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ABSTRACT

Alkali-ion reservoir organic positive electrode materials with high redox potential emerge as promising
candidates for rocking-chair batteries. Despite recent major advances on coordinated Li-enolates and
conjugated Li-sulfonamides, alike chemistries remain rare with clearly enormous room to explore and
investigate. Herein, we report a new high-voltage redox functionality for alkali-ion storage based on
aromatic di-sulfonyl methanide. The versatile paradigm chemistry of di-alkali p-phenylene-bis-dieth-
ylsulfonyl methanide (denoted as A;-p-TESO,, where A = Li*, Na™, K™) displays high voltage (3.13 vs Li*/
Li), a two-electron reversible redox in both liquid phase and solid phase electrochemistry. A;-p-TESO;
also shows great stability under ambient air conditions in their alkali-ion reservoir states. This work not
only suggests a new charge storage mechanism for organic batteries but also highlights the versatility of
organic chemistry in designing new redox functionalities for next-generation organic rechargeable
batteries.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Organic electrode materials (OEMs) are becoming indispensable
candidates for electrochemical energy storage [ 1—5]. Sustainability,
natural abundance, and steadily improved electrochemical perfor-
mance of a variety of OEMs have generated tremendous interest on
their utilization as positive electrode materials for future battery
systems (redox flow cells and conventional solid cells, etc.) [6—11].
More importantly, they are not only emerging as mere alternatives
to the traditional transition metal oxide cathodes in conventional
rechargeable batteries, rather, have the potential to complement
and lead to disruptive technologies [12—14]. Despite these excite-
ments, however, OEMs chemistries are still in early stages of
development as compared to their inorganic counterparts (e.g.,
LiFePO4 and Li[Ni,Co,Mn]0;), and the lack of suitable positive
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electrode materials considerably restricts their applications
[15—19].

Over decades, continued exploration of organic molecules has
provided bountiful possibilities for investigating their energy
storage mechanism [20—23]. The broad class of OEMs can be
classified into two main categories, n-type and p-type system, ac-
cording to whether cations or anions are used for charge
compensation upon redox [24]. The p-type electrode materials are
usually prepared and handled in their reduced state, undergoing
oxidation at the first cycle utilization, requiring thus anions for
charge compensation. Consequently, such chemistries are primarily
compatible with dual-ion or anionic batteries [25,26]. Given this
charge storage mechanism, the p-type electrode materials are
plagued by limited specific capacity given their high molecular
weight but in particular, due to the additional large molecular
weight of compensating anions (e.g., TFSI™, PFg) that need to be
considered for capacity and energy metric calculations.

Conversely, a large part of the n-type electrode materials library
are prepared and handled in their oxidized cation-free containing
state and require initial reduction with alkali cations uptake (e.g.,
upon first cycle cell discharge) [1]. For a full cell assembly, this
configuration inevitably requires an alkali-cation containing anode
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that remains sophisticated to prepare, needs to be handled exclu-
sively under an inert atmosphere, resulting thus in extra produc-
tion costs as well as safety issues. Therefore, the optimal organic
positive electrode material should be in the reduced alkali-ion
containing state, namely organic alkali-ion cathodes (OAICs), alike
the commercial Li-ion battery cathodes (e.g., LiFePOy).

