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Polyimide cathode materials have enticed tremendous attention as
alternatives to transition-metal electrodes owing to their large
theoretical capacity, structural diversity, low cost, and rapid reac-
tion kinetics. Conversely, such imide electrodes still face a severe
challenge to achieve their energy storage applications satisfactorily
due to the insufficient utilization of their redox-active sites origi-
nating from their low electronic conductivities. Herein, four func-
tionalized polyimide composites have been fabricated by virtue of
an in situ polycondensation reaction between a newly synthesized
benzophenone—benzoquinone-based diamine and commercial
dianhydrides in the presence of a conductive Super C45 material for
application as cathode materials in Li-ion batteries. Such innovative
integration of carbonyl groups of benzophenone, benzoquinone,
and diimide rings with the Super C45 material not only creates
a stable porous structure with abundant accessible redox-active
sites but also guarantees fast electron/ion diffusion. Conse-
quently, our targeted PMQP-SP cathode delivers high capacities of
143 mAh g 'at 0.2C and 122 mA h g ! at 1C and attains better rate
capability besides ultra-stable cycling performance with 85%
capacity retention over 500 cycles at 2C. According to DFT calcu-
lations, the theoretical results are well consistent with the elec-
trochemical performance of the synthesized composites.
Generally, this work suggests an efficient strategy to design novel
carbonyl-rich organic electrodes for next-generation green
rechargeable batteries.
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Introduction

Concerning the energy crisis that the world is witnessing
nowadays, the development of renewable sustainable energy
resources and energy storage technologies has attracted much
attention from many researchers to keep pace with the growing
demand for energy needs." Lithium-ion batteries (LIBs), which
are regarded as the dominant energy storage source in electric
vehicles and portable electronics markets, suffer from some
problems such as performance constraints, resource shortages,
and environmental pollution. On the other hand, the modifi-
cation and improvement of traditional inorganic electrode
materials are no longer sufficient to meet the rapid utilization of
clean energy resources due to their intrinsic limitations.
Recently, the innovation of redox-organic electrode materials as
clean alternatives offering high electrochemical performance
with high theoretical capacities, low cost, resource availability,
high sustainability, structural diversity, and environmental
friendliness was urgently required for next-generation LIBs.>” It
is investigated that the optimization of functional groups of
redox-organic compounds has a remarkable influence on
sufficient conductivity and reversible ion-insertion reactions.®
Regrettably, the unsatisfactory cycle performance and poor rate
capability of rechargeable LIBs were generally achieved due to
the critical dissolution of small organic molecules in common
electrolytes that minimized their thermal stability.>*° So, it was
reported that the most effective strategy is to polymerize these
small active compounds that could restrain their undesirable
solubilities in electrolytes and stabilize redox reactions.**

To date, numerous kinds of organic redox-active polymers,
including radical polymers,"””™* organosulfur polymers,
conductive polymers,'”*° covalent organic frameworks®>* and
conjugated carbonyl polymers**® have been examined as
polymer-based electrode materials and have attained great
success in rechargeable batteries.”” In particular, it was explored
that carbonyl polymers, especially aromatic polyimides, are one
of the most promising electrode materials for rechargeable
batteries owing to their structural diversity, great thermal
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stability, excellent mechanical strength, high theoretical
capacities, and superior electrochemical performance.”®*** The
integration of commercial dianhydrides such as pyromellitic
(PMDA), naphthalene-tetracarboxylic (NTCDA), and perylene-
tetracarboxylic (PTCDA) with various diamines resulted in
electroactive polyimides, which have been successfully applied
in rechargeable storage systems.>*** It was noticed that each
repeating unit of aromatic polyimides predominantly provided
two one-electron reduction steps, which mainly depended on
the electrochemically active carbonyl groups of dianhydrides.*
Furthermore, various studies showed that specific capacities
and voltage profiles of polyimides can be optimized by changing
both dianhydrides and diamines.**** Therefore, polyquinones,
as outstanding multi-carbonyl compounds, have achieved high
electrochemical performance in rechargeable LIBs.>*** Conse-
quently, the insertion of quinone-based moieties into structural
polyimide chains was extremely beneficial for their reactivity
and has also enhanced their energy densities and specific
capacities through lithium enolization of active carbonyl
groups.”” For instance, Wu et al. manufactured a novel
anthraquinone-based  polyimide/SWCNTs composite as
a cathode material that exhibited a discharge capacity of
190 mA h g~ at 0.1C.*® As well, Zhang et al. fabricated a core-
shell quinone-containing polyimide/CNTs composite, which
was employed as a cathode material that delivered a good
reversible capacity of 163 mA h g~ " at 0.05 A g~ "% On the other
hand, Chen et al. designed a novel urea-derived polyimide that
was applied as a cathodic material, which offered a specific
capacity of 174.5 mA h g~ " at 20 mA ¢~ and a rate capability of
133.5 mA h g~" at 500 mA g~ ".* In contrast, these reported
polyimide cathodic materials are still far from practical appli-
cation owing to their low cycle stability at high current density.
Among quinone derivatives, it was investigated that p-benzo-
quinone presented a large theoretical capacity of 496 mA h g™*
and a reasonable redox potential of approximately 2-3 V versus
Li because of its possession of two electroactive carbonyl
groups.*™** Therefore, it is favorable to insert a benzoquinone
moiety into the structural chains of polyimide derivatives that
are integrated with abundant Super C45 as a conducting
material, which provides an effective, cheap strategy to enhance
the electrochemical performance of next-generation recharge-
able batteries.

