading, of the
TpOMe-DAQ and PVDF mixture, showed higher RSA values
while loading above 0.75 mg cm > showed decreasing RSA
values (ESI Section 4.1 and Fig. S8}). This trend is expected for
a material that exhibits poor framework and interparticle
conductivity, whereby only the tiny fraction of redox-active sites
on the surface of particles directly contacting the current
collector have a conducting pathway.

Clearly, conductive additives are needed in order to attempt
to improve the RSA. The go-to material used to achieve this is
conductive carbon which is commonly used to ensure material
conductivity in the fabrication of battery electrodes. Conductive
carbon has several benefits, as it is inherently conductive at all
electronic potentials, chemically very stable, and exists in
a range of forms as well as being readily available.?® It should be
noted that the addition of conductive additives increases the
mass of the composite blend without adding redox-active sites,
and therefore results in a reduced gravimetric capacity for the
composite, which is negative in, for example, battery applica-
tions. The effect of increasing the C : TpOMe-DAQ mass ratio on
the RSA of TpOMe-DAQ was explored, and the results are shown
in Fig. 1A. Blending pristine TpOMe-DAQ with conductive
carbon (see ESIi Section 3 for methods and 4.2, for further
details) improved its RSA from 0.76% to 3.4%, but not indefi-
nitely for higher C: TpOMe-DAQ ratios (indicated by a plateau
in Fig. 1A). The onset of the plateau was observed at 25% carbon
in the blend (corresponding to a C: TpOMe-DAQ mass ratio of
approximately 0.38). More carbon added very little to the RSA of
the active material and instead reduced the composite's

This journal is © The Royal Society of Chemistry 2023
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Fig.1 The effects of the amount (A) and type of conductive carbon (B)
on TpOMe-DAQ's redox-site accessibility. (A) The amount of BP2000
was increased relative to the amount of TpPOMe-DAQ and defined by
the C: COF (mass/mass) ratio. The COF's RSA (black) and composite's
gravimetric capacity (red) excluding the PVDF binder were evaluated.
(B) The RSA of TpOMe-DAQ was evaluated at the mass ratio of 0.38C:
TpOMe-DAQ with different conductive carbon types (BP2000, PBX51,
and SuperP) in triplicate and their relative standard deviations are
represented by the black error bars.

gravimetric capacity unnecessarily by adding weight without
activating more redox sites (note that any capacitance origi-
nating from the carbon additive is excluded in the capacity
calculation, see ESII Section 3).

For redox-active materials that exhibit poor interparticle
conductivity, blending them with conductive carbon would be
expected to improve their RSA values owing to better accessi-
bility of the surface redox-active groups in all the particles
within the film (and not just those contacting the current
collector). This should also enable higher areal loading
without forfeiting the RSA. Such an observation was in fact
made when more than doubling the areal loading (from 0.70 to
1.67 mg cm ™ %) in a 25% BP2000 (Cabot Corporation) blend with
TpOMe-DAQ did not reduce its RSA to any degree outside of
experimental error. Furthermore, the effect of the conductive-
carbon type (BP2000, PBX51 and SuperP were chosen because
they possess different characteristics®®) on the RSA of TpOMe-
DAQ was evaluated at a C: TpOMe-DAQ mass ratio of 0.38 in
triplicate (Fig. 1B). For the electrode blend containing 65%
TpOMe-DAQ, 25% conductive carbon and 10% PVDF binder,

J. Mater. Chem. A, 2023, 1, 13923-13931 | 13925
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TpOMe-DAQ exhibited the highest RSA of 4.0% when PBX51
was used. The magnitude of the standard deviation bars for
these results also provides insight into the reliability of the
method used to obtain RSA values.