However, despite the undeniable need of OAICs chemistries, the
current state-of-the-art OAICs, unlike the large diversity of inor-
ganic ones, resume to a handful of chemistries all developed over
the past 4 years. Exhilaratingly, based on decades of studying and
developments, only recent advances in molecular engineering
succeeded in addressing the issue of the considerably increasing
the redox potential of n-type organic redox materials. The sulfo-
nated analog of dilithium (2,5-dilithium-oxy)-terephthalate
(denoted Lig-p-DHT) [27], namely tetralithium 2,5-dihydroxy-1,4-
benzenedisulfonate (Lis-p-DHBDS) [28], developed by Lakraychi
et al. provided a discharge potential as high as ~3.25 V (vs. Li*/Li),
making it the first organic and lithiated positive electrode material
processable under dried air. Shortly after, Poizot et al. demonstrated
that substituting two Li * by Mg?" in parent Liz-p-DHT, resulting in
Li(Mg)-p-DHT, enabled a net voltage gain of nearly +800 mV,
providing a battery material operating at 3.35 V (vs. Li*/Li) [29].
Afterward, the exotic chemistry of tetralithium 2,5-dihydroxy-1,4-
benzenediacetate (Lis-p-DOBDA) was disclosed with remarkable
air stability and high redox potential, arising from a peculiar mo-
lecular arrangement and reactivity in the solid phase [30] (Scheme
1, top panel). However, the structural and compositional expand-
able space for OAICs remains limited due to extensive reliance on
enolate-carbonyl electrochemistry that intrinsically operates at
relatively lower redox potential.

The limitations of the carbonyl-based redox chemistries have
been thus the motivation for designing new organic redox active
materials with n-type characteristics. Wang et al. recently reported
the conjugated sulfonamide chemistry, disclosing as many as eight
derivate chemistries with Li-reservoir with excellent moisture and
oxygen resistance, as well as versatility for different alkali cation
storage (Scheme 1, middle panel) [31,32]. The existing research

General redox mechanism

Materials Today Chemistry 28 (2023) 101379

achievements remain however minimal as compared to the broad
and diverse library of inorganic materials so that the bottlenecks at
hand prompted us to explore, investigate, and analyze further new
OAIC chemistries.

In this work, we report a new OAICs redox center based on
conjugated alkali-ion disulfonyl-methanide (Scheme 1, bottom
panel). The disclosed p-phenylene-bis-(diethylsulfonyl methide)
with various alkali-ions (A,-p-TESO,, A = Li*, Na*, K*) display a
two-electron reversible redox in both liquid and solid state elec-
trochemical systems, switching between the reduced methanide
and oxidized methide forms. As a universal positive electrode
material, their alkali-reservoir feature, high redox potential, and
remarkable air stability make this new redox chemistry interesting
and promising for alkali-ion storage in conventional alkali-ion cells.
The high solubility of both oxidized and reduced phase may make
this new chemistry particularly interesting as catholyte for alkali-
ion supercapacitor as well as redox flow systems. With this
finding, we enrich the organic alkali-ion-containing electron stor-
age mechanism and further offer new directions and principles for
developing and improving organic materials for energy storage
applications.

2. Results and discussions

The synthesis of a, a, o/, o'-tetrakis-(ethylsulfonyl)-p-xylene
(H2-p-TESO,) was adapted from a previously publication [33] and
details are provided in Scheme 2. The deprotonation (e.g. lithiation,
sodiation, and potassiation) was carried out by reacting Hy-p-TESO;
with stoichiometric amounts of respective alkali-ion tert-butoxide
in anhydrous tert-butyl alcohol under an inert atmosphere (refer to
SI for detailed synthesis process). The successful deprotonation was
confirmed by the disappearance of the —CH characteristic peaks of
TH NMR in Ao-p-TESO; (A = Li*, Nat, K*) compared to Hy-p-TESO,,
as well as the shielding effect on all protons attributed to the
increased electron density upon the formation of the di-anionic
specie (Fig. 1a and Fig. S1-S3). Red shift of vsym(SO2) and
Vasym(SO2) bands is also observed in Fourier-transform infrared
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Scheme 1. Reaction mechanisms of reported Li-containing organic positive electrode chemistries and their paradigms. Top panel: conjugated Li-enolate; middle panel: conjugated

Li-sulfonamide; bottom panel: conjugated alkali-ion disulfonyl-methanide in this work.
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spectroscopy (FTIR) of due to the corresponding electronic effect
upon deprotonation (Fig. 1b).

