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Reversible multi-electron redox chemistry
of m-conjugated N-containing heteroaromatic
molecule-based organic cathodes

Chengxin Peng'", Guo-Hong Ning', Jie Su'", Guiming Zhong?, Wei Tang', Bingbing Tian',
Chenliang Su’, Dingyi Yu', Lianhai Zu3, Jinhu Yang?3, Man-Fai Ng4, Yong-Sheng Hu®, Yong Yang?*,
Michel Armand® and Kian Ping Loh™

Even though organic molecules with well-designed functional groups can be programmed to have high electron density per
unit mass, their poor electrical conductivity and low cycle stability limit their applications in batteries. Here we report a facile
synthesis of n-conjugated quinoxaline-based heteroaromatic molecules (3Q) by condensation of cyclic carbonyl molecules
with o-phenylenediamine. 3Q features a number of electron-deficient pyrazine sites, where multiple redox reactions take
place. When hybridized with graphene and coupled with an ether-based electrolyte, an organic cathode based on 3Q molecules
displays a discharge capacity of 395 mAh g™ at 400 mA g~' (1C) in the voltage range of 1.2-3.9 V and a nearly 70% capacity
retention after 10,000 cycles at 8 Ag™". It also exhibits a capacity of 222 mAh g™ at 20C, which corresponds to 60% of the
initial specific capacity. Our results offer evidence that heteroaromatic molecules with multiple redox sites are promising in

developing high-energy-density, long-cycle-life organic rechargeable batteries.

ith the increasing demand for large-scale battery systems
\/\/ in electric vehicles (EVs) and smart renewable energy
grids, the prospect of using organic materials as elec-
trodes in rechargeable batteries has become increasingly attractive.
Organic electrode materials have lower environmental footprints,
greater safety as compared to inorganic metal oxide electrodes, and
allow eco-efficient production and disposal'. In addition to being
light, organic electrodes afford high energy storage capabilities since
their structures can be engineered at the molecular level to support
multiple redox reactions’. Organic molecules with appropriately de-
signed functional groups are electroactive towards lithium®™® as well
as some earth-abundant metals such as sodium”°, magnesium“,
aluminium" and zinc"”. Not surprisingly, electroactive organic
molecules are now being actively explored as energy storage systems
in supercapacitors'*", thin-film batteries'’, aqueous rechargeable
batteries'’, lithium air batteries'®, and redox flow batteries' .
Conductive polymers™?, organosulfur compounds?, stable
radical compounds******’, and organic carbonyl compounds based
on oxalate salts and quinone/phenoxide derivatives®***'***** have
been used as electrodes in rechargeable lithium/sodium ion
batteries. However, the dissolution of these organic active com-
pounds in aprotic electrolytes causes rapid capacity fading during
cycling. Various strategies have been proposed to suppress the
dissolution of the organic electrode (Fig. la). These include
attaching the electroactive molecule covalently to a conductive
backbone®, polymerizing the redox-active compound*’, and

forming a salt with organic carbonyl compounds>’. Another
challenge facing organic-based electrodes is the unimpressive
power capability due to the low intrinsic electrical conductivity
of organic molecules™. m-conjugated aromatic compounds
containing heteroatoms (for example, O, N, and S) with a lone pair
of electrons demonstrate good redox activity and can be utilized
as electroactive materials for rechargeable batteries. Among these,
nitrogen-containing heteroaromatic compounds such as polymeric
Schiff bases™, indigo carmine”, or pteridine’, have been explored
for this purpose. To develop high-energy and high-power-density
rechargeable batteries, we need to design organic molecules with
multiple redox centres and high intrinsic electrical conductivity.

At a fundamental level, it is important to understand the
dynamics of the multiple redox reactions and associated structural
evolutions during the redox reactions, and to determine the
maximum number of electrons transferred during battery
operations. This knowledge provides the foundation for the design
of advanced electrode materials with improved energy densities™.
However, mechanistic studies are hampered by the amorphous
nature of most organic materials, which precludes the use of
structural characterization techniques such as X-ray diffraction
(XRD) and transmission electron microscopy (TEM)™.

Inspired by the extended m-conjugated system of high-mobility
organic semiconductors, here we develop fused N-heteroaromatic
triquinoxalinylene molecules (3Q) which can be used as cathode in
rechargeable organic batteries (Fig. 1b). The multiple electroactive
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Figure 1| Synthesis methods for redox organic molecules. a, Three conventional preparation routes: tethering polymers with redox groups, polymerization
of organic redox groups and formation of organic salts. The molecular units and the electrochemically active sites are shown in cyan and red, and the
polymer chains and the organic salts are marked by purple and pink, respectively. b, Our fusing strategy to synthesize extended n-conjugated
heteroaromatic molecules. ¢, Synthetic scheme of quinoxaline's derivatives: diquinoxalinylene (2Q) and triquinoxalinylene (3Q) based on condensation
reaction. The orange and purple parts represent five- and six-fused membered ring units, respectively.

pyrazine units in 3Q afford high-capacity lithium storage, and its
extended m-conjugated system facilitates charge transport over the
electrode. By mixing with graphene to form a conductive composite,
the 3Q/graphene hybrid electrode exhibits a high capacity and
long-term cycling stability. Nuclear magnetic resonance (NMR)
studies are carried out to probe the redox reactions taking place
in 3Q-based organic battery upon cycling. Taking advantage of the
relatively high natural abundance (0.37%) and small spin moment
(I =1/2) of "N, we synthesize "°N isotope-labelled 3Q, and analyse
changes in its local environment by cross polarization/magic angle
spinning (CP/MAS) solid-state NMR during lithiation/delithiation.
A holistic approach combining NMR and density functional
theory (DFT) studies is applied to elucidate the sequential
structural evolution of 3Q during lithiation, allowing the lithiation
dynamics at the aromatic pyrazine redox centre to be probed,
thereby confirming that multi-electron transfer can be supported
in 3Q.