The above findings show that in poorly conductive 2D
RACOFs, only modest improvements can be achieved by
blending them post-synthetically with conductive carbons, and
that the primary benefit of such blending is to enable higher
areal loading without further reducing their RSA values (owing
to the poor contact with particles further away from the current
collector). It should be noted however, that high RSA values
have been reported for some 2D-RACOFs blended with
conductive carbon.**

Improved electronic conductivity and increased capacity/
capacitance in 2D RACOFs have previously been demonstrated
by infusing them with monomers of a conducting polymer
(followed by in situ oxidation either chemically®'** or electro-
chemically*® to form the conducting polymer). As the chemical
oxidation approach might offer scalability advantages, we
sought to evaluate the effect of the loading amount of EDOT
(3,4-ethylenedioxythiophene, the monomer of the conducting
polymer PEDOT) on the RSA of TpOMe-DAQ after chemical
oxidation (using FeTs;-6H,0). Previous studies have indicated
that the half-wave potential of the anthraquinone redox reac-
tion is higher than the conductivity-onset potential of PEDOT in
acidic aqueous electrolytes.' Selecting a conducting polymer
which has a lower conductivity-onset potential (the potential at
which the conducting polymer starts oxidizing and conse-
quently becomes conductive) with respect to the redox-active
moieties is a general rule and constitutes what is called
a “redox match”. Without such a redox match, the conducting
polymer should not be able to function as a conductive additive.
In other words, it would neither enhance the electronic
conductivity of the material nor activate redox sites in the
potential region of interest.***' Thus, employing a conducting
polymer as a conductive additive requires judicious selection of
redox groups, conducting polymers and electrolyte/solvent
systems. Evaluating potential-dependent conductivity using
interdigitated array (IDA) electrodes and a bipotentiostat
represents an excellent method to achieve this (vide infra).

Explorative synthesis of new materials often results in limi-
tations in the quantities initially produced. Thus, a small-scale
method requiring only 1-2 mg of COF material was devised to
explore several EDOT : TpOMe-DAQ (mass/mass) loading ratios
(see ESIf Section 2.4.1). Screening demonstrated that the poor
RSA of pristine TpOMe-DAQ and C:TpOMe-DAQ could be
dramatically enhanced from 0.76% and 4.0%, respectively, to
over 90% by in situ EDOT polymerisation. The black line in
Fig. 2A shows how gradually increasing the EDOT loading in the
composite rapidly activates redox sites, and that a plateau is
reached at an EDOT : TpOMe-DAQ mass loading as low as ~0.3.
Interestingly, increasing EDOT loading above this ratio only
reduced the gravimetric capacity of the material (Fig. 24, red
line), and the remaining ~10% could not be reached. The
primary control measurement (no EDOT added) confirmed that
the chemical oxidant (FeTs;-6H,0) had no positive effect on the
RSA of TpOMe-DAQ (0.76%). Furthermore, a secondary control,
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Fig.2 Depicts how the EDOT : COF mass loading ratio (A) and general
conductivity-enhancement method (B) affects TpOMe-DAQ's RSA
and the composite's gravimetric capacity. (A) The top of the red x-axis
is the maximum theoretical capacity for pristine TpOMe-DAQ
(144.7 mA h g~ and assumes no added capacity from the conductive
additive). “In situ” polymerisation implies that EDOT was polymerised in
the presence of TpOMe-DAQ in the same tube. "Ex situ” polymerisa-
tion implies EDOT was first polymerised in a separate tube and then
added to TpOMe-DAQ.

where EDOT was polymerised ex situ from TpOMe-DAQ using
FeTs;-6H,0 and then blended, demonstrated that EDOT poly-
merisation in the presence of TpOMe-DAQ was necessary to
enhance its RSA because it displayed worse results (RSA =
1.55%) than mixing with carbon. Fig. 2B summarises how the
different composite-blending strategies affected the RSA of
TpOMe-DAQ and shows the corresponding gravimetric capacity
of each composite.

After exploring the effect of different EDOT : TpOMe-DAQ
mass loading ratios on the RSA of TpOMe-DAQ, the small-
scale method (used for initial screening) was scaled up to
produce hundreds of milligrams of 0.2, 0.4, and 0.8 EDOT:
TpOMe-DAQ (mass/mass) composite material for further
material characterisation. A batch of PEDOT : Ts (PEDOT with p-
toluenesulfonate anions as dopant) was also synthesised using
the same polymerisation conditions as for the composites (but
without any TpOMe-DAQ present), which acted as a control for

This journal is © The Royal Society of Chemistry 2023
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all subsequent characterisation analyses (ESI Scheme S1 and
Section 2.3%). The actual composition of the composites (the
relative mass percentages of PEDOT : Ts and TpOMe-DAQ) was
evaluated using two methods: the initial-mass method and the
EA-XPS method (see ESI} Sections 2.4.2 and 5 for details). Both
methods yielded composite compositions within £6% of each
other (ESI Table S1}). XPS of S 2p also suggested that the
PEDOT : Ts component of all composites was doped at a 1:6
ratio of tosylate anion:PEDOT monomer units.