Generally, the ternary (R)3-CH protons show a low 'H NMR
chemical shift of around 2—5 ppm, indicating strong difficulty to
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Fig. 1. Deprotonation process of H,-p-TESO,: (a) 'H NMR spectra before and after
deprotonation, (b) FTIR survey data of A,-p-TESO, (A = Li, Na, K) materials as compared
to parent H,-p-TESO,.

deprotonate. In the case of Hy-p-TESO,, the strong electron with-
drawing effect of the sulfonyl groups induces high electronic
delocalization, altering the proton chemical shift deshielding to
6.70 ppm (Fig. S2). This is an indication of increased acidity of the
—CH, leading to the deprotonation (e.g. lithiation, sodiation, and
potassiation) being possible via acid—base reaction.

The prepared A,-p-TESO (A = Li, Na, K) compounds were further
characterized by powder X-ray diffraction (PXRD), displaying higher
crystallinity for the potassium analog and more disordered for
lithium and sodium versions (Fig. S5). Similar trends were already
noted in other chemistries including both organic (Lis/Nas/K4-PTtSA)
[32] and inorganic (Liz/Na/KoMoSy) [34] materials, whereas the
bonding strength and cations radius are plausible explanations of
such correlation, however requiring further investigation for clearly
understanding the effects. Air stability is a parameter that not only
indicates the potentially practical application of an electrode mate-
rial by reducing the cost of processing but also implies a high redox
potential given the O, oxidation potential of ~2.91 V vs. Li*/Li
Motivated by this, the air stability of A,-p-TESO, materials was
evaluated by comparing the FTIR of the pristine sample and the
sample exposed to ambient atmosphere. All Ay-p-TESO, compounds
displayed excellent tolerance to molecular oxygen and moisture,
with negligible changes in FTIR spectra (Fig. S6). This is not only a
practical feature for handling and processing the electrode materials
but also indirectly suggesting a high oxidation potential (>2.91 V vs.
Li*/Li) of these materials.

With the structural and composition features of these materials
identified, we next studied the electrochemistry and charge storage
performances. The electrochemical reversibility and determination
of the redox potential were first characterized by cyclic voltam-
metry in dissolved form (Fig. 2). When compared to its closest
sulfonamide analog (the dilithium 1,4-phenylenebis((methyl
sulfonyl)amide) Li,-p-PDSA) with a similar two-electron reversible
redox (through p-sulfonamide/quinoneimine couple), the Liy-p-
TESO; displays an increase in redox potential by as much as 300 mV
(Fig. 2a, b). This can be explained by the presence of four electron-
withdrawing sulfonyl groups (—SO,—) bonded to the tetravalent
carbon compared to only two sulfonyl groups in Lio-p-PDSA, lead-
ing to enhanced electronic delocalization by mesomeric effect (-M),
stabilizing the dianion, and thus resulting in a higher redox
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Fig. 2. Comparative illustration of (a) redox mechanism and (b) liquid cyclic voltammetry (CV) between Li,-p-PDSA (black curve) and Li,-p-TESO, (red curve). The Li,-p-PDSA data
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potential. This is indeed a significant phenomenon, showing that
with electronic effect of different substituents, redox potential of
organic electrode molecules can be further increased.

To further elucidate and corroborate the redox mechanism of
the A,-p-TESO; series, the oxidized form (noted as Ox-p-TESO,) was

, on a platinum working electrode. The electrode potential was measured vs. a silver reference electrode, calibrated with an Fc*/Fc internal standard.

chemically synthesized and isolated as a pure and stable phase
(refer to Figs. S4, S5, S7 for details) [33]. As shown in Fig. 2c, both
Li>-p-TESO, and Ox-p-TESO, display distinct reversible molecular
electrochemistry with two pairs of overlapping redox peaks,
indicative of a sequential two-electron redox behavior of these
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Fig. 3. The electrochemistry of A,-p-TESO, in solid cells. Potential vs. capacity galvanostatic curves acquired at a rate of 0.1C for (a) Li,-p-TESO5, (c) Nap-p-TESO,, and (e) K»-p-TESO,
electrode materials. The differential capacity function of potential plots (dQ/dV vs. V) for the respective cells: (b) Lio-p-TESO,, (d) Nay-p-TESO,, and (f) K»-p-TESO,.
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redox centers. The anodic process is assigned to the electrochemical
formation of the radical anion form at 3.15 V (vs. Li*/Li) followed by
the formation of the neutral oxidized state at 3.30 V (vs. Li*/Li). The
two processes are reversible, with the cathodic peaks located at
3.20 V and 3.00 V (vs. Li/Li), respectively. The sodium and potas-
sium salts also show similar two-electron reversible cyclic vol-
tammetry responses. The high redox potential of Aj-p-TESO;
corroborates the observed excellent stability toward oxygen. The
high reversibility of Ay-p-TESO; directly confirms that the conju-
gated disulfonyl-methanide as a universal organic positive elec-
trode material can support two-electron redox for alkali-cation
storage (Fig. 2d and e), where the redox pathway is between the
reduced disulfonyl-methanide and oxidized p-quinomethane
forms (Fig. 2a).

