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Organic electrode materials have garnered a great deal of interest owing to their sustainability, cost-
efficiency, and design flexibility metrics. Despite numerous endeavors to fine-tune their redox potential,
the pool of organic positive electrode materials with a redox potential above 3 V versus Li*/Li°, and
maintaining air stability in the Li-reservoir configuration remains limited. This study expands the chemical
landscape of organic Li-ion positive electrode chemistries towards the 4 V-class through molecular
design based on electron density depletion within the redox center via the mesomeric effect of
electron-withdrawing groups (EWGs). This results in the development of novel families of conjugated
triflimides and cyanamides as high-voltage electrode materials for organic lithium-ion batteries. These
are found to exhibit ambient air stability and demonstrate reversible electrochemistry with redox
potentials spanning the range of 3.1 V to 3.8 V (versus Li*/Li°), marking the highest reported values so
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far within the realm of n-type organic chemistries. Through comprehensive structural analysis and
extensive electrochemical studies, we elucidate the relationship between the molecular structure and

DOI: 10.1039/d3ee02897f the ability to fine-tune the redox potential. These findings offer promising opportunities to customize

the redox properties of organic electrodes, bridging the gap with their inorganic counterparts for

rsc.li/ees application in sustainable and eco-friendly electrochemical energy storage devices.

Broader context

As the urgency to address climate change escalates, the need for sustainable energy storage solutions is paramount, particularly for integrating renewable
energy sources into power grids. Traditional lithium-ion batteries, while instrumental in this energy transition, face challenges including resource scarcity and
environmental concerns due to their metal components. Organic electrode materials have emerged as promising alternatives, offering advantages such as
sustainability, cost-efficiency, and design flexibility. However, there has been limited availability of organic positive electrodes capable of operating above 3 V
versus Li*/Li’ and maintaining stability in ambient air. To address these challenges, this study employs advanced molecular design to introduce a novel class of
conjugated triflimides and cyanamides, targeting the 4 V-class n-type organic electrode materials. Specifically, through the mesomeric effect-induced electron
density depletion within redox centers, the triflimides demonstrated delithiation potentials between 3.26 V and 3.8 V versus Li*/Li’. On the other hand,
Li containing cyanamides exhibited lower delithiation potentials but boasted storage capacity—for instance, the simplest cyanamide displayed a theoretical
specific energy level close to 1000 W h kg~'. Comprehensive structural and electrochemical analyses further elucidated the correlation between the molecular
structure and the fine-tuning of redox potentials. These groundbreaking findings not only advance the domain of organic electrode materials but also narrow
the performance gap between organic and inorganic alternatives, thereby offering new pathways for the development of more sustainable and efficient energy
storage systems.

“ Institute of Condensed Matter and Nanosciences, Molecular Chemistry, Materials .
and Catalysis, Université catholique de Louvain, Louvain-la-Neuve B-1348, I ntI’Od UCtIOn
Belgium. E-mail: alexandru.viad@uclouvain. be

b DIFFER - Dutch Institute for Fundamental Energy Research, De Zaale 20,

5612 AJ Eindhoven, The Netherlands

+ Electronic supplementary information (ESI) available: Materials and methods,

experimental procedures for synthesis and characterization data of compounds,

and electrochemical analysis, as well as computation details. See DOI: https://doi.

In recent years, lithium-ion batteries (LIBs)' have been widely
used as the primary power source for portable electronic
devices as well as in a variety of emerging applications, includ-
ing electric vehicles and smart grids.>* Electric vehicles offer
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advantages over their conventional thermal engine counter-
parts, particularly in terms of reduced pollutant emissions
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and addressing energy crises. Smart grids powered by large
stationary batteries are essential enablers of an advanced power
system that heavily integrates intermittent renewable energy
sources (RESs) such as solar and wind. They are favorable for
maintaining global warming below 1.5 °C,* which will be
critical for the future sustainable development of humanity
given the frequent extreme worldwide weather events in recent
years. However, current LIB technology has limitations in
theoretical energy density and practical performance, and the
essential elements used, such as lithium, nickel and cobalt, as
well as graphite have experienced increasing prices and envir-
onmental concerns.” Consequently, there is a pressing need for
alternative materials that align with economic and environ-
mental criteria. Organic electrodes, as opposed to inorganic
electrodes, are composed of abundant elements such as C, H,
O, N, P, S, etc.®® that replace scarce and expensive transition
metals, and can be easily synthesized by environmentally
friendly processes; with some of these chemicals even being
potentially extracted directly from plants,” fulfilling environ-
mental friendliness and sustainability. Moreover, organic
molecule architectures are versatile and straightforward to
construct, allowing for better adjustment of theoretical capacity
and operational potential, thereby optimizing battery energy
density.