An overlay of the thermogravimetric (TG) profiles of pristine
TpOMe-DAQ, PEDOT: Ts, and 0.4EDOT@TpOMe-DAQ (Fig. 3)
demonstrated a two-component composite with PEDOT: Ts
decomposing rapidly at 300 °C (Fig. 3A, blue line). After
complete combustion at 400 °C, the TG profile of
0.4EDOT@TpOMe-DAQ (green) returned to that of the more
stable TpOMe-DAQ COF (orange), indicating that the thermal
stability of the composites was limited by that of the PEDOT : Ts
component. All the composites, including the PEDOT:Ts
control, left a slight red combustion residue presumed to be
iron oxide. It was suspected that this originated from the
FeTs;-6H,0 oxidant used during the polymerisation of EDOT.
An EDS-SEM map of PEDOT : Ts (ESI Fig. S251) shows that iron
was randomly distributed throughout the polymer and likely to

Pristine TpOMe-DAQ

—0.4EDOT@TpOMe-DAQ
—PEDOT:Ts

0 200 400
Temperature (°C)

B
s
= —0.8EDOT@TpOMe-DAQ
=
2 —0.4EDOT@TpOMe-DAQ
3
E 0.2EDOT@TpOMe-DAQ
[
% ] Pristine TpOMe-DAQ
2 —PEDOT:Ts
W
0 20 40

26

Fig. 3 Overlay plots of air-combustion thermogravimetric profiles for
pristine TpoOMe-DAQ, 0.4EDOT@TpOMe-DAQ and ex situ polymer-
ized PEDOT : Ts (A) and PXRD diffractograms for the series of in situ
polymerized composites (B).
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have been trapped during particle aggregation. Based on the
TGA analysis and assuming that the red residue was Fe,O3, the
PEDOT:Ts component of the composites was expected to
contain less than 0.85% Fe.

The PXRD pattern of the PEDOT control suggested that it was
predominantly amorphous, whereas the diffractograms ob-
tained for the composites showed the same pattern as that of
pristine TpOMe-DAQ (Fig. 3B). The degree of crystallinity could
not be reliably determined from the PXRD patterns. However, it
was concluded that the microcrystallinity of TpOMe-DAQ was
preserved, and that the polymerisation process likely did not
significantly disturb this order.

When comparing the SEM images of pristine TpOMe-DAQ
COF (ESI Fig. S18i) with those obtained for the
0.4EDOT@TpOMe-DAQ composite (ESI Fig. S30%), the in situ
polymerisation procedure produced a cauliflower-like coating
(presumably PEDOT:Ts) over the different morphological
structures of TpOMe-DAQ. A sulphur-rich EDX map (ESI
Fig. S30%) of the imaged composite further supports the
formation of an intimate and evenly distributed PEDOT : Ts
coating on the surface of the TpOMe-DAQ COF.

The specific BET-area and cumulative pore volume (extracted
from Fig. 4A and B, respectively) gradually decreased for
composites with higher EDOT loading [pristine TpOMe-DAQ
(1574 m? g '), 0.2EDOT@TpOMe-DAQ (1155 m*> g '),
0.4EDOT@TpOMe-DAQ (956 m> g~ ') and 0.8EDOT@TpOMe-
DAQ (557 m*> g ")]. As both these metrics are evaluated per
gram of material, a decrease in their magnitude is expected
owing to the addition of more PEDOT:Ts mass in the
composites. However, the measured specific BET-areas and
cumulative pore volumes of all the composites were lower than
expected based on correlating the control measurements with
their final mass-measured ratios after synthesis (ESI{ Section
5.6). These lower-than-expected values suggest that higher
EDOT loading blocked a higher percentage of TpOMe-DAQ
pores. However, an overlay of the pore-size distribution plots
for the different composites (Fig. 4B) showed no evidence of
a decrease in pore diameter, which suggests that the PEDOT : Ts
surface coating may simply block the probe molecule's access to
the pores during measurements.