Herein, for the first time, a novel diamine monomer (QDP),
including amino benzophenone-terminated benzoquinone,
was successfully synthesized through a Michael addition reac-
tion of 1,4-benzoquinone and 4,4’-diamino benzophenone as
starting materials under an oxygen atmosphere. To complete
our methodology, a new family of multi-carbonyl polyimide
composites was fabricated via an in situ polycondensation
reaction between the as-prepared QDP diamine and four
different kinds of dianhydrides, such as pyromellitic dianhy-
dride (PMDA), 3,3',4,4'-biphenyltetracarboxylic dianhydride
(BPDA), 4,4"-oxydiphthalic anhydride (ODPA), and benzophe-
none-3,3',4,4'-tetracarboxylic dianhydride (BTDA) in the pres-
ence of Super C45 as a conducting material. Based on the w-=
stacking interaction, the as-fabricated polyimides can be readily
incorporated with Super C45 particles for application in Li-ion
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batteries as organic composite cathodes. Comparatively, the
resultant PMQP-SP composite shows distinct chemical/thermal
stability with a unique, highly porous structure that signifi-
cantly shortens pathways for Li* diffusion. As a consequence,
the continuously conjugated PMQP-SP cathode manifests the
highest specific capacity of 143 mA h g™ * at 0.2C due to larger
utilization of its abundant carbonyl groups. Remarkably,
a negligible capacity decay is noticed at 2C over 500 cycles with
85% capacity retention, which implies superior long-term
cycling stability of the PMQP-SP electrode. Additionally,
a large capacity of 122 mA h g ' can be achieved at 1C,
demonstrating fast redox reaction kinetics of PMQP-SP, which
is possibly further ascribed to its smallest energy gap (E,) rela-
tive to other synthesized composites. According to our knowl-
edge, the better rate capability and excellent cycling stability of
our PMQP-SP render it among high-performance PI cathodes
used for rechargeable batteries.

Results and discussion

Through the Michael addition reaction, a new (QDP) diamine,
containing amino benzophenone-terminated benzoquinone,
was successfully synthesized from 1,4-benzoquinone and 4,4’-
diamino benzophenone as raw materials for the first time under
an oxygen environment (Fig. 1a). In addition, the molar ratio of
the reaction can be optimized between 1,4-benzoquinone and
4,4'-diamino benzophenone to be 1:2 to obtain a precipitate,
which appears with a brown color owing to its benzoquinone
structure (Fig. S1T). On the other hand, the chemical structure
of QDP diamine was proved via 'H and '*C NMR spectral
analyses. The "H NMR spectrum exhibits characteristic chem-
ical shifts at 9.52 ppm related to the formed (-NH-) group and
6.16 ppm, which represents the -NH,, group (Fig. S2}). As well,
its ®C NMR spectra display typical chemical shifts at
124.26 ppm, describing the C-NH, group, and 146.56 ppm,
which illustrates the formation of the -C-NH- group, confirm-
ing the successful synthesis of the intended QDP structure
(Fig. S37). On the other hand, there is no characteristic peak for
oligomers in these spectra, meaning that our product had been
completely purified with boiled methanol.