Electroactive organic materials can be grouped into three
main classes: p-type, n-type, and bipolar. The redox mechanism
of p-type systems is based on the ingress - removal of anions,
evolving at a relatively high working potential.® Whereas such
chemistries are suitable for Li-free batteries'® or commonly
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known as molecular-ion batteries,"*

these are incompatible
with commercial Li-ion battery design. Furthermore, a one-
electron redox mechanism, and the large mass of the anions
inherently limit the energy storage capacity.'* In contrast,
n-type molecules have garnered significant attention owing
to their compatibility with the characteristics of commercial
batteries, as well as their superior molecular flexibility and
versatility that enables greater theoretical capacity.”

However, conventional n-type organic battery materials,
generally relying on the carbonyl, imine, organosulfur, etc.,
functionalities, typically display a redox potential lower than
3 Vvs. Li'/Li° (Fig. 1).”"*™ Consequently, it is imperative to
design organic battery materials with a high-working potential,
which will offer multiple benefits. Firstly, high-working-poten-
tial will result in higher energy per unit charge, resulting in a
higher energy density, which is crucial for all chemical energy
storage devices. Secondly, given the thermodynamic air stabi-
lity threshold of about 2.91 V vs. Li*/Li°,'®" most of the
currently available Li-containing organics get oxidized when
exposed to ambient atmospheric conditions (i.e., not even
possible to handle in a dry room)."”'® Therefore, when n-type
organics are used in organic batteries in the lithium-free
cathode (oxidized state), lithium metal or its alloy is required
as the negative electrode to provide the lithium source.
As depicted in Fig. 1A, this poses significant challenges to
industrial safety since the perfect solution to lithium dendrites
is still indistinct. Thirdly, a high working potential also reduces
the occurrence of unwanted electrochemical reactions that can
lead to battery degradation and failure over time, when compared
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Fig. 1 Schematic illustration of a battery (A) with no lithium reservoir and (B) with a lithium reservoir for the positive electrode. (C) The ranking of the
electron-withdrawing ability of various functional groups. (D) Rationale behind the molecular design of high-voltage Li-containing triflimides and
cyanimides. (E) The redox potential ladder for n-type organic battery materials. EWG, electron withdrawing group.
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to an electrode with a lower working potential at the same power
output. This is due to the faster electrochemical reactions
required for lower working potential cathodes, considering the
same power output.'® Finally, the development of high-working
potential positive electrodes presents a promising opportunity to
enhance the performance of divalent metal-ion batteries, for
which organic materials seem so far to be the best option.*
Therefore, the development of high-working potential n-type
organic materials containing Li is of utmost importance, as
highlighted in Fig. 1B. Prioritizing the synthesis and optimization
of such positive electrode chemistries is crucial to sustainable and
clean energy storage technology.

In recent years, molecular engineering has emerged as a
promising strategy to tune the working potential of organic
materials. The redox potential of a molecule can be adjusted by
fine-tuning the energy levels of its highest occupied molecular
orbital (HOMO) and its lowest unoccupied molecular orbital
(LUMO), allowing for customization. Based on molecular orbi-
tal theory, a molecule with a lower LUMO level exhibits a higher
electron affinity, resulting in a higher reduction potential.
Lowering the LUMO levels can be achieved through two distinct
methods: the through-bond effect and the through-space effect.
The former proceeds through inductive®* or mesomeric effects'”*
achieved by introducing electron-donating or -withdrawing groups,
as well as the incorporation of spectator cations (M™).>>*> The
latter includes stereo-electronic chameleonic effects'® and
polymorphism.*® The recent development of Li-reservoir organic
electrodes has led to a significant increase in working potential,
reaching the level of 3.4 V vs. Li'/Li%."” However, despite these
advancements, the number of available organic cathodes satisfying
these criteria remains limited.'®'”>*?”