Dichtel et al. and others have previously attributed the
enhanced capacity of their composites to PEDOT formation
inside the COF pores.'**® Herein, the high RSA value (90%)
obtained for the in situ polymerisation of EDOT versus blending
TpOMe-DAQ with ex situ polymerised PEDOT : Ts (RSA = 1.55%)
fits well with the explanation of in-pore PEDOT formation.
However, apart from this observation, we could not confidently
confirm that PEDOT:Ts had formed within the pores of
TpOMe-DAQ using the experimental techniques at hand. The
enhanced RSA of TpOMe-DAQ, observed when EDOT was
polymerised in situ, may have resulted from an intimate surface
coating of its particles and not necessarily from creating
a conductive network within its pore space.

Next, we evaluated whether loading more than the necessary
polymer (which did not activate any more redox sites) into the
composite affected the electrochemical performance of the
material using an aqueous acidic electrolyte (0.5 M para-
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Fig. 4 Overlay plots of N, adsorption profiles (A) and their corre-
sponding pore-size distributions (B) for the in situ EDOT polymerized
series as well as the pristine TpoOMe-DAQ and ex situ polymerized
EDOT (PEDOT : Ts). (B) The pore-size distribution plots were obtained
from a DFT-based pore-size distribution model. All the adsorption
profiles in A (excluding PEDOT : Ts) are similar in shape and produce
corresponding pore-size distribution plots (all centred at 2.13 nm or
higher) which do not show smaller pore sizes with increased EDOT
loading.

toluenesulfonic acid). We compared the properties of
0.4EDOT@TpOMe-DAQ with those of 0.8EDOT@TpOMe-DAQ
(both composites showed an RSA of approximately 90%) to
map any changes in mass transport within the material. The
cyclic voltammograms obtained for 0.4EDOT@TpOMe-DAQ
showed two partially separated oxidation and reduction peaks
(Fig. 5A), especially at low scan rates. A similar peak splitting
was previously observed for benzoquinone redox potentials
when its units were coupled to a conducting polymer and
measured in an acidic aqueous electrolyte.®> As each peak was
assigned to the 1e /1H' hydroquinone-semiquinone and
semiquinone-quinone steps,* each peak observed in the
0.4EDOT@TpOMe-DAQ voltammograms was also assumed to
represent either a quinone-semiquinone or semiquinone-
hydroquinone step. A scan rate study of 0.4EDOT@TpOMe-
DAQ, which was evaluated by deconvoluting the voltammo-
gram peaks (Fig. 5A), showed the half-wave potential for both
steps separated at higher scan rates (Fig. 5B). From Fig. 5B-D,
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Fig. 5 Plots depicting how the electrochemical performance
parameters such as half-wave potential (B), current (C), and capacity
(D) changed at different scan rates for the 0.4EDOT@TpOMe-DAQ
composite and evaluated assuming a two peak (with equal area) vol-
tammetric response (A).

reasonably low E — E, values, a gradient of 1 for logI vs. logv
plots and almost constant capacity, all observed for low scan
rate values (v = 0.05-1 mV s '), suggested that the material
would not be well suited for fast charge-discharge applications
without losing a sizeable portion of its faradaic charge
capacity.?” At scan rates above 1 mV s~ !, the material's capacity
fell off with scan rate (Fig. 5D), and a concurrent gradient shift
from 1 to 0.5 for log I vs. log v plots was observed (Fig. 5C). This
gradient change from 1 (expected for surface-bound redox-
active materials) to 0.5 (typical for redox-active species in solu-
tion) strongly suggests a mass-transfer limitation. We suspected
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that at higher scan rates, either electron diffusion or proton/
counter-ion diffusion throughout the composite limited its
charge storage capacity. It is also noteworthy that reliable RSA
measurements require a scan rate with which the material's
capacity is not limited, that is, slow scan rates in the yellow
plateau region of Fig. 5D.