Molecular engineering of quinoxaline's derivatives

The compounds diquinoxalinylene (2Q) or triquinoxalinylene (3Q)
are synthesized via a condensation reaction between oxocarbons
(C,0,, n =5 (cyclopentanepentone) or n = 6 (cyclohexanehexone))
derived from biomass and o-phenylenediamine (see Methods and
Fig. 1c). By bridging quinoxaline building blocks as electroactive
sites and bypassing redox-inactive units, a high electron density
per unit weight can be obtained, which in turn ensures a high
specific capacity.

To evaluate the redox properties of these heteroaromatic
molecules (Fig. 2a), the energy levels of the lowest unoccupied
molecular orbital (LUMO) and the highest occupied molecular
orbital (HOMO) are calculated using DFT. As shown in Fig. 2b, the
LUMO of 2Q (—3.65¢V) and 3Q (—2.97 eV) are much lower than
that of quinoxaline (—2.36 V), indicating that 2Q and 3Q have
greater electron affinities and higher reduction potentials as com-
pared to quinoxaline. In addition, the gaps between the HOMO and
LUMO levels are effectively reduced due to the extended m-electron
orbital overlap in the conjugated molecules. As expected, the energy
gaps (E,) of 2Q (3.39eV) and 3Q (3.66eV) are much lower than
that of quinoxaline (4.65 eV), suggesting that the intrinsic electronic
conductivities in 2Q and 3Q are higher than for quinoxaline.

X-ray single crystallographic analysis reveals that 3Q crystallizes
in a centrosymmetric monoclinic space group P2(1)/c, with lattice
constants of a = 19.3752(13) A, b = 5.3895(4) A, ¢ = 20.8601(12) A,
B = 104.157(3)°, volume = 2112.1(2) A® (Supplementary Table 1).
The typical layered structure of 3Q, consisting of zig-zag and
parallel-stacked structure held by m-m interactions and multiple
hydrogen bonding, is given in Fig. 2c. Adjacent 3Q molecules
that are arranged perpendicularly to each other interact through
hydrogen bonding so that the distance between the H atom and
the N atom ranges from 2.54 to 3.26 A, and via CH/x interactions
with distances ranging from 2.89 to 3.34 A. In addition, the adjacent
parallel 3Q molecules are tightly packed through a displaced face-
to-face m-m interaction and the distance between the N-fused
heteroaromatic rings is 3.32 A.
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Electrochemical performance

The electrochemical properties are initially evaluated using coin-
type cells assembled with metal lithium as the counter/reference
electrode and crystalline 2Q and 3Q powders as the corresponding
positive electrodes (see Methods). As shown in Fig. 3a, the
galvanostatic charge/discharge curves of the 2Q display four
pairs of slopes at about 3.1-2.6 V/2.7-2.5V, 2.6-2.2V/2.5-2.2V,
22-1.7V/22-18V, 1.7-1.4V/1.9-1.2V, consistent with its
cyclic voltammetry (CV) curves (Supplementary Fig. 1). The
charge/discharge profile of a 3Q battery is shown in Fig. 3c,
which exhibits two clear pairs of reversible plateaux at about
2.6-2.15V/2.11-2.95V and 1.68-1.38V/1.41-1.75V in the
discharge/charge curves, corresponding to two reduction peaks
during the cathodic CV scan (Supplementary Fig. 1). The CV
characteristics of 2Q and 3Q clearly point to multiple redox
reactions during the charging/discharging processes, and the highly
reversible nature of these electrodes.

The battery performances of 2Q and 3Q are evaluated and
the results show that these exhibit stable cycling performances
(Fig. 3 and Supplementary Tables 2-4). Batteries using 2Q and
3Q can deliver an initial discharge capacity exceeding ~372 and
395mAhg ' under a current of 400 mA g~' (1C) and retain ~359
and 324 mAh g™ after 200 cycles, yielding a capacity retention of
96.4% and 82.1%, respectively (Supplementary Fig. 2). Furthermore,
as the loading current is increased to 800 mA g~' (2C), the specific
capacities of 2Q and 3Q can reach ~300 and 318 mAhg™" in the
first cycle, which is gradually reduced to ~290 and 263 mAh g™’
after 200 cycles (Supplementary Fig. 2), resulting in a high-capacity
retention of 96.7% and 82.5%, respectively. Even at large loading
currents of 1.6 (4C) and 3.2 A g™ (8C), the cycling performances
of 2Q and 3Q show a remarkable stability over 1,000 cycles, with
negligible capacity loss per cycle and a superior coulombic efficiency
of nearly 100%, as shown in Fig. 3b,d.

