#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Molecular structure design of planar zwitterionic
polymer electrode materials for all-organic
symmetric batteriest

i ") Check for updates ‘

Cite this: Chem. Sci,, 2022, 13, 11614

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Jun Wang,? Haichao Liu, ©¢ Chunéa Du,® Yu Liu,® Bing Liu,® Haoran Guan,®

Shaowei Guan, ©*? Zhenhua Sun®*° and Hongyan Yao*?

All-organic symmetric lithium-ion batteries (LIBs) show promising prospects in sustainable energy storage
systems, due to their environmental friendliness, structural diversity and low cost. Nevertheless, it remains
a great challenge to explore suitable electrode materials and achieve excellent battery performance for all-
organic symmetric LIBs. Herein, a squaraine-anthraquinone polymer (PSQ) electrode material was designed
through rational molecular engineering. The well-designed extended m-conjugated system, donor—
acceptor structure, abundant redox-active sites and rational manipulation of weak inter-/intramolecular
interactions endow the PSQ electrode with outstanding electrochemical performance. The capacity of
the PSQ cathode can be optimized to 311.5 mA h g=* by in situ carbon-template polymerization.

Impressively, PSQ-based all-organic symmetric LIBs displayed high reversible capacity (170.8 mA h g* at
Received 12th August 2022 50 mA g} llent rate perf (64.9% ity retention at 4000 mA g vs. 50 mA g )
Accepted 16th September 2022 mA g~), excellent rate performance .9% capacity retention a mA g vs. mA g,
ultralong cycle life up to 30 000 cycles at 2000 mA g~* and 97% capacity retention after 2500 cycles at

DOI: 10.1039/d25c04508g 500 mA g~% which is one of the best comprehensive battery performances among the all-organic LIBs
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Introduction

Rechargeable lithium-ion batteries (LIBs) have been commer-
cialized for decades and currently play a crucial role as the main
power supply in mobile electronics and electrical vehicles.'™*
However, concerns of limited resources, vast energy consump-
tion during the fabrication process, and serious environmental
pollution are inevitably caused by using conventional inorganic
electrode materials.>® As an alternative, organic electrode
materials have gained widespread attention for their inherent
merits of abundant resources, environmental friendliness, and
high structural designability.”® To date, tremendous advances
have been made to explore novel organic electrode materials
(cathodes or anodes) and optimize their electrochemical
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performance in organic/inorganic hybrid half-battery
systems.'*** Nevertheless, studies of all-organic batteries for
developing sustainable energy storage systems are still heavily
lagging far behind.***®

All-organic batteries are assembled with organic cathode and
anode materials. They are classified into three cell configura-
tions according to the type of electrode materials used in the
cathode and anode (n, p and bipolar type), namely, cationic
rocking-chair,  anionic  rocking-chair =~ and  dual-ion
batteries.'>**?® It is usually beneficial to simplify the fabrica-
tion process and reduce manufacturing costs to construct all-
organic symmetric batteries using the same material as elec-
trodes.” ™ The chemical structures of electrode materials
significantly affect the electrochemical performance of all-
organic symmetric batteries. The molecular design for elec-
trode materials of all-organic symmetric batteries needs to
rationally balance the working voltage, specific capacity, and
cycling stability of both the cathode and anode.”*** First,
reversible redox reactions of electrode materials are supposed to
take place at both higher voltage platforms (>2 V) and lower
voltage platforms (<1 V) for all-organic symmetric batteries. The
organic electrode materials containing cathode-active groups
(C=0, C=N, etc.) and anode-active groups (C=C, etc.) may
match the redox potential needs in all-organic symmetric
batteries.'”*® Additionally, rationally increasing the loading of
redox-active sites (or reducing the redox-inert units) has been
proven to be a universal strategy to improve the theoretical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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capacity for both organic cathode and anode materials.>*>® For
instance, Chen et al. reported a polymer with a high loading of
redox-active groups (C=O and C=N), which exhibited an
impressive specific capacity of 502.4 mA h g~' at 0.05C.*
Moreover, methods used in organic half batteries, such as
manipulating weak intermolecular or intramolecular interac-
tions (-7 interactions, hydrogen bonds, ion-dipole interac-
tions, etc.)*** as well as constructing an extended -conjugated
system*®>*® might be helpful to improve the cycling stability of
all-organic symmetric batteries. Although some advances have
been made in developing all-organic batteries, they still face
many challenges and problems, such as unsatisfactory rate
performance, inferior capacity and fast capacity fading, due to
the inferior electronic conductivity, introduction of inactive
linkages, and dissolution of active materials in organic elec-
trolytes."*' Hence, the exploration of novel electrode materials
and the achievement of excellent comprehensive electro-
chemical performance for all-organic symmetric batteries
remain highly challenging and urgent.