It should be kept in mind that electrochemical performance
data can also be affected by variation in particle morphology as
well as proper adhesion to the current collector as pointed out
for example by Marder et al.** Adding more conducting polymer
could result in better electronic conductivity while hindering
ion transport, particularly if the polymer fills the COF pores.
Similar scan rate studies, as described above, were also per-
formed on the O0.8EDOT@TpOMe-DAQ composite (ESI
Fig. S40}), which showed similar mass-transport-limiting
characteristics and no significant electrochemical improve-
ments or deterioration compared to 0.4EDOT@TpOMe-DAQ. To
elucidate whether the mass-transport limitations were caused
by limited interparticle-electron diffusion or by proton/counter-
ion diffusion, we performed similar scan rate studies on the
0.4EDOT@TpOMe-DAQ composite blended with conductive
carbon PBX51 at a C: 0.4EDOT@TpOMe-DAQ mass ratio of 0.38
(ESI Fig. S31%). The addition of PBX51 was expected to minimise
any electron-transport limitations arising from poor interpar-
ticle and particle-current-collector conductivity. Again, the
electrochemical performance comparison showed no improve-
ment and pointed toward a proton/counter-ion diffusion limi-
tation throughout the composite material or an intraparticle
electron-diffusion limitation.

The redox match between anthraquinone and PEDOT was
confirmed by depositing 0.4EDOT@TpOMe-DAQ with a 10%
PVDF binder on gold IDA electrodes and evaluating its CV
response. When using the bipotentiostat setup, a bias (0.01 V)
between the working electrodes causes the currents to diverge
when the material is able to conduct electrons, and the
conductance can be measured. When cyclic voltammetry was
performed without a proton source in acetonitrile (using 0.1 M
TBAPF; electrolyte) in the voltage window —1.0 to 0.7 V (vs. Fc/
Fc'), only the current from the PEDOT:Ts component was
visible (ESI Fig. S32%). Under these measurement conditions,
the material produced a voltammogram typical of PEDOT,
demonstrated a conductance of 7.4 mS, and showed a conduc-
tance onset potential starting at —0.33 V (vs. Fc/Fc'), which
demonstrated it to be a functional component of the composite.
For the same measurements performed in water with a 0.5 M
para-toluenesulfonic acid acting as both the electrolyte and
proton source, a maximum conductance of 7.7 mS was reached
at 0.4 V (vs. Ag/AgCl) and it dropped to 4.0 mS at —0.3 V (vs. Ag/
AgCl) (Fig. 6A). The PEDOT:Ts component was shown to be
conductive over the anthraquinone redox-active voltage
window, thus constituting a redox match. A control measure-
ment of pristine TpOMe-DAQ with 10% PVDF (which produced
RSA values of approximately 0.76%) showed a conductance
value indistinguishable from that of an IDA blank (Fig. 6B). The
control measurement further supports the premise that the low
RSA in pristine TpOMe-DAQ is due to poor conductivity
throughout the material.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 In situ conductance plots of the 0.4EDOT@TpOMe-DAQ
composite (A) and the pristine ToOMe-DAQ (B) obtained by depositing
the respective materials on gold IDA electrodes and acquired in 0.5
pTSA aqueous electrolyte. The conductance in pristine ToOMe-DAQ
(B) was ca. 1000x smaller compared to that of the 0.4EDOT@TpOMe-
DAQ composite (A).

Finally, a RACOF-air secondary battery was fabricated by
combining the optimised 0.4EDOT@TpOMe-DAQ composite
electrode as an anode, a Pt/C catalyst cathode, and 0.5 M H,SO,
aqueous electrolyte (Fig. 7A and B). The battery configuration
was inspired by our previous studies on polymer-air
batteries.>*?¢ The charge/discharge profile (Fig. 7C) showed
a high discharging voltage centred between 0.8-1.2 V, which
corresponded to the  potential window of the
0.4EDOT@TpOMe-DAQ composite electrode when cycling it in
a similar acidic electrolyte (Fig. 6A). The gravimetric capacity of
the anode material (Fig. 7C) was calculated for the portion of
TpOMe-DAQ in the composite, and was found to be
139 mA h g~ at 1C. Compared with the theoretical gravimetric
capacity of 144.7 mA h g™ for pristine TpOMe-DAQ, this value
suggests that the RSA of TpOMe-DAQ in the air battery was 96%,
which agrees with the RSA value of 90% obtained using three-
electrode cyclic voltammetry. In battery applications, espe-
cially over a 1 V window, a small capacitive and doping-charge
contribution is expected to originate from the PEDOT compo-
nent in the composite.’” These contributions were minimised
when RSA calculations were performed in a three-electrode
setup by integrating above the capacitive background. Conse-
quently, the slightly higher RSA value obtained for TpOMe-DAQ
via device measurements was not unexpected. The battery,