The incorporation of electron-withdrawing substituents
stands out as an exceptionally efficacious and facile approach
to lower the LUMO level, thus raising the redox potential of
organic electrode materials in accordance with the rationales of
inductive or mesomeric effects.>! For instance, the bistrifli-
mides (F;C-SO,-N-SO,-CF;) and dicyanamides (N=C-N-
C=N) demonstrate anodic stability up to 5 V'” and 4.5 V*®
(vs. Li*/Li®%), respectively, owing to the synergistic effect of the
conjugation and the inductive impact of -SO,CF;/-C=N
groups. Given this perspective and inspired by the recently
reported conjugated sulfonamide class,'” herein, we merged a
p-phenylenediamine redox core with the triflimides and cyan-
amides for high voltage positive electrode materials (Fig. 1D).
The electron-withdrawing capabilities of the trifuoromethane-
sulfonyl and cyano groups (Fig. 1C) is anticipated to signifi-
cantly increase the redox potential, and the intramolecular
conjugation to delocalize the negative charges, thereby stabiliz-
ing an organic lithium salt in an ambient atmosphere (moist-
ure and air) to prevent hydrolysis (nucleophilic substitution).
Therefore, this work discloses two new families of high redox
potential Wurster-type redox materials that are air-stable (oxygen
and moisture) - conjugated triflimides and cyanamides.

Additionally, various EWG substituents (mainly halogen)
were also the subject of investigation to determine their reg-
ulatory effects on the working redox potential. Specifically, the

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

triflimide family of compounds was explored, including Li,-
PDFSA (dilithium 1,4-phenylenebis((trifluoromethylsulfonyl)-
amide), Li,-DC-PDFSA (dilithium (2,5-dichloro-1,4-phenylene)-
bis((trifluoromethylsulfonyl)amide))), Li,-DF-PDFSA (dilithium
(2,5-fluoro-1,4-phenylene)bis((trifluoromethylsulfonyl)amide)),
and Li,-PTFSA (tetralithium benzene-1,2,4,5-tetrayltetrakis-
((trifluoromethylsulfonyl)amide)). The cyanamide family includes
Li,-PDCA (dilithium (1,4-phenylene dicyanamide)), Li,-DC-PDCA
(dilithium (1,4-dicyanamido-2,5-dichlorobenzene)), and Li,-DF-
PDCA (dilithium (1,4-dicyanamido-2,5-difluorobenzene)) (Fig. 1D).

The triflimide class is found to display a remarkably high
average delithiation potential, spanning from 3.26 Vto 3.8 Vvs.
Li*/Li°. In particular, the second delithiation potential of Li,-
DF-PDFSA soars at a value as high as 3.91 V vs. Li*/Li’, making
this redox couple one of the highest achieved to date for n-type
organic chemistries (Fig. 1E). This chemistry approaches the
4V vs. Li*/Li® realm, which is a coveted value for n-type organic
electrodes. Compared to triflimide, the Li-containing cyana-
mides display slightly lower delithiation potentials, ranging
from 3.1 V to 3.35 V vs. Li*/Li°, yet having a higher storage
capacity. As an illustration, Li,-PDCA exhibits a theoretical specific
energy level at the active material of nearly 1000 W h kg™" (3.1 V
vs. Li"/Li% 320 mA h g~'). When used as a battery electrode,
the Li,-PDCA electrode retains more than 80% capacity after
100 cycles with one lithium ion exchanging per unit. A fine
interplay between the solubility, redox potential, capacity and
material utilization is presented, with further development
guidelines provided. A full cell employing Li,TisO;, as
the negative electrode and the cyanamide as the positive
electrode material exhibits a specific capacity of approximately
157 mA h gcathodei1 (72 mA h gcathode+anode71)7 with a CaPQCit}’
retention of more than 80% after 50 cycles. These promising
results offer inspiration for the development of high-voltage
and high-energy content Li-ion containing organic positive
electrode chemistries that could compete with the current
inorganic materials.

Results and discussion

Effect of electron withdrawing groups on molecular
conjugation

The impact of electron-withdrawing groups on the electro-
chemical performances was assessed through the experimental
evaluation of various triflimide and cyanamide derivatives
(Scheme 1). The triflimides were synthesized using a two-step
procedure, involving grafting trifluoromethanesulfonyl groups,
followed by lithiation using stoichiometric quantities of lithium
hydride in anhydrous diethyl ether, and in an inert environment
(Scheme 1A, top, and B route). The protonated versions of
cyanamides were synthesized according to a reported proce-
dure;?® thiourea derivatives were synthesized by reacting pheny-
lenediamine with benzoyl chloride and ammonium thiocyanate
in acetone. Thiourea was desulfurized with lead(u) acetate to
produce cyanamides, then lithiated with lithium methoxide in
anhydrous methanol (Fig. 1A, bottom; refer to the experimental
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Scheme 1 |lllustration of the synthetic route for triflimides and cyana-
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ESI, i section.