Squaraines (SQ), typical donor-acceptor type organic dye
semiconductive molecules, are extensively applied in the fields
of nonlinear optics, photovoltaics, photodynamic therapy,
etc.”’”* Benefiting from the planar zigzagged zwitterionic reso-
nance structure, some SQs are expected to have extended -
conjugated systems and low energy gaps (E,),**** which make
them potential promising electrode materials in the field of
LIBs. In this work, we designed and proposed a squaraine-
anthraquinone polymer (PSQ) that can be used simulta-
neously as cathode and anode materials in all-organic batteries.
From the perspective of molecular engineering, PSQ was
designed and applied as an electrode material based on the
following advantages and considerations: (1) the high loading
of active sites (C=0) guarantees the high theoretical capacity of
the PSQ cathode in a relatively high voltage range, (2) the
abundant unsaturated carbon in the aromatic ring is possibly
helpful for the PSQ anode to achieve high capacity in a low
voltage range,®*>** and (3) the planar and m-conjugated struc-
ture of monomers is beneficial to reduce the solubility and
promote charge transfer in the polymer electrode. As a result,
the PSQ cathode exhibited a high reversible capacity
(210.7 mA h g7" at 50 mA g '), excellent rate performance
(75.5% capacity retention at 2000 mA g~ ' vs. 50 mA g~ '), and
outstanding cycling stability (95% capacity retention after 6000
cycles at 2000 mA g~ ). The capacity of the PSQ cathode can be
optimized to 311.5 mA h g ' by in situ carbon-template poly-
merization. However, the cycling stability of the PSQ/carbon
composite cathode shows obvious degradation of perfor-
mance. Meanwhile, the PSQ anode also displayed a high
capacity of 723.2 mA h g~* at 100 mA g~ ' after 10 cycles and
a long cycle life of 2000 cycles. More impressively, the PSQ-
based all-organic symmetric LIBs assembled with the PSQ
cathode and anode showed extraordinary battery performance.
It exhibited a high reversible capacity (170.8 mA h g™ ' at
50 mA g~ '), excellent rate performance (64.9% capacity reten-
tion at 4000 mA g~ " vs. 50 mA g '), and ultralong cycle life up to
30 000 cycles with a low capacity fading rate of 0.0017% and
97% capacity retention after 2500 cycles at 500 mA g~ '. This
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work provides an efficient molecular design strategy for
exploring polymeric electrode materials for all-organic
symmetric LIBs with high comprehensive performance.

Results and discussion

The structural and electronic features of organic electrodes are
inherent reasons for their diverse electrochemical behavior,?***
which prompted us to explore and evaluate the suitability for
PSQ being applied as an organic electrode material at the
molecular level via theoretical calculations. The optimized
configuration of two monomers (squaraine (SQ) and 2,6-dia-
minoanthraquinone (2,6-DAQ)) and PSQ is planar (Fig. 1a and
Table S17). The planar configuration of PSQ is beneficial for the
extension of m-conjugation and enhancing molecular rigidity,
which could reduce its solubility in organic electrolytes and
improve its long-term cycling stability.*>** The top view of the
optimized structure (repeat units n = 2) illustrates a planar
zigzagged zwitterionic configuration of PSQ (Fig. 1b). The
distance between the O atoms in squaraine moieties and the
adjacent H atoms in the aromatic ring of anthraquinone is ca.
2.16 A, which is much shorter than the sum of the van der Waals
radii of the O and H atoms (2.72 A). This result indicates the
existence of intramolecular hydrogen bonds that make PSQ
show a planar configuration.®*** The extended m-conjugated
system and planar structure of PSQ can facilitate intermolecular
m-7t interactions (Fig. 1c),**** which could be conducive to
reducing the solubility of PSQ and enhancing the cycling
stability of PSQ-based batteries.>® The molecular electrostatic
potential (MESP) of PSQ was determined using one (z = 1) and
two (n = 2) repeat units based on the optimized configurations
to predict the possible redox-active sites and Li binding
sequence of PSQ (Fig. 1d).***” In principle, the atoms with lower
MESP values on the van der Waals surface have a higher binding
affinity to Li", which is favorable for serving as redox-active sites.
All the C=0 and C-O" in squaraine moieties and the C=0 in
anthraquinone moieties show low MESP values, and the MESP
values of the former are lower than those of the latter. These
results indicate that the squaraine and anthraquinone moieties
can bind with Li" in sequence during the reduction process of
the PSQ electrode.