The rate capabilities of 2Q and 3Q are also investigated. The
2Q battery shows stable reversible capacities of 373, 313, 272,
254, 241 and 236 mAh g*1 at current levels of 1C, 2C, 4C, 6C,
8C and 10C, respectively. Even at a high loading current of 20C,
the 2Q battery can still render a capacity of 222 mAh g™, which
corresponds to 60% of the initial specific capacity (Fig. 3e). For the
3Q battery, the corresponding values are 394, 334, 290, 268, 255 and
242mAhg™" at loading currents of 1C, 2C, 4C, 6C, 8C and 10C,
respectively. More interestingly, a reversible capacity of 218 mAh g ™'
is obtained at 20C (Fig. 3f), which attests to the facile charge
exchange kinetics between the extended mt-conjugated molecule and
the lithium ions. Furthermore, the rate capability curves are highly
reversible (no hysteresis) even when the cycles are carried out at
different rates for both the organic electrodes.

In addition, the cycling performance of 2Q and 3Q are evaluated,
and they deliver a reversible capacity of 229 and 215mAhg™
in the first cycle, respectively, while maintaining around 185
and 147mAhg™" after 10,000 cycles under a current of 20C,
demonstrating a high-capacity retention of ~70% and 67%,
respectively (Fig. 3g,h). Such high-capacity delivery and retention
have not been observed so far in small-molecule-based battery
systems. This result confirms that the strategy of fusing pyrazine-
based building blocks to form extended m-conjugated compounds is
highly effective for the fabrication of ultrafast, battery systems with
highly stable performance.

The energy density and power density of 2Q and 3Q
are calculated. Given that their initial capacity are about
373-394mAhg™', and the average discharge potentials are
1.86-1.88V, the energy densities of 2Q and 3Q are estimated to
be ~250 Whkg™" (Supplementary Note 1 and Supplementary
Fig. 3). This is much higher than the capacity (100-140 Whkg™") of
commercial Li-intercalation compounds such as LiCoO,, LiFePO,
and LiMn,O,. Even at a current loading of 20C (corresponding
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Figure 2 | Chemical structures and energy diagrams of quinoxaline and
its derivatives. a, Chemical structures of quinoxaline and its derivatives,
diquinoxalinylene (2Q) and triquinoxalinylene (3Q). b, Calculation of the
relative energies and optimized structures of the molecules used in the
study obtained using the DFT method with B3LYP/6—31+G(d, p) in DME
solvent, the left axis represents the relative voltage (versus NHE) and the
right axis represents the relative energy level in vacuum (Eyac).

¢, Photograph image of crystals at 500 um scale (inset, magnified image of
one crystal at 100 um scale). d,e, Single-crystal structure of
triquinoxalinylene (3Q) shown as a ball-stick model (the green, blue and
white balls represent carbon, nitrogen and hydrogen atoms, respectively).

to a full discharge within 3 min), 2Q and 3Q can still deliver
capacities of ~130 Whkg™', affording a very high power density
of ~8kW kg™ (Supplementary Note 1 and Supplementary Fig. 4).
Nevertheless, the specific capacities decrease with an increase in
active material loading due to the higher resistance of the organic
material (Supplementary Figs 5-13 and Supplementary Note 2),
and the volumetric energy density is at present unsatisfactory,
which is common to all lightweight materials based on sulfur or
organic compounds. However, the competitive electrochemical
performance, along with the facile production process from natural
precursors, is promising for large-scale battery applications.

Ex situ °N solid-state NMR on the 3Q electrode

To gain insight into the lithium storage mechanism of 3Q, we
performed NMR studies in combination with DFT calculations to
identify the structural changes associated with multiple electron
transfer during battery operations (see Methods). Since three pairs
of electroactive pyrazine N atoms in the 3Q molecule can strongly
coordinate with lithium, we propose that six lithiated 3Q structures
are formed during the discharge processes, including bidentate with
single lithium ion (3Q-Li), bis-bidentate (3Q-2Li), tri-bidentate
(3Q-3Li), tetra-bidentate (3Q-4Li), penta-bidentate (3Q-5Li) and
hexa-bidentate (3Q-6Li) (Fig. 4a). Due to the different coordination
patterns of nitrogen atoms and lithium ions in the 3Q molecule, the
local electronic environment of the electroactive N is expected to
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Figure 3 | Electrochemical characterization of the m-conjugated heteroaromatic compound based electrode. a,c, Capacity-voltage profile of 2Q and 3Q,
respectively, at a current of 400 mA g~! (1C). b,d, Cycling performance of 2Q and 3Q at a current of 1.6 Ag ™' (4C) and 3.2 Ag ™' (8C). e f, Rate capabilities
of 2Q and 3Q, respectively, at various current rates. g h, Long-term cycling performances of 2Q and 3Q, respectively, under a current of 8 A g_1 (20C) for
10,000 cycles. The capacity retention of 2Q is ~86%, ~81% and ~70% after 2,000, 6,000 and 10,000 cycles, respectively. The capacity retention of 3Q
is ~82%, ~80% and ~65% after 2,000, 6,000 and 10,000 cycles, respectively.

change dynamically during the lithiation and delithiation processes.
It can be predicted that five different ’N resonances might be
observed, namely, N1 (the signal assigned to pristine 3Q without
binding to Li), N2 (the signal due to the non-bonded pyrazine N
situated furthest away from Li), N3 (the signal due to the non-
bonded pyrazine N nearest to a co-shared Li-bonded bipyridine-
type site), N4 (the signal due to the co-shared one-Li-bonded
pyrazine N), and N5 (the signal due to the co-shared two-Li-bonded
pyrazine N).