As elucidated in Fig. 1, novel benzoquinone-based polyimide
composites (PMQP-SP, BPQP-SP, ODQP-SP, and BTQP-SP) were
successfully synthesized through an in situ condensation poly-
merization of the as-synthesized QDP diamine with pyromellitic
dianhydride (PMDA) or 3,3',4,4'-biphenylteteracarboxylic dia-
nhydride (BPDA) or 4,4’-oxydiphthalic anhydride (ODPA) or
benzophenone-3,3',4,4'-tetracarboxylic dianhydride (BTDA),
respectively, as commercial dianhydrides in the presence of
Super C45 as a conducting material at 180 °C. To affirm that our
polyimide composites had been completely imidized, they
underwent a thermal treatment at elevated temperatures up to
350 °C under a nitrogen atmosphere. These as-synthesized
products have been designed with a special polymeric struc-
ture, showing their high insolubility in organic electrolytes,
leading to suppressing the undesirable dissolution in these
electrolytes during the battery cycling. By highlighting the
synthesis mechanism of poly(amic acid), this reaction occurs
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Fig. 1 Synthetic procedures of (a) PMQP, BPQP, ODQP and BTQP polyimides. (b) Polyimide/Super P composites.

via the nucleophilic attack of the amino group of the as-
prepared QDP diamine on the carbonyl group of the dianhy-
dride monomer, followed by the liberation of water molecules
as by-products from PAA to produce polyimide derivatives
(Fig. S4 and S57).

According to the FTIR spectrum shown in Fig. S6,f QDP
exhibits peaks at 3463, 3408, and 3342 cm ™', attributed to the -
NH, group. In addition, there is a distinct peak at 3268 cm ™,
which is assigned to the (-NH-) group of the QDP monomer and
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is still present in the FTIR spectra of our synthesized polyimide
materials, emphasizing the successful polymerization process.®
It is also noticeable that a strong broad peak originated from
overlapping two characteristic peaks located at 1855 and
1780 cm ™', ascribed to the C=0 group of PMDA, besides the
appearance of a distinct peak at 1217 cm ™', which is assigned to
the aryl C-O-C group of PMDA. As for Super P, it displays
a small peak at 1583 cm ™, attributed to graphitic C=C skeletal
vibrations. As illustrated in Fig. 2a, the successful fabrication of

This journal is © The Royal Society of Chemistry 2025
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the four polyimide composites (PMQP-SP, BPQP-SP, ODQP-SP,
and BTQP-SP) was confirmed via the appearance of similar
characteristic peaks at 1777 and 1725 cm ™', corresponding to
the stretching vibrations of imide (C=0) groups.**** Addition-
ally, the emerging strong peaks at 1363 cm ™" ascribed to the C-
N-C group further affirmed the complete imidization process of
these polyimide composites, suggesting the formation of imide
rings.*® On the other hand, this FTIR spectrum displays a char-
acteristic peak at 1646 cm ™ for these polyimide derivatives that
is attributed to the C=0O group of the benzoquinone ring,
assuring the successful copolymerization process.*** From the
elemental analysis data, the practical elements ratios of PMQP-
SP, BPQP-SP, ODQP-SP, and BTQP-SP are C%, 81.9; H%, 2.25;
N%, 5.49; 0%, 10.42, C%, 86.18; H%, 1.98; N%, 3.78; 0%, 8.14,
C%, 85.57; H%, 1.94; N%, 4.01; 0%, 8.52, and C%, 84.7; H%,
2.14; N%, 4.08; O%, 9.12, respectively, which are nearly
consistent with their theoretical values, affirming their
successful synthesis. As for the Raman spectrum (Fig. S77), the
PMQP polyimide exhibits distinct peaks at 1388.11 and
1240.45 cm ™, corresponding to the stretching vibrations of C-
N and C-N-C groups, respectively, proving the successful
imidization process. In addition, a small peak can be noticed at
around 1720.81 cm™’, which is assigned to the imide (C=0)
groups of PMQP. On the other hand, there is an obvious overlap
between the peak of the D band, which is associated with
disordered carbon structures of the Super C45 material and the