PSQ displays a lower lowest unoccupied molecular orbital
(LUMO) level than the two monomers (Fig. 1e (n = 2), Fig. S1}(n
= 1)). The low LUMO level endows PSQ with larger electron
affinity, higher oxidizing ability, and higher discharging voltage
than those of its monomers (2,6-DAQ and SQ). PSQ (n = 2) also
has a much smaller energy gap (2.61 eV) than monomers,
mainly due to its donor-acceptor structure, ie., the SQ moiety
as the donor and the 2,6-DAQ moiety as the acceptor.*®** It is
worth noting that the energy gap of PSQ (n = 2, 2.61 €eV) is
smaller than that of PSQ (n = 1, 2.83 eV), suggesting that
extending the m-conjugation length is helpful for lowering the
energy gap.’”®* The weak intermolecular and intramolecular
interactions, extended w-conjugated system, and donor-
acceptor structure are expected to significantly facilitate the
charge transfer rate and stabilize the cycling process of the PSQ
electrode.
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Fig. 1 (a) Synthesis routes for PSQ (above) and side view of the opti-

mized configuration for monomers and PSQ (below). Schematic
diagrams of (b) intramolecular hydrogen bonds and (c) intermolecular
T—1t interactions of PSQ based on the optimized molecular structure
(C: gray; H: white; O: red; N: blue). (d) The molecular electrostatic
potential (MESP) of PSQ (repeat unitn =1and 2). (e) LUMO and HOMO
energy diagrams for PSQ (repeat unit n = 2) and monomers.

PSQ was synthesized from SQ and 2,6-DAQ via a facile one-
pot polymerization with a high production yield beyond 90%.
The monomers are obtained from commercial sources at low
prices, and the synthesis of PSQ is scalable, allowing multi-
dozen gram-scale production (Fig. S2t). The PSQ is insoluble
in common organic solvents and is expected to have good
stability in the electrolyte. The chemical structure, composition,
aggregate structure, microscopic morphology, and thermal
stability of PSQ were characterized by Fourier transform
infrared (FT-IR), solid-state '*C nuclear magnetic resonance
(**C NMR), elemental analysis (EA), X-ray photoelectron spec-
troscopy (XPS), X-ray diffraction analysis (XRD), field-emission
scanning electron microscopy (FE-SEM), transmission electron
microscopy (TEM), and thermogravimetric analysis (TGA). The
characteristic bands of N-H (3252 cm™ ') and C=N (1795 cm™ ")
in the FT-IR spectrum of PSQ (Fig. 2a) indicate the successful
polymerization of SQ and 2,6-DAQ.** The absorption bands at
1619 cm ' and 1388 cm ™! are assigned to C=0 and C-O in 1,3-
squarate moieties of PSQ,> respectively, while the absorption
band at 1657 cm ' is ascribed to C=O in anthraquinone
moieties. In the solid-state "*C NMR spectrum of PSQ (Fig. 2b),
the peak at 178 ppm, the peaks at 165 and 152 ppm, and the
peaks at 115-141 ppm are attributed to the carbons of C=0 in
anthraquinone moieties, the carbons of C=0 and C-O in 1,3-
squarate moieties, and the carbons of the benzene ring in
anthraquinone moieties and four-membered ring of 1,3-squa-
rate moieties, respectively.*>** The elements in XPS (Fig. S31)
and element contents obtained from EA measurement (Table
S2t) are in accordance with the PSQ and its theoretical value.
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Fig. 2 (a) FT-IR spectra of PSQ and monomers. (b) Solid-state *C
NMR spectrum of PSQ. (c) SEM image and (d) TEM image of PSQ.