_ mEO

part and Fig. S1-S10 in the ESL 7 for further details). Notably,
the ortho-cyanamide exhibited a propensity for self-conden-
sation,*®*! thus precluding the synthesis of (benzene-1,2,4,5-
tetrayl)tetracyanamide.

"H NMR and FTIR spectroscopy are reliable methods for
investigating the electron density properties, which, in turn,
directly impact the electrochemical characteristics.'”** H,-PDFSA
and H,-PDCA were selected as representatives for the spectroscopy
study, which is discussed next in detail. Grafting of trifluoro-
methanesulfonyl and cyano groups onto p-phenylenediamine to
form H,-PDFSA and H,-PDCA, respectively, leads to reduced
electron density on the nitrogen atom marked by significant
deshielding of the amino proton from 4.17 ppm to 11.93 ppm
for H,-PDFSA, and 10.05 ppm for H,-PDCA (Fig. 2A). The large
chemical shift of N-H indicates the imine proton’s acidic nature,
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rendering it susceptible to exchange by the lithium cation. This is
also supported well by the computed electrostatic potential (ESP)
map (Table S1, ESIt), wherein the total ESP charge of two amine N
atoms in p-phenylenediamine is —1.76e, which turns to —1.38e for
H,-PDCA and —1.12e for H,-PDFSA, revealing the strong electron
delocalization on both the aromatic ring and the sulfonyl and
cyano groups. Simultaneously, compared to the "H NMR chemical
shift of the aromatic peak of p-phenylenediamine, the aromatic
protons undergo deshielding in both cases: H,-PDFSA (6 7.31) and
H,-PDCA (0 6.94) caused by the mesomeric effect (-M) of the
grafted trifluoromethanesulfonyl and cyano groups (Fig. 2A).
Given the higher covalency of the N-H bond, the lithiation
process triggers negative overall charge delocalization (yet
maintaining the conjugation) of the sulfonamide/cyanamide
system via the -C-N- bond. As a result, compared to the
protonated forms (H,-PDFSA/PDCA), the pronounced batho-
chromic shifts of the v-SO, (from 1348 cm™" and 1125 cm™"
to 1274 cm ' and 1021 cm™ ', Fig. 2B) and v-CN (from
2221 em™ ! to 2117 em ™, Fig. 2C) vibrations are observed in
the anionic forms (Li,-PDFSA/PDCA), attributable to resonance
effects (Fig. 2D and Fig. S11, S12, ESIf). The more uniform
electron density distribution over the -C-N bridge (between the
benzene ring and EWGs) leads to a decrease in its dipole
moment and the intensity of the characteristic FTIR band.

Redox mechanism and redox potential tuning through
molecular design

The elucidation of the redox mechanism for triflimides and
cyanamides was performed through ex situ "H NMR and FTIR
spectroscopy analysis. To understand the mechanism, chemi-
cally oxidized versions of Li,-DC-PDFSA and Li,-DC-PDCA
(denoted as OX-DC-PDFSA and OX-DC-PDCA respectively) were
prepared (Fig. S8 and S9, ESIT). In the FTIR analysis, the v-SO,
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Fig. 2 Spectroscopic characterization of H,/Li,-PDFSA and H,/Li,-PDCA as the representatives of triflimide and cyanamide families, respectively. (A)
1H NMR spectra of the starting materials: p-phenylenediamine, protonated form (H,-PDFSA and H,-PDCA), and their lithiated products (Li,-PDFSA and
Li,-PDCA). A comparative FTIR analysis of cyanamides (B) and triflimides (C). (D) Schematic representation of the deprotonation and conjugate resonance

forms for the triflimides and cyanamides.
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bands (1364 cm™ " and 1118 cm ™', OX-DC-PDFSA) and the v-CN
band (2180 cm ™', OX-DC-PDCA) demonstrate a notable hypso-
chromic shift (Fig. S10, ESIt). This is attributed to the loss of
charge delocalization resulting from oxidation, rather than
occurring directly on the sulfonyl and cyano groups. The
"H NMR spectrum of the charged Li,-DC-PDFSA phase was
found to be similar to that of the chemically oxidized OX-DC-
PDFSA (Fig. S13A and B, ESIt). Specifically, the aromatic ring
protons (7.12 ppm) were de-shielded to 7.95 ppm upon oxidation,
and this process is reversed for the reduced phase. Similar
spectroscopic features were observed for Li,-DC-PDCA (Fig. S13C
and D, ESIt). Consequently, the redox center in all disclosed
triflimides and cyanamides is confirmed to be the para-phenyl-
enediamine building block (Wurster-type redox, Fig. 3A), via
a reversible two-electron oxidation to the quinoneimine form,
making it the most plausible reaction pathway for these systems.