C-N peak of polyimide derivatives at about 1350.99 cm*,

—
Q
—

(b)
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affirming the successful synthesis of our polyimide composites.
It is also noticeable that a small peak appeared at 845.76 cm ™',
attributed to the imide ring deformation, further confirming
the complete imidization of our polyimide materials.

From the PXRD patterns clarified in Fig. S8,1 the PDMA and
QDP monomers exhibit sharp distinct peaks at 14.51°, 16.47°,
20.37°, 22°, 28.8°, 30.43° and 8.07°, 11.73°, 12.08°, 12.72°,
14.79°, 16.16°, 17.61°, 23.62°, 24.45°, 29.03°, 32.72°, respec-
tively, denoting their crystalline nature. As for Super P, two
significant broad peaks can be observed at 25.07° and 43.44°,
corresponding to the (002) and (100) planes of graphite,
respectively. Such broad peaks indicate the presence of some
graphitic carbon structures within Super P and reflect its
amorphous nature. To further examine the internal construc-
tion of the synthesized polyimide composites, their XRD
patterns were also collected as clarified in Fig. 2b. So, the four
composites display analogous two characteristic peaks centered
at approximately 25.35° and 43.97° for PMQP-SP, 24.89° and
43.74° for BPQP-SP, 24.25° and 43.78° for ODQP-SP, and 24.97°
and 43.85° for BTQP-SP, corresponding to d-spacings of 3.51
and 2.06 A, 3.57 and 2.07 A, 3.67 and 2.07 A, and 3.56 and 2.06 A,
respectively. Furthermore, the interplanar spacing of PMQP-SP
related to the highest diffraction peak at 26 = 25.35° is smaller
than those of BPQP-SP, ODQP-SP, and BTQP-SP, creating
a lower interfacial spacing and boosted intermolecular inter-
actions of the PMQP-SP composite compared to the BPQP-SP,
ODQP-SP, and BTQP-SP composites.**® On the other hand,

(c)

-NH- C=0 imide 25° 100 -

= PMQP-SP C-N-C

ul = 3 951

> E) 43 <

8 BPQP-SP s : PMQP-SP| 9 g0/

8 2 o

= D -

£ 0DQP-SP g BPQP-SP| 5 8

g W E S go|— PMQP -sP

o BTQP-SP = ——BPQP - SP

[ ODQP-SP 75
b BTQP-SP ]——opap-sp
C=0 quinone BTQP - SP

. . — . . 70
4000 3500 3000 2500 2000 1500 1000 500 10 20 30 40 50 60 70 80 0
Wavenumber (cm™)

2 Theta (°)

100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 2 (a) FTIR spectra. (b) XRD patterns. (c) TGA curves. (d—g) SEM images of PMQP-SP, BPQP-SP, ODQP-SP and BTQP-SP polyimide

composites. (h) EDS elemental mapping of the PMQP-SP composite.
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the strongest peaks centered at approximately 25° of these
polyimide composites that are contributed by the (002) plane of
Super C45 indicate the successful mixing of Super C45 particles
with polyimide molecules during the nucleation/growth process
of these composites.* The influence of the molecular structure
of these as-synthesized polyimide composites on their thermal
stabilities can be explored through thermogravimetric analysis
(TGA). As illustrated in Fig. 2c, these polyimide composites
exhibit high decomposition temperatures ranging from
approximately 530 °C to 547 °C, attributed to their robust
structures by virtue of their conjugated aromatic rings.
Furthermore, these four composites have high thermal stability
and consequently are expected to be applied in lithium-ion
batteries with excellent safety during their cycling.