The above characterizations confirm the successful synthesis of
PSQ. The PSQ has satisfactory thermal stability (Fig. S471). The
strong diffusion peak at ca. 27.5° in the XRD pattern indicates
strong -7 intermolecular interactions in PSQ (Fig. S51)**** The
SEM (Fig. 2c and S6t) and TEM images (Fig. 2d and S6) show
that PSQ is a lamellar structure with a size below 1 um. The
layer-by-layer morphology of PSQ originates from the intermo-
lecular -7 interactions, which is consistent with the XRD
results and their optimized configuration.

The unique structural characteristics including the extended
T-conjugated system, zigzagged zwitterionic resonance struc-
ture, low energy gap, and abundant redox-active sites make PSQ
promising electrode materials in organic LIB applications.*
The electrochemical performance of the PSQ cathode was tested
in a voltage range of 1.0-3.5 V in a half-cell using lithium as an
anode. In the cyclic voltammetry (CV) curves of PSQ at 0.2 mV
s~' (Fig. 3a), a pair of closely overlapped and broad peaks sit-
uated at 1.96 V (cathodic) and 2.22 V (anodic) are observed,
which are attributed to the reversible insertion/desertion
process of Li* in the C=0 of anthraquinone and 1,3-squarate
moieties.”»*® In the charge-discharge curves, PSQ exhibits long
sloping discharge curves from 2.5 V to 1.75 V and a small
sloping discharge region in the range of 1.2-1.0 V, which is
consistent with the results of the CV curves. The PSQ cathode
shows an initial capacity of 134.2 mA h g™, and the capacity
gradually increases to 182.8 mA h g™ " at the 500th cycle (Fig. 3b)
(as shown in Fig. S7,} the capacity contribution of conductive
carbon in the PSQ cathode is negligible). The CV of PSQ at 2 mV
s~ ' for 30 cycles was tested to explore the gradually increasing
capacity (activation process) of PSQ during the electrochemical
test (Fig. S81). The CV area gradually increases with the scans,
suggesting the improved utilization of the active sites. The
voltage peak separations are smaller by degrees, which means
that the electrochemical polarization in the PSQ cathode is
decreased with the scans. The activation process of PSQ is also

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) CV curves of the PSQ cathode at 1-3.5 V (vs. Li*/Li). (b) The charge—discharge curves of the PSQ cathode at 100 mA g™ (c) Rate
performance of the PSQ and 2,6-DAQ cathodes. (d) Plots of peak current versus scan rate and the b-values obtained according to i = av. (e)
Separation of capacitive and diffusion currents at different scan rates. (f) The Li* diffusion coefficients (D;+) of the PSQ cathode in the corre-
sponding voltage range (calculated from GITT tests). (g) Long-term cycling performance of the PSQ cathode at 2000 mA g%,

observed in the electrochemical impedance spectra (EIS)
(Fig. S9t). The electrochemical impedance decreases with the
increasing cycle number. The above results suggest the facili-
tated charge transfer process when the electrolytes penetrate
the densely packed and crystal structure of PSQ, which
contributes to the occurrence of the activation process.****
The PSQ cathode exhibits reversible capacities of 151.2,
145.4, 138.7, 127.6, 119.3 and 114.1 mA h g~* at 50, 100, 200,
500, 1000 and 2000 mA h g™, respectively (Fig. 3c). The capacity
recovers to 152.7 mA h g~ " when the current density is reset to
50 mA g~ '. The capacity keeps increasing and the value stabi-
lizes beyond 210.7 mA h g~ after the 120th cycle at 50 mA g .
The rate capacity retention is as high as 75.5% (2000 mA g~ " vs.
50 mA g ). The good rate performance is attributed to the
extended m-conjugated structure and the narrow energy gap of
PSQ."™* The fast reaction kinetics of PSQ were explored via CV
curves at various sweep rates from 0.2 to 2 mV s~'. The CV
curves display similar shapes with gradually magnified currents
(Fig. S10t). In principle, the peak current (i) obeys a power-law
relationship with the scan rate (v), according to the equation: i
= av’. The b value is determined by plotting log(i) vs. log(v),
which is an indicator of reaction kinetics. The b values of the
PSQ cathode are 0.93, 0.99, 0.88 and 0.95, suggesting fast
kinetics dominated by a surface capacitive process for the PSQ