In combination with molecular electrochemistry analysis
(liquid-phase cyclic voltammetry, CV) and solid-state electro-
chemical performance, we deduced that during the charging
process (delithiation process), the Li-containing form under-
goes the extraction of one electron (—1Li"), leading to the
formation of an intermediate radical form. Subsequently,
another electron (—1Li") is extracted, forming a quinonimine
moiety (Fig. 3A). In contrast to solid-phase electrochemical
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processes, which are characterized by a significant number of
interfacial reactions, molecular electrochemistry analysis offers
a more straightforward approach to evaluate the reversibility
and redox potential of materials. The cyclic voltammetry ana-
lysis of triflimides and cyanamides is presented in detail in
Fig. 3B and C, using Li,-PDFSA and Li,-PDCA as representatives
for comparison and discussion. As shown in Fig. 3B(I),
Li,-PDFSA exhibits two sequential redox waves at 0.23 V and
0.08 V vs. Fc'/Fe, translating to as high as 3.66 V and 3.51 V vs.
Li*/Li’. To the best of our knowledge, these values stand among
the highest reported so far for organic n-type redox materials.®
During the first oxidation process the radical anion is gener-
ated, while the second oxidation event produces the neutral
form, both of which are attributed to the anodic events
(delithiation process). The cathodic waves show reversible
responses. Notably, the replacement of the methanesulfonyl
group with a trifluoromethanesulfonyl moiety, possessing a
stronger electron-withdrawing capability, results in a note-
worthy increase in the redox potential by 0.5 V as compared
to the previously reported analogous material Li,-PDSA."” The
introduction of a cyano group into Li,-PDCA (Fig. 3C(I)) also
results in a high redox potential of 3.39 V and 2.75 V vs. Li*/Li’,
further confirming the impact of the EWG on the redox
potential.
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Fig. 3 Redox mechanism and electrochemical properties of triflimide and cyanamide materials. (A) Schematic representation of the two-electron redox
mechanism that is common to both triflimide and cyanamide materials. The cyclic voltammetry of triflimides (B) and cyanamides (C) measured at 5 mM
concentration of active materials, in 0.1 M LiCl DMSO or THF supporting electrolyte, using Pt working and counter electrodes, and an Ag wire as a pseudo

reference electrode. Ferrocene was used as an internal reference.
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Table 1 Charge storage metrics of the studied triflimides and cyana-
mides. E, delithiation potential

E (Vs LiY/Li°),  E(Vvs Li"/Li®),  Capacity

Material solution solid phase (mAhg™)
Li,-PDFSA 3.51 & 3.66 3.55 140
Li,-DC-PDFSA 3.56 & 3.75 3.62 118
Li,-DF-PDFSA 3.68 & 3.91 3.7¢ 127
Lis-PTFSA 3.18 & 3.35 3.2 78
Li,-PDCA 2.75 & 3.39 3.15 & 3.32 320
Li,-DC-PDCA 2.91 & 3.5 3.27 & 3.45 225
Li,-DF-PDCA 2.95 & 3.57 3.35¢ 276

% Note: average delithiation potential for 1st plateau.

Introducing substituents such as chlorine (-Cl) and fluorine
(-F) into molecules has been demonstrated to significantly
modulate the electrochemical response of organic and inor-
ganic materials, and this was no exception in this work as well.
The order of potential gain with respect to Li*/Li° followed the
expected trend: Li,-PDCA (3.15 V and 3.32 V in solid, 2.75 V and
3.39 V in solution) < Li,-DC-PDCA (3.27 V and 3.45 V in solid,
2.91 V and 3.5 V in solution) < Li,-DF-PDCA (3.35 V in solid,
2.95 V and 3.57 V in solution); and Li;-PTFSA (3.2 V in
solid, 3.18 V and 3.35 V in solution) < Li,-PDFSA (3.55 V in
solid, 3.51 V and 3.66 V in solution) < Li,-DC-PDFSA (3.62 V
in solid, 3.56 V and 3.75 V in solution) < Li,-DF-PDFSA (3.7 Vin
solid, 3.68 V and 3.91 V in solution) (Fig. 3 and S14, Table 1,
ESIT). Importantly, to highlight, the second wave delithiation
potential of Li,-DF-PDFSA was found at a value of 3.91 V versus
Li*/Li’, making it the sole n-type organic redox material cur-
rently available with a potential close to 4 V, a much-coveted
characteristic in the n-type organic electrode community.