The surface morphologies of the synthesized composites
were clearly explored using a scanning electron microscope
(SEM). By comparison, PMQP-SP featured a 3D granular-shaped
highly porous structure composed of uniformly distributed
nanoparticles with an average particle diameter of approxi-
mately 888 nm (Fig. 2d), which enlarges the contact interface
between the electrolyte and the electrode and suppresses the
considerable structural alterations of polyimide chains during
battery cycling.® On the other hand, the densely agglomerated
brick-like morphology can be obviously visualized in BPQP-SP
and ODQP-SP (Fig. 2e and f), which largely obstructs the elec-
trolyte infiltration inside these composites. Exceptionally,
BTQP-SP displays a colony-like morphology with randomly
distributed macropores as shown in Fig. 2g. In conclusion, the
unique morphology of PMQP-SP is expected to be favorable for
shortening ionic diffusion pathways to the active centers and
significantly facilitating the electrolyte permeation inside the
cathode during the cycling process, suggesting superior elec-
trochemical performance of PMQP-SP relative to the other
composites.*** According to TEM images demonstrated in
Fig. S9, the lattice fringe of our polyimide composites was
revealed (inside yellow oval circles). Unfortunately, the lattice
fringes of these products aren't obvious enough to calculate
their interplanar spacing (d). Therefore, our polyimide deriva-
tives are regarded as semicrystalline materials. To further affirm
that the homogeneous mixing of polyimide chains with Super
C45 molecules happened successfully during the in situ poly-
merization process, the energy dispersive X-ray elemental
mapping analysis evidences the uniform spatial distribution of
C, O, and N elements inside the as-synthesized composites as
illustrated in Fig. 2h and S11-S13.*” As well, EDS spectra display
percentages of C, N, and O elements for each composite
(Fig. S10-S13t), which are approximately aligned with their
theoretical values, further proving the successful synthesis of
these four polyimide composites.

The electrochemical performances of the as-synthesized
polyimide composite cathodes were comprehensively investi-
gated through assembling CR2032 coin-type cells using lithium
foil as the anode in a potential window of 1.5-3.5 V (vs. Li/Li").
To obviously study the lithiation/delithiation behaviors of
PMQP-SP, BPQP-SP, ODQP-SP, and BTQP-SP composite cath-
odes, cyclic voltammetry (CV) of these prepared cathodes was
performed at a scan rate of 0.1 mV s~ ' as illustrated in Fig. 3a-d.
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By comparison, two distinctive pairs of redox peaks with the
highest current density were observed for PMQP-SP (Fig. 3a),
denoting the highest electrochemical activity of its carbonyl
groups owing to its conjugated structure, suggesting the lowest
polarization and largest utilization of its redox carbonyl active
sites.*>*® Additionally, PMQP-SP exhibits two broad reduction
peaks; first, at around 2.29 V during the first three cycles and
second at approximately 1.92 V in the first cycle, which gradu-
ally shifted to a higher potential at 2.01 V in the second cycle
and at 2.04 V in the third cycle, as shown in Fig. 3a. This
behavior is mainly due to the reduction of active carbonyl
groups in both imide and benzoquinone rings, respectively,
during the discharging process.** On the other hand, two wide
oxidation peaks were obviously noticed for PMQP-SP at about
2.39 V during the first three cycles and at around 2.17 V in the
first cycle, which slightly moved to lower potential at 2.15 V
throughout the second and third cycles, which can be attributed
to the oxidation of carbonyl groups of quinone and imide
moieties during the charging process.* According to Fig. 3b,
BPQP-SP also displays two weak reduction peaks at about 2.52
and 1.77 V with three broad oxidation peaks at 1.99, 2.49, and
2.81 V during the first three cycles, which may be due to the
enolization reaction of carbonyl groups in imide units.*
Unfortunately, the redox behavior of carbonyl groups of the
imide unit and benzoquinone ring based on ODQP-SP was not
observed clearly as clarified in Fig. 3c, referring to its poor
electrochemical activity, in good agreement with its lowest
discharge capacity. As well, the lowest peak current of ODQP-SP
confirms the worst redox activity, which may be ascribed to
broken electron transfer channels.?* Furthermore, two weak
reduction peaks located at 2.51/1.76 V and three broad oxida-
tion peaks appeared at 2.14/2.47/2.81 V and were monitored for
BTQP-SP during the first three cycles, as elucidated in Fig. 3d,
owing to successive lithiation/delithiation processes of carbonyl
groups of imide and quinone units as well as the enolization of
BTDA-based bridged carbonyl groups. From the whole CV data,
these polyimide composites have acceptably stable lithiation
and delithiation behaviors except ODQP-SP, due to better elec-
trochemical activity of their carbonyl groups in both imide and
benzoquinone moieties, leading to accommodation of multiple
lithium ions, which contribute to achieving large specific
capacity. As demonstrated in the galvanostatic charge-
discharge profiles, two obvious redox plateaus for PMQP-SP and
unclear voltage plateaus for BPQP-SP, ODQP-SP, and BTQP-SP
cathodes can be observed at 0.2C (Fig. 3e), which are in good
agreement with their CV curves, implying higher redox activity
of PMQP-SP than those of BPQP-SP, ODQP-SP, and BTQP-SP
cathodes. It is also noticeable that the average discharge
voltage of PMQP-SP is higher than those of BPQP-SP, ODQP-SP,
and BTQP-SP, owing to the highly stable conjugated structure of
PMQP-SP, which could lower its (LUMO) energy levels, sug-
gesting larger utilization of active sites.®*