© 2022 The Author(s). Published by the Royal Society of Chemistry

cathode (Fig. 3d).°” The capacitive contribution at various scan
rates is quantified according to the equation i = kv + k,»"/%. The
capacitive contributions are beyond 82.1% at various scan rates
and increase progressively with the scan rates (Fig. 3e). The
highest capacitive ratio of 94.2% is observed at 2 mV s .
Additionally, the Li" diffusion coefficients (Dy;:) of the PSQ
cathode were obtained via the galvanostatic intermittent titra-

tion technique (GITT) test (Fig. 3f and S117). The average Dy;

values determined according to equation
4 (MpVm [AEs\?

Dgir = — |~ °) are 1.03 x 10° and 1.01 x
7t \ MpS AEt

107° ecm s~ for discharge and charge processes, respectively.
The Dp;+ of PSQ is at a high level among organic electrode
materials, indicating the fast charge transfer rate for the PSQ
cathode. The above results indicate that the redox reaction of
the PSQ cathode is dominated by the surface-induced capacitive
and fast charge-transfer process, which contributes to the high-
power capability of PSQ.

The long-term cycling stability of the PSQ cathode was
evaluated. The PSQ cathode displays an activation process at
100 mA g~ and shows a high capacity of 182.8 mA h g™ " after
500 cycles during the long-term cycling test (Fig. S127). At
current densities of 500 and 1000 mA g™, the PSQ cathode
shows high capacity retention of 97.9% and 92.6% after 1000
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and 2000 cycles, respectively. Remarkably, the PSQ cathode also
displays an ultralong cycle life at 2000 mA g~ '. The capacity
retention is 95% after 6000 cycles with an extremely low capacity
decay rate of 0.00089% (Fig. 3g), which is among the best results
in organic cathode materials."**® The excellent cycling stability
and long cycle life of PSQ are attributed to its insolubility and
high structural stability, which is enabled by weak intermolec-
ular or intramolecular interactions (i.e., m-m interactions,
hydrogen bonds, etc.), extended w-conjugated system and
planar rigid structure.

The abundant unsaturated carbon is beneficial for PSQ to
achieve high capacity in a low voltage range and make it
a potential candidate as an organic anode material. The PSQ
anode half-cell was assembled using PSQ and a lithium refer-
ence electrode and tested in a low voltage range of 0.01-3 V. The
CV curves of the PSQ anode display two pairs of redox peaks at
a voltage of approximately 1.6 V and 0.2 V (Fig. 4a), which are
assigned to the reversible lithiation/delithiation process of
C=0 and C=C, respectively.*® The high overlap of CV curves
demonstrates the good redox reversibility of the PSQ anode. The
PSQ anode exhibits typical long slopes in charge-discharge
curves (Fig. 4b), corresponding to the successive redox reactions
of C=0 and C=C with Li" in the PSQ anode. The discharge
capacity of the PSQ anode at the 2nd cycle is 1020.3 mAh g™ " at
100 mA g ' with a CE of 94.5%, and the value becomes
723.2 mA h g~" with a high CE of 97.8% after 10 cycles. (The
capacities are obtained after deducting the capacity contribu-
tion of conductive carbon and shown in Fig. S13%). The rapid
capacity degradation in initial cycles might be attributed to
partial destruction of PSQ structure upon the intercalation of
Li" into per unsaturated C=C. It is also worth noting that the
inferior reversibility, especially in the first several cycles, is also
usually observed in the reported organic electrodes with the so-
called “superlithium” phenomenon, which prompts us to pay
more attention to the in-depth mechanism and causes of the
“superlithium” phenomenon.*®** Besides, the capacity of the
PSQ anode is 793.2, 593.6, 446, 353.7 and 271.7 mA h g’1 at
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Fig.4 Electrochemical performance for the PSQ anode. (a) CV curves.
(b) Rate performance. (c) The charge—discharge curves. (d) Cycling
performance at 2000 mA g%,
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current densities of 100, 200, 500, 1000 and 2000 mA g ',
respectively (Fig. 4c). A high capacity is retained when the
current density is reset to 100 mA g™, indicating the good rate
performance of the PSQ anode. Additionally, the PSQ anode
exhibits outstanding cycling stability. High capacity retention of
86.7% is achieved after 2000 cycles at 2000 mA g~ * (Fig. 4d).