Table 1 summarizes the evaluated values of redox potential
for the studied materials. The separation between the two one-
electron redox processes for cyanamides is approximately 0.2 V
in the solid state and considerably higher, of about 0.6 V in the
liquid state; thus, the redox potential gap between the two
events is reduced by nearly 0.4 V. It can also be noted that the
elevation of the potential for the first electron oxidation process
in the solid phase is the main reason for this decrease.
Although the exact origin and interpretation of the discrepancy
between the molecular liquid phase and solid phase electro-
chemistry of organic materials remain a matter of debate in the
community, our current explanation would reside in the higher
activation energy required for the transition from the reduced
to the radical intermediate state in the solid state compared to
the liquid state. The triflimides in turn exhibit a single plateau
in the solid phase due to the larger gap value reduction, which
exceeds the gap value (<0.2 V) of triflimides in solution.
In addition, voltage hysteresis is observed during discharging
only in the Li,-PDFSA case, similarly to Li,-PDSA,” but not in
PDCA and halogen-substituted PDFSA, which suggests that the
interaction between sulfonyl substitutions and the free benzene
ring site may influence the voltage hysteresis. Finally, from a
practical perspective, it should be emphasized that the lithiated
organic electrode materials are typically unstable in the ambi-
ent environment due to their low working potentials below the
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oxidation capacity of molecular oxygen and their strong Lewis
base properties that capture protons from water. As expected
by design, the Li-contained triflimides and cyanamides were
found to display very good ambient air condition storage
stability (Fig. S15 and S16, ESIt) due to the synergistic effect
of resonance and mesomeric effects, exhibiting no oxidation or
re-protonation upon exposure to the air moisture environment
with an absolute humidity of 10 g m™> at 25 °C.

The rationale behind the high redox potential regulation
of triflimides and cyanamides was further corroborated with
'"H NMR analysis, FTIR spectroscopy, and DFT calculations.
The increase in the redox potential of the disclosed materials is
reflected by a linear increase in the deshielding of aromatic
protons in the "H NMR spectrum (Fig. 4A), as well as a batho-
chromic shift of aromatic bands in the FTIR spectrum (Fig. 4B).
These shifts indicate a reduction in electron density within the
redox center (aromatic core) for cyanamides and triflimides.
The lithiated molecules (Fig. S17, ESIt) exhibit identical trends,
and the overlay of detailed "H NMR and FTIR spectra is shown
in Fig. S18 (ESIt). In contrast, the -SO,- and -CN characteristic
FTIR bands exhibit a hypsochromic shift (Fig. S19 and S20,
ESIt), indicating an increase in electron density, which sug-
gests m-electron transfer from the aromatic core to EWGs via
the mesomeric effect.

The computed average electric potentials of the aromatic
ring, correlated with the corresponding delithiation potentials,
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Fig. 4 Correlation between the chemical shift of the aromatic proton (A),
and the shift of the aromatic band in the FTIR spectra (B) with the
delithiation potential of the studied chemistries. Correlation between the
average electric potential of aromatic carbon (C; Li»-BQ® and Li,-PDSAY
were used as benchmark systems), and the HOMO (D) with the delithiation
potential of the studied materials.
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demonstrate that higher overall potentials achieved are asso-
ciated with higher aromatic electric potentials (lower electron
density, Fig. 4C), resulting in a lower HOMO (Fig. 4D). This
relationship arises from the thermodynamics of electron trans-
fer reactions between oxidizing and reducing species, which
determine the redox potential of a system. Electron density
influences this potential by affecting the accessibility of valence
electrons for oxidation (HOMO) or reduction (LUMO) reactions.
Here, a low electron density (high electric potential) environ-
ment restricts the electron donation (oxidation), leading to an
increased delithiation potential for the system. In addition,
molecules with higher working potentials exhibit smaller
average pK, values (Fig. S21, ESIt), attributed to the Hammett
constant, which quantifies the influence of substituents on
reaction rates and equilibrium constants in aromatic mole-
cules. Importantly, this finding aligns well with a recent study,
further reinforcing the association between high redox poten-
tials and the influence of substituents on aromatic systems.*>
It is noteworthy that these correlations can be leveraged as
guidelines for future developments of aromatic core-based
redox chemistries. Furthermore, given that the enhancement
of organic electrode potential has proven to be a challenging task,
these observations provide valuable insights into how the redox
potential of organic electrode materials can be effectively
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augmented. Particularly, the working potential of organic
electrodes can be enhanced by having a depleted electron
density in the redox center with the use of electron-withdrawing
groups, while maintaining a low molecular weight to gain high
theoretical capacity.