The cycling performances of these as-synthesized compos-
ites were evaluated as LIB cathodes by assembling them into
CR2032 coin-type cells. As well, their discharge capacities were
recorded based on the mass loading of active materials (PMQP,
BPQP, ODQP, and BTQP) inside the cathode slurry, which is

This journal is © The Royal Society of Chemistry 2025
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SP at 0.2C. (g) Optical image of a PMQP-SP cathode-based Li* battery for powering an LED bulb. (h) Rate performances at different current
densities. (i) EIS of PMQP-SP, BPQP-SP, ODQP-SP and BTQP-SP in the frequency range of 0.01-100 000 Hz. (j) Long-term cycling stability of

PMQP-SP at

2C.

around 0.4 mg cm™ 24552 To study the influence of the Super PMQP-SP (25%), and PMQP-SP (35%), for instance. By
C45 additive as a conducting material inside the fabricated increasing the amount of the Super C45 material in this
composite during the cycling process, the PMQP-Super C45 composite, its average discharge capacity is largely reinforced
composite was prepared with different ratios of Super C45 from 44 mAhg " for PMQP-SP (15%) to 83 mA h g~ for PMQP-
during the in situ polymerization resulting in PMQP-SP (15%), SP (35%) during 100 cycles at 0.5C as shown in Fig. S14.}1 This
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behavior is mainly attributed to the considerable improvement
of the electronic conductivity of this composite originating from
Super C45, which can be ascribed to the formation of
a conductive hetero-architecture by virtue of an in situ poly-
merization, guaranteeing larger utilization of redox-active
carbonyl groups, delivering higher discharge capacity.”> On
the other hand, the specific capacity of Super C45 is considered
to be negligible in terms of LIB electrochemical capacity
because it is a highly disordered form of carbon, which is
treated as electrochemically inactive. Therefore, its discharge
capacity was revealed to be around 14 mA h g~ at 0.2C over 100
cycles (Fig. S15at), mostly because of its surface adsorption or
pseudocapacitive effects, not the bulk intercalation during
battery cycling. As expected, Super C45 presented ultra-weak
redox peaks during the initial three cycles in the CV test
(Fig. S15bt), affirming its poor cycling behavior. So, this
composite was optimally synthesized with 45% of Super C45 to
yield PMQP-SP, which significantly delivers ultra-stable specific
capacity reaching 122 mA h g~" over 100 cycles with 90%
capacity retention and an excellent Coulombic efficiency of
99.1% at the same current rate (Fig. S1671). In order to obviously
investigate the effect of the chemical structure of polyimides on
their cycling behavior, these as-synthesized PMQP-SP, BPQP-SP,
ODQP-SP, and BTQP-SP composites were tested at a current
density of 0.2C (Fig. 3f). Notably, a = 91% capacity retention is
attained for PMQP-SP, which retains a superior capacity of
130 mA h g~ ' after 100 cycles compared with BTQP-SP, BPQP-
SP, and ODQP-SP, demonstrating the highly stable chemical
structure of PMQP-SP. Additionally, the PMQP-SP electrode
exhibits a stable, excellent Coulombic efficiency of up to 99.8%
relative to BPQP-SP, ODQP-SP, and BTQP-SP. Exceptionally, the
ODQP-SP cathode displays a stable cycling behavior with
a limited capacity of around 40 mA h g™, attributed to the low
utilization of its active carbonyl sites. Remarkably, BTQP-SP and
BPQP-SP largely suffer from capacity fading during 100 cycles,
achieving the lowest capacity retention of approximately 49.7%
and 56.7%, respectively, which can be ascribed to their poorest
structural stability. Moreover, the full battery based on our
targeted PMQP-SP cathode can successfully illuminate an LED
bulb with stable lighting (Fig. 3g), elucidating its actual appli-
cation as an organic cathode for rechargeable LIBs.