To elucidate the structural evolution during the battery process,
we labelled 3Q with N and performed ex situ solid-state NMR to
monitor the variation of °N resonances at various potentials during
the cycling processes. As shown in Fig. 4b-d and Supplementary
Fig. 14, in the initial stage, ""N-labelled pristine 3Q sample exhibits
one strong singlet centred at § = —55 ppm, which is assigned to
the six equivalent nitrogen atoms (N1) in 3Q. When the 3Q/Li
cell is initially discharged to 2.4V, three distinct N resonances at
8 = —66.8, —87 and —239.8 ppm emerge besides the original one
at —55 ppm, corresponding to N2, N3 and N4, respectively. The
appearance of three different chemical environments of N indicates
that 3Q coordinates with one lithium ion to form 3Q-Li (Fig. 4c).
At this stage, a radical species is generated and an unpaired electron
is delocalized between the two bidentate N atoms, as confirmed
by electron spin resonance (ESR) spectra (Supplementary Fig. 15).
After discharging to 2.0 V, N2, N3 and N4 peaks at § = —65.5, —86.7
and —236.3ppm remain, while N4 increases, implying the
formation of 3Q-2Li. When the 3Q/Li cell is further discharged to
1.82'V, the N4 peak increases in intensity, suggesting the parallel
emergence of 3Q-3Li. The presence of N1, N2 and N3 peaks
indicates incomplete conversion due to the kinetic limitations
in the solid-state electrochemical reaction. As the 3Q/Li cell is
discharged to 1.7V, the N4 peak decreases in relative intensity and

4

a new N5 peak at § = —297 ppm appears, indicating the structural
conversion to 3Q-4Li due to the two nitrogen atoms coordinating
with two lithium ions. With further discharge, the N5 resonance at
8 = —301.5 ppm increases strongly in intensity, while a much weak-
ened N4 peak remains, suggesting the formation of a 3Q-5Li type
compound in the subsequent lithiation step. Discharging further,
the N5 resonance at § = —302 ppm grows, but the N4 resonance
becomes weaker and disappears, revealing a conversion to 3Q-6Li.
During delithiation, when the 3Q/Li cell is charged to 1.72V, the
N4 peak at § = —238 ppm increases, indicating the formation of
3Q-5Li. When the voltage reaches 2.5V, the N2 and N3 resonances
grow at the expense of the N5 peak, confirming the recovery of
3Q-2Liand 3Q-3Li (Supplementary Fig. 16). At the end of charging,
the N1 signal returns to the original position, demonstrating the
recovery of 3Q and the reversible nature of the lithiation reactions.

Similarly, in the initial stage, pristine 3Q shows three “C
resonances at ~126 (C1), ~133 (C2) and ~140 ppm (C3) (Fig. 4d).
When 3Q is discharged to 1.12V, a new signal at ~120 ppm
(C4) appears, suggesting increased lithium coordination and a
loss of aromaticity in the m-conjugated lithiated 3Q during
the discharge processes. At the end of the charge state, °C
resonances return to the initial chemical shift, confirming the
reversible nature of the electrochemical reactions of 3Q during the
charging/discharging processes.

The structural reversibility of 3Q is monitored in the subsequent
cycling. The colour-mapped N and “C NMR spectra taken at
various stages during the first and second cycle along with the
corresponding voltage—capacity curves are shown in Fig. 4e-g. In
the initial stage, one strong singlet centred at § = —55 ppm (N1),
which is assigned to pristine 3Q sample, evolves, while new peaks
at ~—88 (N2), —235 (N3) and —300 ppm (N4) emerge during
cycling; these peaks vanish and the original peak at —55 ppm (N1)
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Figure 4 | Structural evolution during charge/discharge. a, The predicted lithiated structures of 3Q during the discharging process. Different colours are
used to distinguish N atoms in different chemical environments. (The same colour scheme is used for plots with similar chemical shifts in NMR. For
example, 3Q-Li and 3Q-2Li share the same chemical shifts based on the coordination of two N atoms with one Li.) b, The galvanostatic charge/discharge
profile of 3Q/Li cycled at a rate of C/20 during the second cycle. ¢,d, Ex situ N and '>C solid-state NMR spectra, respectively, of the electrode materials
cycled to different charge states, as marked on the corresponding electrochemical profiles. N1, N2, N3, N4 and N5 represent the different NMR chemical
shifts in >N spectra involving the labelled lithiated/delithiated samples during the charge/discharge processes. C1, C2, C3 and C4 are the different NMR
chemical shifts in >C spectra involving lithiated/delithiated samples. e, The galvanostatic charge/discharge profile of 3Q/Li cycled at a rate of C/20 during
the first and second cycles. f,g, The colour-mapped profile for 5N and 3C solid-state NMR spectra, respectively, of the electrode materials cycled to

different charge/discharge states during the first and second cycles.