The solid phase electrochemical behavior of A-p-TESO, mate-
rials was characterized next in half cell configuration, with the
respective alkali-metal (Li, Na, or K) as counter and pseudo-
reference electrodes, and the results are resumed in Fig. 3. The
potential capacity plots for Li,-p-TESO/Li cell cycled at a rate of one
lithium-ion in 5 h (equivalent of 0.1C rate), with a cutoff potential
between 2.0 and 3.4 V vs. Li*/Li are shown in Fig. 3a. At the first
charge step, the potential initially rises sharply to reach a plateau

Materials Today Chemistry 28 (2023) 101379

located at 3.26 V (vs. Li*/Li) corresponding to an overall extraction
of nearly two electrons/Li* per formula unit. Upon discharge, the
electrode potential traces back the charge profile with a small po-
larization of ~100 mV, remaining 75% reversible capacity (Fig. 3a
and b). In addition, the Li-p-TESO;/Li cell was characterized with
larger potential window of 2.0—3.7 V. Upon charging, a second
small charge plateau appears at high potential of 3.5 V; however,
during the following discharge, the plateau around 3.10 V disap-
pears and a new one appears at a lower value of 2.50 V vs. Li*/Li
(Fig. S8a). This phenomenon is probably due to the decomposition
of the electrode material at high operation voltage.

For the sodium and potassium analogs, both display similar
two-electron first charging process with flat charge plateaus at
2.98 V vs. Na*/Na and 3.10 V vs. K*/K, respectively (Fig. 3c—f). The
discharge process is also characterized by a lower capacity supplied
at high potential (less than one electron exchange) for both Nay-p-
TESO,/Na and K,-p-TESO,/K cells, accompanied by a second pla-
teaus at lower potentials. More discussion and explanation will be
given for the origins of this partial reversibility and redox potential
change. At this stage, we believe this is attributed to partial mo-
lecular decomposition during charge process. This is further indi-
rectly corroborated by increasing the charge potential to higher
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Fig. 4. Rate and cycling performance of A,-p-TESO, in solid cells. (a, b) Li,-p-TESO,, (¢, d) Nay-p-TESO,, and (e, f) K,-p-TESO, electrode.
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Table 1

Comparison of average discharge and charge voltage of A,-p-TESO, materials as
measured in solid (s, based on data from Fig. 3) and liquid states (1, based on data
from Fig. 2).

Redox potential
(Solid, V vs. A*/A)

Redox potential
(Liquid, V vs. Fc*[Fc)