J. Mater. Chem. A, 2023, 11, 13923-13931 | 13929


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta00422h

Open Access Article. Published on 13 April 2023. Downloaded on 1/21/2026 10:56:42 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

COF Electrolyte O, reduction COF
electrode catalyst electrode

Electrolyte O, reduction
catalyst

C D
1006000000009

11158

< 2 80t <
> S 103
o b Tx c
3 g Fe0 {1058
% g~ 100%
2 8% 4P C 00000000 0Ps
® & 195 3
© g 0L @ Discharge capacity |90 _E
O Coulombic efficiency 1 85 8

L

L L L L L L s 0
G0 20 40 60 80 109 120 140 0 20 4‘0 66 86 10080
Capacity (mAh g') Cycle number

Fig. 7 Schematic of the RACOF-air secondary battery during
charging (A) and discharging (B). The charging (black)/discharging (red)
of the battery at 1C (C) and the stability studies and coulombic effi-
ciency over 100 cycles (D).

together with the three-electrode-based RSA calculations,
confirmed that nearly all the anthraquinone moieties (which
store two electrons and two protons) in TpOMe-DAQ could be
accessed. It also exhibited a high cyclability of over 99% of its
initial capacity even after 100 cycles, with a high coulombic
efficiency of nearly 99%. It is worth emphasizing that due to the
relatively fragile electrodes and narrow potential stability
window of water, these organic aqueous batteries are unlikely to
effectively compete with their Li-ion counterparts for commer-
cial applications. The exploration into alternative binders and
processing methods which could increase the electrode's
robustness and quality is ongoing.

Conclusions

In this study, we have shown how redox-site accessibility (RSA)
can be used as an effective tool to optimise the type and amount
of conductive additive needed to activate all possible redox sites
in a nonconducting porous polymer, specifically a 2D RACOF.
By employing in situ-formed PEDOT, over 90% of the redox sites
were activated at a mass ratio as low as 0.3 of EDOT : TpOMe-
DAQ. Increasing the loading beyond this point does not
produce any detectable benefits, and only reduces the material's
surface area and gravimetric capacity by adding additional
weight. In addition, the electrochemical response of a material
containing twice as much PEDOT as required to activate all its
redox sites maintains the same performance. For functional
materials that are less concerned with weight, such as sensors
or electrocatalysts, loading more than the necessary conductive
polymer should be explored. The significant increase in RSA
associated with the in situ polymerisation of EDOT supports the
established view that conducting polymer chains form within
the pore structure and allow efficient electron transfer to and
from the redox sites within the crystalline material. However, at
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least for TpOMe-DAQ, we could not measure any pore-size
reduction or electrochemical mass-transport limitation which
would be associated with pore overloading. It is possible that
efficient and close polymer-COF coverage or a single polymer
strand deep within the pores (which prevents further loading)
could be responsible for the significant improvement in the
RSA. Regardless of the cause, both the three-electrode charac-
teristics and air-battery application of the 0.4EDOT@TpOMe-
DAQ composite demonstrated that it is a functional material
capable of electrochemical energy storage. This composite is
best described as a battery material because almost all the
anthraquinone units are utilised giving rise to a significant
proportion of faradaic charge when employed as the anode in
an organic-air battery.

The methods and characterisation protocols developed
herein allow small amounts (1-2 mg) of redox-active COF to be
screened for optimal conducting-additive addition and subse-
quent scale-up. We believe that this approach can serve as
a general guide for the electrification and characterisation of
RACOFs and is likely to be valid for other types of porous
polymers. However, in order to verify this, other types of 1D, 2D
and 3D materials would need to be similarly investigated in
order to form a reliable structure-property relationship guide to
which combination of polymer and additive gives the best
electrochemical performance.
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