recovers during the charging process. In parallel, three "C NMR
peaks appear initially at ~140, 133 and 126 ppm; these peaks evolve
with discharge, where a new peak is seen at ~120 ppm. Finally, the
“C NMR spectra recover to the initial peak position at the end
of the discharge process. The evolution of the N and “C NMR
peak positions show a similar trend during the discharging/charging

processes of the first and second cycle, which demonstrates the
highly reversible nature of both the redox reactions as well as the
concomitant structural changes of the 3Q electrode material.

A schematic overview of the various structural changes taking
place during the lithiation of 3Q based on results from the solid-
state NMR experiments is shown in Supplementary Fig. 17. When
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the cell is discharged to 1.2V, the six lithiated structures evolve
from 3Q to 3Q-xLi (x =1, 2, 3, 4, 5, 6) in a highly reversible
way, implying efficient six electron transfer per molecule during the
lithiation, which contributes to the high lithium uptake capacities
observed experimentally.

DFT simulation of the lithiated 3Q

To further understand the redox energies of transformation of 3Q
accompanying the multiple lithiation processes, we applied DFT to
simulate the lithiation processes of 3Q. The optimized structures
of 3Q-xLi (x =0, 1, 2, 3, 4, 5, 6) and their total energies, defined
by the sum of electronic and zero-point energies, are shown in
Supplementary Fig. 18 and Supplementary Table 5, respectively.
The structural evolutions of 3Q along the lithiation pathway are
in accordance with the evidence from the "N NMR results (see
Methods and Supplementary Figs 19 and 20). In addition, we
note that 3Q-Li, 3Q-3Li and 3Q-5Li are in a doublet state. To
examine how the unpaired electron or radical delocalizes within the
nt-conjugated system, the Mulliken atomic spin densities of 3Q-xLi

(x =1, 3, 5) are calculated (Supplementary Fig. 21). It is found that
the majority of the spin densities are distributed on the co-shared
one-Li-bonded pyrazine nitrogen in the extended m-conjugated
planar rings of 3Q-Li, 3Q-3Li and 3Q-5Li. The results of spin
distribution on the equivalent pyrazine nitrogen are in accordance
with the proposed lithiation mechanism as shown in Fig. 4a.

To investigate the redox potential of 3Q upon lithiation, we
calculate the sum of the electronic and thermal Gibbs free energies
of the optimized 3Q-xLi structures (Supplementary Table 6). It
is found that the redox energies for the first three redox couples
(namely, 3Q/3Q-Li, 3Q-Li/3Q-2Li and 3Q-2Li/3Q-3Li) are within
0.25V of each other, while those for the next three redox couples
(3Q-3Li/3Q-4Li, 3Q-4Li/3Q-5Li and 3Q-5Li/3Q-6Li) are within
0.22'V of each other. This implies the existence of two main redox
energy levels, in agreement with the two broad peaks observed in
the CV curves (Supplementary Fig. 1). The reaction potentials for
the six redox couples are calculated and the calculated redox plateau
is highlighted in Fig. 5, which shows the two redox potential levels.
This means that the redox reactions of 3Q manifest as two three-
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electron processes, which can be highly feasible due to the closely
spaced energy levels. Compared with the discharge curve in Fig. 5,
the calculated potentials also reveal two main discharge plateaux
at around 2.6-2.15V (labelled as ‘1-2-3’) and 1.68-1.38 V (labelled
as ‘4-5-6’), in accordance with the two-step three-electron transfer
mechanism. The slight slope at the end of each stage is due to the
slow redox kinetics of the solid-state redox reaction involving the
organic electrode, corresponding to the third-electron reaction for
each stage. Finally, the sharp drop in potential between the two
discharge plateaux observed in the experiment can be rationalized
from binding energy considerations. The average binding energies
for the first three-lithium reaction is about —2.9 eV, while that
for the last three-lithium reaction is about —1.7 eV. Starting from
the fourth lithium reaction, the binding energy reduces by about
40% (Supplementary Table 5). This is attributed to the fact that
lithium binding is stronger when two nitrogens are bonded to one
lithium (the first three lithiation stages) while the binding strength
is drastically reduced when two nitrogen atoms are bonded to two
lithiums, which is the case in the last three lithiation stages.

Conclusions

In summary, we have demonstrated that 7-conjugated heteroaro-
matic molecules can be used as solid-state organic cathode and the
latter exhibits high specific capacity as well as excellent cycle stability
in rechargeable lithium-ion batteries. The heteroaromatic molecules
are made from fused quinoxaline building blocks, which afford
multiple redox-active sites and improve stability in electrolyte. In
addition, hybridizing the molecules with graphene, and using an
ether-based electrolyte to form an effective solid eletrolyte inter-
phase (SEI), allows the organic electrode to exhibit high capacity
and long-cycle life. Ex situ NMR studies correlate the high capacity
of 3Q to the presence of multiple sites for lithiation on the pyrazine
nitrogen atoms in the quinoxaline building block. Corresponding
to the six pyrazine nitrogen atoms in 3Q, six lithiated/delithiated
intermediates evolve during the highly facile six electron-transfer re-
actions and contribute to the high capacity of 3Q. Our multifaceted
approach is expected to pave the way towards the development of
small-organic-molecule-based cathode materials for lithium ion
batteries with superior energy density and long lifespan.