Charge storage performances

Galvanostatic cycling was used to investigate the capabilities of
the cyanamide and triflimide families as lithium cation storage
materials. For this, Li,-PDCA and Li,-PTFSA were used as
representative examples, and data are shown in Fig. 5A. The
charged-state material (Li,-PDCA, capacity of two electrons,
corresponding to 320 mA h g™, was considered) was observed
to dissolve in the electrolyte, resulting in a green coloration of
the separator, leading to rapid capacity decay. Comparatively,
one-electron cycling (Li,-PDCA « Li;-PDCA) ensured a stable
charge-discharge cycling, avoiding the solubility issue - the
primary degradation route in organic batteries (Fig. 5A). There-
fore, the electrochemical cycling of Li,-PDCA was restricted to
one-electron capacity (160 mA h g™, 2.2-3.3 V vs. Li*/Li%) at
a rate of C/10 (equivalent to one Li" exchange in 5 hours)
(Fig. 5B). The cell displays a flat charge/discharge plateau at
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Fig. 5 Lithium cation storage performances of cyanamides and triflimides in a half-cell configuration. (A) Potential-capacity galvanostatic charge plot of
Li,-PDCA with two-electron capacity, along with visual solubility inspection of a glass fiber separator at various states of charge. (B) Potential-capacity
galvanostatic charge curves and the (C) long-term cycling stability of Li,-PDCA restricted to 1-electron capacity at a rate of 0.2C. (D) Long-term cycling
stability of Li,-PDCA restricted to 0.6-electron capacity at a rate of 1C. (E) Potential-capacity galvanostatic charge curves and (F) the long-term cycling

stability of Lis-PTFSA at a rate of 0.2C.
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approximately 2.9 V vs. Li'/Li, slightly above the value of the
first redox wave measured in liquid CV (Fig. 3C). This discre-
pancy may arise from the activation energy difference between
solid and liquid phases, as previously discussed. Under these
cycling conditions, approximately 80% of the original capacity
was retained after 100 cycles with an average Coulombic
efficiency of more than 99.5% (Fig. 5C). It should be noted
that these are achieved under slow cycling conditions, known to
enhance the dissolution-elution effect of organic materials.
Furthermore, when the capacity was restricted to 96 mA h g™ %,
i.e., cycling between Li,-PDCA and Li, ,-PDCA, it facilitated the
preservation of additional lithium cation reserves within the
cathode. This compensatory effect served to offset the irrever-
sible lithium loss during cycling. Employing this self-sacrifice
strategy, a high capacity retention of 84% was achieved after
700 cycles (Fig. 5D) without overpotential fluctuations, preser-
ving the constant operating potential. The rate capability of the
Li,-PDCA electrode was also assessed, as illustrated in Fig. S23A
and S24B (ESIt). Notably, even with slight polarization, the cell
sustains a capacity exceeding 100 mA h g~ * at elevated charge-
discharge rates of 1C. The representative Li,-PTFSA was also
subjected to galvanostatic charge-discharge cycling in 1 M
LiPFs in EC/DMC (1:1 vol%). The cycling profile revealed a
sloping plateau in the voltage range of 3.1-3.3 V, with the initial
discharge capacity approaching 78 mA h g~', with a two-
electron capacity achieved at a rate of C/5 (equivalent to one
Li" exchange in 2.5 hours, Fig. 5E). In the following 50 cycles,
the electrode maintained 64 mA h g™, nearly 80% of its initial
capacity (Fig. 5F), with the C-rate performances illustrated in
Fig. S23C and D (ESIf).