The storage mechanism of the PSQ cathode was studied by
the evolution of ex situ FT-IR and XPS spectra for the PSQ
cathode at different discharged and charged states. When the
battery is discharged to 1 V, the decreased intensity of the C=0
band and the increased intensity of the C-O band in the high-
resolution C 1s XPS spectra indicate Li" intercalation into the
C=0 of PSQ (Fig. 5a). The opposite changes occur in the C 1s
XPS spectrum when the battery is charged to 3.5 V, which
corresponds to Li' extraction from the PSQ cathode.?**® The
high-resolution O 1s XPS spectra (Fig. 5b) also show the same
change trend during the charge-discharge process and confirm
the high redox reversibility of the PSQ cathode. The ex situ FT-IR
spectra were also recorded from the open-circuit voltage (2.7 V)
to the fully charged state (3.5 V) (Fig. 5c). The intensity of the
characteristic C=0 band (1615 cm ™) in 1,3-squarate moieties
decreases when the battery is discharged to 2.2 V. During the
following discharge process, the intensity of the C=0 charac-
teristic band in anthraquinone moieties which is located at
1653 cm™ " decreases in the voltage range of 2.2-1.0 V. These
results demonstrate that the C=0 in 1,3-squarate moieties is
discharged in priority and the C=O in anthraquinone moieties
is discharged later because the former C=0 has a lower MESP
value and higher binding affinity to Li".*** The opposite
intensity change trend of the C=O0O and the C-O band is
observed in the charge process, suggesting the Li" desertion
process in redox-active sites. Additionally, the reversible inten-
sity changes of C-N (1347 cm™ '), C=N (1323 cm ') and Li-O
(1086 cm™") also confirm the high reversibility of the redox
reaction for the PSQ cathode. Based on the above results, the
storage mechanism for the PSQ cathode is proposed (Fig. 5d).
During discharge process, the C=O in 1,3-squarate and
anthraquinone moieties are reduced by Li in sequence, and the
opposite oxidization process occurs in the charge process. The
whole charge-discharge process involves a four e~ redox reac-
tion for the PSQ cathode.

Moreover, the LUMO and HOMO distribution and the energy
gap of PSQ in different lithiated states were obtained via DFT
calculations (Fig. S141). The pristine and lithiated PSQ display
similar donor-acceptor structures and low E,, indicating the
good conductivity of the electrode materials during the charge-
discharge process.

The lithium storage behavior of the PSQ anode was also
explored via ex situ FT-IR, XPS and Raman tests. In the XPS C 1s
spectra (Fig. 5e), reversible intensity changes of C=0, C-O and
C-Li are observed in the charge-discharge process of the PSQ
anode, corresponding to the reversible insertion/desertion
process of Li" in the C=0 and C=C groups. The XPS O 1s
spectra also show reversible intensity changes of C=0, C-O and
O-Li (Fig. 5f), which is in accordance with that in C 1s spectra.
The results of ex situ FT-IR also confirm the reversible redox
process in C=C and C=O0 of the PSQ anode (Fig. 52). Reversible

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Exsitu (a) C 1s and (b) O 1s XPS spectra and (c) FT-IR spectra of the PSQ cathode. (d) Schematic diagram of the redox mechanism for the
PSQ cathode. Ex situ (e) C 1s and (f) O 1s XPS spectra and (g) FT-IR spectra of the PSQ anode. (h) Schematic diagram of the redox mechanism for

the PSQ anode.