Methods

Synthesis of triquinoxalinylene. Triquinoxalinylene (3Q) is synthesized
according to a previous report with some modifications (Fig. 1¢)*. Specifically,
hexaketocyclohexane (0.499 g, 1.6 mmol, Aldrich) is dissolved in acetic acid
(AcOH)/ethanol (1:1 in vol./vol., 25 ml) under stirring, to which
o-phenylenediamine (0.53 g, 4.8 mmol, Aldrich) is added. After flushing with Ar
for 15 min, the solution is heated under reflux for 24 h. The dark green
suspension is filtered and washed successively with hot acetic acid, acetone, water
and ethanol. The resulting dry dark green suspension is boiled with 50 ml 30 wt%
HNO; at 140 °C for 3 h under stirring. Finally, the brown suspension is filtered
and the filter cake is washed well with deionized water and ethanol, and dried in
vacuum to form a yellow-orange solid (~350 mg, yield 57%). 'H NMR

(500 MHz, CF,COOD, 300K): § (ppm) 8.71 (m, 6H), 8.37 (m, 6H); "C NMR
(125 MHz, CF,COOD, 300K): § (ppm) 143.7, 140.6, 139.8 and 130.0.
(Supplementary Figs 22 and 23). Elemental analysis: calculated for C,,H,,N:

C, 74.99; H, 3.15; N, 21.86%; found: C, 74.10; H, 2.96; N, 22.08%. ESI-MS m/z
calculated for C,,H;,N;: 385.1 [M+H]*; found: 385.4. FT-IR (KBr): 3,447 (m),
1,493 (s), 1,364 (s), 1,338 (s), 1,077 (5), 768 (), 756 (s), 608 cm™" (m)
(Supplementary Fig. 24). Furthermore, single-crystalline 3Q can be obtained
through slow evaporation of its saturated solution in chloroform/ trifluoroacetic
acid solvent (4:1 in vol.) (See Supplementary Note 3 and Fig. 25).

Synthesis of leuconic acid. Leuconic acid is synthesized according to a previous
report*’. Concentrated nitric acid (30 ml, 60 wt%) is added into a flask and cooled
to 0°C using an ice-bath. 3.92 g (20 mmol) croconic acid trihydrate is added
gradually into the flask over 10 min. The mixture is cooled and kept stirring
under a slow stream of flowing air until it turns colourless and nitrogen oxide
fumes evolution has stopped. An equal volume of previously cooled methanol is
added while stirring. The resulting white solid is collected by vacuum filtration,
washed with 60 ml of cold methanol, and dried in a vacuum desiccator.

The resulting compound is further purified by recrystallization in a 1:1 mixture
of ethanol and isopropanol. The titled compound is obtained as colourless solid
(~3.5g, yield 75%) and used without purification.

Synthesis of diquinoxalinylene. Diquinoxalinylene (2Q) is synthesized using a
similar procedure to that for 3Q, except for using leuconic acid instead of
hexaketocyclohexane (Fig. 1c). '"H NMR (500 MHz, CDCl,, 300 K): § (ppm) 8.40
(m, 4H), 7.97 (m, 4H); "C NMR (125 MHz, CDCl,, 300K): § (ppm) 187.3, 153.6,
149.1, 144.6, 144.0, 133.9, 132.4, 131.9 and 130.8. (Supplementary Figs 26 and 27)
Elemental analysis: calculated for C,,HgN,O: C, 71.83; H, 2.84; N, 19.71%; found:
C, 71.67; H, 2.56; N, 19.44%. ESI-MS m/z calcd for C;HgN,O: 285.1 [M+H]*;
found: 285.2. FT-IR (KBr): 3,458 (m), 1,738 (s, CO st), 1,545 (s), 1,500 (s),

1,358 (s), 1,073 (s), 785 (m), 762cm™" (m).

Electrochemical measurements. The electrochemical properties and
galvanostatic charge/discharge are evaluated in a 2016-type coin cell with a
lithium chip as the counter electrode, a glass microfibre membrane (Whatman
GF/D, Aldrich) as the separator, and 1.0 moll™" LiTFSI-DOL/DME solution
(Solvionic) as the electrolyte. The working electrode is composed of a mixture
containing 30 wt% of active materials: namely, diquinoxalinylene (2Q) or
triquinoxalinylene (3Q), 60 wt% graphene, and 10 wt% (poly(vinylidene fluoride))
PVDF binder. The composites are first dispersed in N-methyl-2-pyrrolidinone
(NMP) to form a slurry and cast on an aluminium foil by doctor blading. The
electrode is dried at 80 °C overnight in a vacuum oven and punched into circular
electrodes before the assembly of the cell. All the cells are assembled in a glove
box with [O,], [H,O] < 1 ppm. The galvanostatic charge/discharge tests at
different current densities are performed on a LAND cycler (Wuhan Kingnuo
Electronic) at ambient temperature. The lithium uptake capabilities of the organic
electrodes are calculated based on the active materials of 2Q and 3Q and by
deducting the capacity contribution from graphene. The cut-off voltage is set to
above 1.2V, the delivered capacity of graphene is estimated to be ~49 mAhg™" at
a current of 400mA g~' (1C) (Supplementary Fig. 28). Cyclic voltammetry
measurements are carried out in the voltage range of 1.2-3.9V at a scan rate of
0.1mV s~ using IVIUM electrochemical instrumentation (IVIUM Technologies).