Li,-p-TESO, 3.13 ~028
Nay-p-TESO, 2.81 ~0.40
Ka-p-TESO, 2.98 -031

values (>3.0 V vs. Na*/Na and >3.2 V vs. K*/K), where only the low
potential discharge profile was retained, indicating the complete
decomposition of the materials (Figs. S8b and S8c). Meanwhile, an
interesting voltage hysteresis phenomenon was observed in Ay-p-
TESO, materials during charge—discharge process in solid-state. In
our previous work of Lip-p-PDSA, Li,-p-PDSA also showed similar
first cycle hysteresis [31]. According to our investigation, the hys-
teresis is due to the nucleophilic attack to the free aromatic posi-
tions in the fully oxidized state. Once the 2, 5 aromatic positions
were protected, hysteresis phenomenon disappears. In this work,
since A,-p-TESO, share similar molecular structure as well as
electrochemical redox mechanism, we believe it is highly possible
that similar electrochemically induced Michael-type addition also
happens in the oxidized state of A,-p-TESO,. Indeed, similar
behavior is known from flow battery research on quinone
derivatives, many of these shown to undergo Michael reaction in b-
position when operated in aqueous media [35,36], unless this po-
sition is substituted [37]. However, it is still unknown why this
phenomenon only happens in the solid state instead of liquid state
in the case of Ay-p-TESO,. Thus, more investigation is needed to
understand this interesting phenomenon.

With the origins of the reversible redox reaction of A,-p-TESO,,
we next discuss the rate and cycling performance of A,-p-TESO; in
solid cells. Considering the solubility issues (Fig. S10), here we
select the first charge/discharge curve of different cells to evaluate
the rate capability. The rate capability was investigated under
different cycling rates of 0.2C and 0.5C. As shown in Fig. 4a, c and 4e,
the reversible capacity is decreased with increasing the cycling
rates and but the charge—discharge plateaus maintain. In addition,
as shown in Fig. 4b, d and 4f, all the cells show fast capacity decay in
the first 10 cycles attributed to the high dissolution of the active
materials in liquid electrolyte and then stabilize over 50 cycles at
0.2C. Due to the relatively high solubility of A-p-TESO,, we believe
alkali-ion batteries are probably not the promising application for
this material. Instead, this material shows high potential in their
dissolved phases and might be interesting to be used as catholyte
for either redox-flow batteries or alkali-ion supercapacitors thanks
to their high redox potential.

It is worth noting that the most interesting feature of Ay-p-
TESO, chemistry is the high redox potential attained, compared to
other alkali-cation reservoir cathodes. As summarized in Table 1,
we compare the average redox potentials of A,-p-TESO, chemis-
tries in solid (s) and liquid states (l). For Lio-p-TESO,, the average
redox potential center at 3.13 V vs. Li*/Li. These performances are
comparable to the best Li-containing organic cathodes materials
while relying on a new redox mechanism with potential for further
improvements (Table S2)[24,27—31,38]. Furthermore, Nay-p-TESO;
is found to display an average redox potential around 2.81 V vs.
Na*/Na. Compared to reported Na-containing OEMs (Table S3)
[32,39], the average redox potential of Nay-p-TESO; is the highest
attained so far (2.3 V vs. Nat/Na for NayDHTPA [24], 2.5 V vs. Na*/
Na for Nag-PTtSA) [32]. Finally, the average redox potential of K>-p-
TESO; is 2.98 V vs. K/K, higher than K4-PTtSA (2.6 vs. K*/K) [32],
which is the first K-reservoir organic cathode (Table S4).

Materials Today Chemistry 28 (2023) 101379

3. Conclusion

With this work, we disclose a new organic cathode material
based on the reversible redox of conjugated disulfonyl-methanide
(p-TESO3). Relying on same organic center, Li-, Na-, and K-ion
containing phases are prepared and studied in detail for the
respective alkali-ion storage. All phases are found to be air-stable in
the alkali cation reservoir form, an appealing feature for practical
application, synthesis, and use. The p-TESO, center displays a
reversible two-electrons redox per formula unit in dissolved state,
whereas a more complex behavior is observed in solid phase, with
only half the capacity being recovered at high potential, and more
capacity being extracted at lower potential. Despite, the measured
average discharge potentials are comparable as well as beyond the
state-of-art of 3.13 V (vs. Li*/Li), 2.81 V (vs. Na™/Na), and 2.98 V (vs.
K™/K), for Liz-, Nay-, and K»-p-TESO, phases, respectively. This new
redox chemistry can be widely used in alkali-ion organic batteries.
Due the high solubility, A,-p-TESO, might not suitable for alkali-ion
batteries, but more interesting as catholyte for redox-flow battery
or alkali-ion supercapacitor.
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