The studied triflimide and cyanamide materials possess
unique attributes distinguishing them from many other avail-
able organic n-type battery materials, namely air-stability and
lithium-reservoir characteristics. This makes them potentially
suitable for use in conventional Li-ion battery design. For
instance, a full cell was constructed and evaluated using
Li,-PDCA as the positive electrode and Li,Ti5O;, as the negative
electrode materials."”” The full cell displayed an output voltage of
approximately 1.35 V and a capacity of nearly 157 mA h gri>-ppca)
(based on the weight of the positive electrode material), with the
capacity retention exceeding 80% after 50 cycles, as shown in
Fig. 6A and B.

The energy metrics of the triflimides and cyanamides are
next compared with those of n-type organic electrode materials
developed thus far, relying on the average working potential,
theoretical capacity, and resultant energy density (Fig. 6C).
To the best of our knowledge, despite the relatively low capacity
given to the high molar mass, the triflimide chemistry dis-
closed here displays the highest redox potential among n-type
organic electrodes, a feature that is highly coveted in energy
storage applications. The triflimides’ air-stability and high
solubility make them prime candidates for use in redox flow
batteries (RFBs) that are geared towards large-scale energy
storage applications. For example, the Li,/OX-DC-PDFSA redox
couple, with a potential of 3.65 V vs. Li*/Li° exhibits a solu-
bility of over 0.5 M in acetonitrile, a solvent with a wide
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Fig. 6 (A) Galvanostatic charge—discharge profiles of Li,-PDCA and
Li4TisO1, measured in half cells versus Li metal and a full cell cycled at a
rate of 0.2C. (B) Specific capacity and coulombic efficiency versus the
number of cycles of the full cell achieved at a rate of 0.2C. (C) Comparison
of theoretical energy density (performance considered at the material
level) of various n-type organic electrode materials (sulfonamides,’**
carbonyls, 16222634739 organo  sulfur,*°™*2 imines,****4* and cyano
derivatives*®) for LIBs, highlighting the performances achieved with tri-
flimides and cyanamides developed in this work.

electrochemical potential stability window.*® In addition, the
Li;-PTFSA < Li,-PTFSA redox couple, both of which are
organic lithium salts with high solubility in water, is particu-
larly appropriate for aqueous RFBs. Given that mainstream
current RFBs are mainly based on toxic and non-sustainable
vanadium-based materials,*” these results strongly encourage
the use of triflimides with a great deal of potential for future
research concerning the establishment of sustainable advanced
RFBs. On the other hand, the solid-phase charge storage of
triflimides and cyanamides can be optimized by incorporating
them in (coordination) polymers,***® porous metal or covalent
organic frameworks (MOFs or COFs) to suppress their solubi-
lity. For instance, delithiated cyanamide based MOFs*® exhibit
high conductivity (up to 800 S cm™') and low solubility in
carbonate solvents, indicating that exceptional battery capability
could be achieved. Additionally, COFs formed from cyano-group-
based molecules are promising candidates for supercapacitors.*
Besides, along with the excellent battery performance exhibited by
sulfonamide-based coordination polymers,** Li,-PTFSA can also
benefit from this approach to improve working potential and
cycling stability. Finally, solid-state electrolytes present a promising
avenue for addressing the solubility issue of electrodes; thus, there
is a broad space for continued research to fully explore the
practicality of the first-generation triflimides and cyanamides.

Conclusion and outlook

In this study we demonstrate a highly effective method for
adjusting the working potential of organic electrode materials
for batteries, based on functionalized phenylenediamines with the
trifluoromethanesulfonyl and cyano groups, giving rise to seven
lithium-containing triflimide and cyanamide compositions.

This journal is © The Royal Society of Chemistry 2024
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The developed materials display excellent ambient stability and
a high-redox potential, expanding the landscape of n-type
organic Li-ion positive electrode materials. The triflimides, in
particular, exhibit an unprecedented high redox potential of
3.8 V vs. Li'/Li, the highest among those of n-type organic
positive electrode materials reported so far. On the other hand,
cyanamides possess a theoretical specific energy density of up
to 1000 W h g~ ' (at the material level), an exceptionally
desirable metric. Notably, the Li-containing characteristic
empowers cyanamides to be paired with a Li,TisO;, negative
electrode to form a full cell in a conventional Li-ion battery
configuration with a capacity of 157 mA h g[posmve]fl and a
capacity retention of over 80% after 50 cycles. The application
of the developed materials and methods should not be
restricted to conventional lithium-ion batteries alone - these
have the potential to contribute substantially to other next-
generation energy storage technologies such as redox flow
batteries, sacrificial mediators, or for much conveyed multi-
valent batteries.
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