intensity changes occur in the characteristic bands of C=0
(1614 cm ™" and 1654 cm ™) and C=C (1586 cm™"). In addition,
the reversible band changes of disordered C (D band, C-C) and
C=0 in the ex situ Raman spectra (Fig. S157) also support that
the redox mechanism of PSQ anode involves the intercalation/
deintercalation of Li* in C=0 and C=C groups.?* Based on the
above results, the redox mechanism of the PSQ anode is illus-
trated as a possibly maximum of 20 e~ reversible redox processes
in an ideal case (Fig. 5h). The SEM images of the PSQ cathode
and anode in different charge-discharge states (Fig. S16-S18%)
and the TEM images of the cycled PSQ anode (Fig. S19}) show the
compact electrode surface, which might be attributed to the
development of a solid electrolyte interface (SEI).>**° The SEI film
might be helpful for inhibiting the dissolution of organic mate-
rials in the electrolyte and protecting them from being affected
by electrochemical byproducts such as HF, thus being conducive
to their long-term cycling stability.

It is known that the PSQ cathode has an ideal 4 e~ redox
process during the discharge-charge process from the storage
mechanism analysis and a high theoretical capacity of
339 mA h g . In contrast, the PSQ shows a moderate reversible
capacity of 210.7 mA h g~ ' which corresponds to ca. 62% active
site utilization. To fully realize the electrochemical capacity of
the PSQ cathode, PSQ-K was prepared with a Ketjen black
template by in situ polymerization. Different from the dense
lamellar structure of PSQ, PSQ-K shows a uniformly distributed

© 2022 The Author(s). Published by the Royal Society of Chemistry

microstructure (Fig. S20t), which enables the active sites in
PSQ-K to be highly accessible. As a result, PSQ-K exhibits an
outstanding reversible capacity of 311.5 mAh g ' at 50 mA g,
corresponding to a high active site utilization of ca. 92%
(Fig. S217). The PSQ-K also shows a high rate performance that
is comparable with that of the PSQ. However, the cycling
stability (71.1% retention after 2000 cycles at 2000 mA g~ ') of
PSQ-K is much inferior to that of PSQ, which might be attrib-
uted to the improved solubility of PSQ-K caused by the reduced
intermolecular interactions after the in situ polymerization
process. Thus, considering the simplified production process as
well as the long cycle life of pristine PSQ, which is more favor-
able for potential practical applications, PSQ rather than PSQ-K
was selected as the main research object in this work. Never-
theless, the above results suggest the great potential of PSQ/
carbon composites are high-energy and high-power electrode
materials, and the systematic optimization of PSQ/carbon
composite electrodes will be performed in future work.

The electrode materials in all-organic symmetric batteries
need to balance the voltage, specific capacity and cycling
stability of the cathode and anode.” Benefiting from the
outstanding electrochemical performance and suitable voltage
of the PSQ cathode and anode, PSQ is expected to be a prom-
ising cathode and anode material for all-organic symmetric
LIBs. The PSQ-based all-organic symmetric LIBs were assem-
bled by using the PSQ cathode and fully lithiated PSQ

Chem. Sci., 2022, 13, 1614-11622 | 11619
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Fig. 6 Electrochemical performance of PSQ-based all-organic symmetric battery. (a) Schematic diagram of the charge—discharge process. (b)
CV curves at 2 mV s, (c) Rate performance at various current densities. (d) Comprehensive electrochemical performance comparison radar
chart for reported all-organic batteries (the details are shown in Table S31). (e) Surface and diffusion-controlled contributions of the PSQ cathode
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(discharged to 0.01 V) anode. In the cationic rocking chair
configuration for the PSQ-based all-organic symmetric battery,
Li" shuttles back and forth between the cathode and anode
during the charge-discharge process (Fig. 6a). The electrolyte
constituent was optimized (the electrochemical tests using the
other electrolyte were shown in Fig. S22t), and a mass ratio of
the anode and cathode (1 : 3) was selected. The electrochemical
performance of the PSQ-based all-organic symmetric battery
was comprehensively evaluated. In the CV curves (Fig. 6b), two
pairs of redox peaks appear at approximately 1.1 V and 1.72 V
which are ascribed to the reversible redox reaction of C=0 in
PSQ. The long and continuous sloping voltage profiles in
charge-discharge curves (Fig. S237) are in accordance with the
broad redox peaks in the voltage range of 0.2-2.2 V in the CV
curves. The PSQ-based all-organic symmetric battery displays
a satisfactory discharge voltage of ca. 1.4 V. It is worth noting
that the working voltage of the PSQ-based all-organic symmetric
battery is moderate among reported all-organic batteries. It is
far from comparable to commercial batteries which show a high
average working voltage. There is still much room for improving
the working voltage of the full battery via molecular design
strategies. In addition, the PSQ-based all-organic symmetric
battery also exhibits excellent rate performance (Fig. 6¢ and d).
They exhibit high capacities of 156.4, 152.4, 134.4, 116, 102.1,