In order to evaluate the rate capabilities of these PMQP-SP,
BPQP-SP, ODQP-SP, and BTQP-SP cathodes, their performance
was obviously examined at different current densities, which
were increased stepwise from 0.1C to 5C. Remarkably, the
PMQP-SP cathode manifests the largest discharge capacities
and better rate performance with increasing the current density
to 5C compared to those of BTQP-SP, BPQP-SP, and ODQP-SP
cathodes (Fig. 3h), which can be attributed to the highly
porous morphology and stable conjugated structure of PMQP-
SP, leading to fast reaction kinetics. Notably, PMQP-SP
delivers the highest discharge capacitances of 144, 142.5, 131,
113,95,and 75 mA h g’1 at current densities of 0.1C, 0.2C, 0.5C,
1C, 2C, and 5C, respectively, achieving an excellent Coulombic
efficiency of 99.6%. Additionally, the specific capacity of PMQP-
SP is retrieved to 142.3 mA h g~', when the current density
decreases to 0.2C again, achieving a capacity retention of
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approximately 99.86% of its initial value. Exceptionally, the
satisfactory rate capability of BTQP-SP to some extent was
observed through displaying acceptable discharge capacities of
125 mA h g ' at 0.1C and 34 mA h g~ ' at 5C, which are higher
than those of BPQP-SP and ODQP-SP cathodes as clarified in
Fig. 3h. Compared with BPQP-SP and ODQP-SP, the enhanced
performance of the BTQP-SP cathode with a high Coulombic
efficiency of 99.3% is possibly ascribed to the conjugation of p-
orbitals of BTDA-based bridged carbonyl groups with m-orbitals
of aromatic rings, subsequently creating electron transport
channels leading to boosting the charge delocalization during
the cycling process, contributing to the additional discharge
capacity.® As for BPQP-SP and ODQP-SP cathodes, they exhibit
the worst rate capabilities, owing to the decay of their specific
capacities from 105 mAh g ' at 0.1C to 14.3 mA h g~ " at 5C for
BPQP-SP and from 60.9 mAh g ' at 0.1C to 7.6 mA h g " at 5C
for ODQP-SP as shown in Fig. 3h. Their poorest electrochemical
activities may be attributed to obstruction of the electron
transportation along polyimide chains because of the cleavage
of their conjugated BPDA and ODPA units during the battery
cycling.* On the other hand, the PMQP-SP cathode attains the
largest capacity retention of about 52.1% at a high current
density of 5C compared to BTQP-SP (retention ~ 27.2%), BPQP-
SP (retention ~ 13.6%), and ODQP-SP (retention ~ 12.5%),
affirming the highest rate capability of PMQP-SP relative to the
other prepared cathodes.