Ex situ "N MAS NMR spectroscopy. To obtain a high-sensitivity, high-resolution
solid-state NMR signal, "N isotope-labelled samples are used. Before the
experiment, '*N-labelled triquinoxalinylene (3Q) is prepared using a similar
procedure as above for 3Q through a condensation reaction between oxocarbons
and “N-labelled o-phenylenediamines (mol. wt.:110.13, purity: >99 wt%, Toronto
Research Chemicals). In addition, to enhance the output signal for the chemical
shifts in the *N-labelled samples, prototype pouch cells (shown in Supplementary
Fig. 29) are designed to obtain a sufficient quantity of labelled samples. A mixture
composed of 60 wt% the organic active material, 30 wt% conductive graphene and
10 wt% PVDEF binder is stirred in NMP to make a slurry, which is pasted on one
side of an aluminium foil (typical size 50 mm X 100 mm) using a
micrometer-adjustable film applicator (50 mm-EQ-Se-KTQ-50, MTTI). The films
(mass loading of electrode material ~35mg) are dried at 80 °C overnight under
vacuum and used as the cathode, a metal Li ribbon (typical size 55 X 110 mm,
thickness 0.58 mm) is used as the counter electrode, and a glass microfibre
membrane (Whatman GF/D, Aldrich) is used as the separator. All the cell
components are assembled in a laminated aluminium bag filled with 1.0 mol1™"
LiTFSI-DOL/DME solution electrolyte in an Ar-filled glovebox and sealed. After
storing overnight for equilibration, the pouch cells are cycled galvanostatically at
a current density of C/20 to various target voltages in the range 1.2-3.9V and
calibrated to equilibrium state at the target voltages until the current falls to
below C/60 (2.4, 2.0, 1.82, 1.7, 1.5, 1.2'V during the lithiated stage, and 1.7, 2.3,
2.5, 3.8 V during the delithiated stage) for ex situ NMR measurements. Samples at
various lithiated/delithiated stages are prepared by disassembling the pouch cells
in an Ar-filled glovebox followed by rinsing the electrodes with dimethyl
carbonate and drying in vacuum; the samples for NMR measurements are
obtained by scratching the electrode and packed in the MAS rotor (diameter
4mm) in glove box. Solid-state CP/MAS "N NMR spectra are recorded on a
Bruker Avance III spectrometer at 40.5 MHz under a spinning rate of 12 kHz
using a p/2-(one-pulse) and/or a Hahn-echo (p/2-t-p-t) sequence. All the N
NMR chemical shifts are referenced to neat nitromethane (at 0 ppm) as the
external reference.

Density functional theory simulation. Geometry optimizations are performed
without symmetry restriction using the B3LYP hybrid density functional***
implemented in Gaussian 09 suite of program*. The 6 — 31 + G (d, p) basis
sets®* are adopted for H, Li, C, N and O atoms. ‘Tight’ optimization and
‘ultrafine’ integration grid are specified for the DFT calculations. The program’s
default threshold values for self-consistency-field energy, total energy and force
are adopted. 1, 2-dimethoxyethane (DME) is used as the solvent within the
polarization continuum model (PCM)*. Four parameters are set for this solvent:
the static dielectric constant (&) = 7.20; the molecular radius of the
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solvent = 2.78255 A; the density of the solvent = 0.005804 particles A" and the
molar volume of the solvent = 103.7911 cm ™. The rest of the solvent parameters
are based on a solvent having similar dielectric constant as DME (e = 7.2273,
dibromomethane). We have checked that using the rest of the solvent parameters
of another solvent such as water (¢ = 78.3553, the default solvent in the program)
gives numerically the same results, indicating the solvent results in this work are
mainly controlled by the above-mentioned four parameters. The thermal
correction to Gibbs free energy is obtained from vibrational frequency
calculations in the solvent. No negative frequency is found in any of the
optimized structures. The redox potential (E7,, ) of the lithiation process (in
volts) is calculated using the formula:

By =—(Gi— G — Gy /nF o)
where Gf, G} and Gy, are sum of electronic and thermal Gibbs free energy of the
final and initial lithiated states of the organic molecule, and lithium atom (in kcal
per mole); » is the number of electrons in the lithiation process, and F is the
Faraday constant (which is 23.061 kcal per volt—mole). The binding energy (AE,
in hartree units) of the lithiated molecules is calculated using the formula:

AE=E,1; — (Ep-yu + Evioy) (2)

where m is the number of lithium atoms, and E,;;, E(,.—)i; and Ey;q) denote the
sum of electronic and zero-point energies for a lithiated molecule with  lithium
atoms, with m — 1 lithium atoms and for the lithium atom, respectively. The
negative energy of the molecule indicates that the binding is exothermic. The
more negative the value, the stronger the binding between the lithium atom and
the molecule.