1620 | Chem. Sci,, 2022, 13, 11614-11622

and 98.6 mA h g~ * at 100, 200, 500, 1000, 2000 and 4000 mA g~ *,
respectively. When the current rate is reset to 50 mA g~ and
keeps running for another 50 cycles, a high discharge capacity
of 170.8 mA h g * is observed. The excellent rate capability is
attributed to the fast reaction kinetics (Fig. 6e and S24+), which
are facilitated by the low energy gap. Moreover, the PSQ-based
all-organic symmetric battery exhibits outstanding long-term
cycling stability. They exhibit an excellent capacity retention
of 97% at 500 mA g * after 2500 cycles (Fig. 6f). Moreover, they
show high capacity retentions of 68.4% and 46.2% after 10 000
and 30 000 cycles at a high current density of 2000 mA g,
respectively, with ultra-low capacity fading rates of 0.0032% and
0.0017%, respectively (Fig. 6g). The corresponding coulombic
efficiency is close to 100% during the whole cycling test.
Consequently, the high reversible specific capacity, excellent
rate performance, satisfactory working voltage and ultrahigh
cycling stability of the PSQ-based all-organic symmetric battery
make it one of the best high-performance all-organic batteries
(Fig. 6d and Table S37).

Conclusions

A planar zwitterionic squaraine-anthraquinone polymer (PSQ)
was designed and synthesized as an electrode material for all-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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organic symmetric LIBs. The PSQ electrode for half-batteries
exhibited high capacities (210.7 mA h g™" at 50 mA g~ ' for
the cathode and 311.5 mA h g~ at 50 mA g~ ' for the PSQ-K
cathode prepared by in situ polymerization, 723.2 mA h g~ " at
100 mA g ' for the anode), excellent rate performance
(114.1 mA h g " at 2000 mA g~ for the cathode, 271.7 mAhg™*
at 2000 mA g for the anode), and outstanding cycling stability
(95% capacity retention after 6000 cycles at 2000 mA g~ * for the
cathode, 86.7% after 2000 cycles at 2000 mA g~ for the anode).
More impressively, the all-organic symmetric battery assembled
using PSQ as both the cathode and anode showed outstanding
comprehensive battery performance including high reversible
capacity (170.8 mA h g~ at 50 mA g~ '), excellent rate perfor-
mance (98.6 mA h g~ " at 4000 mA g~ ') and ultralong cycle life
up to 30 000 cycle life at 2000 mA g~ with a low capacity fading
rate of 0.0017%, which are among the best results of reported
all-organic batteries. The excellent comprehensive electro-
chemical performance of PSQ is attributed to the well-designed
extended w-conjugated system, donor-acceptor structure,
abundant redox-active sites, and the rational manipulation of
weak inter-/intramolecular interactions. Our results demon-
strate the promoting effects of rational manipulation of weak
inter-/intramolecular interactions as well as constructing planar
and donor-acceptor structures in polymers for addressing the
intrinsic dissolution and low conductivity problems of organic
electrode materials. This work provides new insights into the
molecular design of high-performance and low-cost all-organic
symmetric battery electrode materials, which is meaningful for
the practical applications of organic electrode materials in
future sustainable energy storage systems.
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