Morphology characterization and analysis. The morphology of 3Q after cycling
it in 2016-type coin cells to different cycle numbers (that is, 10, 500, 2,000, 5,000
cycles), followed by holding at its delithiated state for more than 6 h to extract
residual Li, is characterized by high-resolution TEM. Prior to TEM imaging, the
cells are disassembled in an Ar-filled glovebox, rinsed with dimethyl carbonate
(DMC) and dried in the transfer chamber under vacuum, after which samples are
collected and dispersed in DMC solvent. For synchrotron radiation
photoemission spectroscopy (SRPES) analysis, the electrodes in 2016-type coin
cells are charged and discharged to 1,000 cycles, following which the cells are
disassembled in the Ar-filled glovebox, washed with DMC and dried under
vacuum. The dry electrodes are fixed on a holder with adhesive tape and
wrapped hermetically with Mylar film. SRPES measurements are carried out at
the SINS (Surface, Interface and Nanostructure Science) beamline of SSLS
(Singapore Synchrotron Light Source (SSLS), Singapore). All the samples are
measured at room temperature in a ultrahigh vacuum chamber with a base
pressure of 1 X 107" mbar. We calibrated the photon energy using the Au 4f7/2
core level peak at 84.0 eV of a sputter-cleaned gold foil in electrical contact with
the sample. To obtain a large cross-section and high surface sensitivity, we used
an 800 eV photon energy to probe the spectra of C,,Ny;, Oy, F,;, and a 400 eV
photon energy to probe the spectra of Liy,, Cy,, Sy,. All the UPS spectra are
referenced to the Fermi edge of Au and all the PES spectra are normalized.

The changes in the morphology of the SEI formed on the surface of the
organic electrode material have been monitored by high-resolution TEM images.
As shown in Supplementary Fig. 30a-d, an amorphous layer is deposited on the
organic electrode material during the battery operation. The inner core consists
of fibre-like structures of 3Q (Supplementary Fig. 31), while the outer surface is
made of a robust SEI layer. Further investigation reveals that the SEI develops a
uniform thickness of ~10nm after 500 cycles (Supplementary Fig. 32). The
growth of a compact SEI layer on the surface of 3Q protects it from dissolution
and improves its stability during cycling. In contrast, no distinct SEI layer is
observed on the surfaces of organic electrode materials after cycling in a
conventional electrolyte such as LiPF;-EC/DMC (Supplementary Fig. 33), where a
severe decay in the capacity during cycling is observed (Supplementary Fig. 34).

SRPES is used to elucidate the chemical compositions of the SEI layer formed
on the surface of the electrode material after cycling in the ether-based electrolyte
composed of 1M LiTFSI-DOL/DME. Supplementary Fig. 30e-j displays the
high-resolution Ny;, Fy;, Liy;, Sy, Cy and O, XPS spectra derived from the
electrode materials after cycling. Compared with the XPS spectra of organic
electrode before cycling (shown in Supplementary Fig. 35), the N, peak at about
396.4 eV for the as-prepared electrode is replaced by a new peak at 400.2 V which
is assignable to the formation of Li-N= species®. In addition, the F,, peak arising
from C-F bonds in the PVDF binder at about 688.3 eV decreases after cycling™.
A strong peak evolves at about 685.6 eV instead, coupling with the Li,, peak at
56.2 eV, suggest the formation of a dense LiF-rich SEI*'. The emergence of S,,
spectra at 163.8 eV, following by peaks at 164.9 and 169.3 eV, suggests the
presence of sulfate-, sulfite- and sulfide-based species (for example, Li,S, Li,S,0,,
Li,S0;, Li,SO,) in the SEI*>*. Compared with the electrode before cycling, the

appearance of chemically shifted components at the higher binding energy side
for the C;; and O, peaks suggests the formation of oxygen-based compounds
(that is, CH,CH,OCOOLi, CH,CH,OLi, CH,OLi, HCH,OLi, poly-DOL
oligomers, and so on) in the SEI**. To further detect the compositions in different
depths, the organic electrode material is also studied by means of a synchrotron
radiation soft X-ray source with an energy of 400.0 eV (Supplementary Fig. 36). A
new C,, peak appears at 292.6 eV in addition to the above carbon peaks, which
could be assigned to —CF; species from LiTFSI or their reaction products from
the organic material, revealing abundant residual lithium salts mixing in the outer
part of the solid interface film*. High-resolution TEM and SRPES analysis
confirm that the SEI film is made of a composite of a robust inorganic material
and an elastic organic material formed during the decomposition of the
ether-based electrolyte®>”. It can be inferred that the inorganic components
provide mechanical stability to support the structure of the SEI and the organic
components provide lithium ion transport. This synergistic effect leads to the
long-term stable cycling performance of the rechargeable organic battery.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon
reasonable request.
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