Furthermore, Fig. S177 illustrates the charge-discharge
curves of the PMQP-SP cathode at various current densities. As
expected, two characteristic discharge/charge plateaus can be
obviously noticed, which are aligned with the two pairs of redox
peaks in the CV analysis (Fig. 3a), assuring two consecutive
lithiation/delithiation processes during the cycling process. It is
noticeable that these profiles display a similar trend with
a slight expected alteration of polarization within a wide range
of the current rate, signifying the high structural stability of the
PMQP-SP composite, leading to fast reaction kinetics during the
battery operation.> In order to deeply understand the reaction
kinetics of these polyimide composites, their electrochemical
performance was further explored via electrochemical imped-
ance spectroscopy (EIS). Through Nyquist plots demonstrated
in Fig. 3i, PMQP-SP manifests the lowest charge transfer resis-
tance (R, = 147.6 Q) compared with BPQP-SP (R, = 234.4 Q),
ODQP-SP (R, = 254.3 Q), and BTQP-SP (R, = 214.6 Q), implying
faster ionic transport and higher electronic conductivity for
PMQP-SP.? This behavior can be attributed to the integration of
the continuously conjugated system of the pyromellitic dia-
nhydride unit of PMQP with Super C45 particles, resulting in
the creation of more electron transfer channels and then
significantly lowering the charge transport impedance. The EIS
results are consistent with the cycling performances of the as-
fabricated polyimide cathodes at a current density of 0.2C
(Fig. 3f), which may be attributed to their wettability by the
liquid organic electrolyte. By highlighting their wetting
behavior, these prepared polyimide composites are thought to
have an enhanced contact between polyimide chains and the
conductive additive by virtue of in situ polymerization, which
diminishes their polymeric swelling into the electrolyte based
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on functionality.® Consequently, the PMQP-SP composite has
the smallest aryl segment, generating the lowest swelling in the
liquid electrolyte compared with BPQP-SP, ODQP-SP, and
BTQP-SP composites, manifesting the lowest charge impedance
for PMQP-SP. On the other hand, the BTQP-SP composite shows
lower charge transfer resistance in comparison with BPQP-SP
and ODQP-SP, as elucidated in Fig. 3i. This behavior can be
ascribed to the additional bridged-carbonyl group of BTQP-SP,
which may create more electronic cloud, suggesting faster
charge transfer in BTQP-SP relative to BPQP-SP and ODQP-SP.

To further explore the long-term cycling performance of the
targeted PMQP-SP composite, the galvanostatic charge-
discharge test was carried out at 1C and 2C over 300 and 500
cycles, respectively (Fig. S181 and 3j). At current densities of 1C
and 2C, high capacities of up to 108 mAhg *and 83 mAhg™*
could still be retained with a high capacity retention of 89% and
85% for the PMQP-SP cathode even after 300 and 500 cycles,
respectively, signifying its ultra-stable long-term cycling
behavior and high structural stability. In addition, this
composite achieves superior Coulombic efficiencies, reaching
approximately 99.6% and 99.5% at 1C and 2C, respectively,
reflecting its ultra-stable reversible redox behavior. Such cycling
stability of PMQP-SP can be ascribed to its highly porous
structure with abundant accessible active carbonyl sites as well
as the strong interaction between PMQP and Super C45,
boosting its electronic conductivity. Furthermore, the chemical
structure of PMQP polyimide was stabilized by virtue of the
aniline segment, which significantly minimized the steric
hindrance originated from the proximity of imide and benzo-
quinone moieties to each other, further facilitating the accom-
modation of lithium ions at active carbonyl groups.® Last but
not least, our PMQP-SP cathode displayed superior cycling
performance relative to the reported polyimide electrode
materials for rechargeable batteries (Table S17).

In order to deeply investigate the intrinsic dynamics and the
electrochemical reaction kinetics associated with lithium ion
storage in the PMQP-SP cathode, CV measurements were per-
formed at different scan rates ranging from 0.1 mV s~ * to 1 mV
s~'. As demonstrated in Fig. 4a, by increasing the scan rate in
the CV test, all curves are obviously identical, signifying the
ultra-stable electrochemical behavior and excellent reversibility
of the PMQP-SP cathode.>* Exceptionally at higher scan rates, an
additional reduction peak (R3) is obviously noticed at 1.75 V,
which is not present in the previous CV test (Fig. 3a), attributing
to larger utilization of highly active carbonyl groups to form
lithium enolate and thus contributing to higher specific
capacity for PMQP-SP. Additionally, redox peak -currents
increase gradually with increasing the scan rate with slight
shifts, which are the result of the polarization effect.>* On the
other hand, the redox reaction obeys semi-infinite linear diffu-
sion according to the following eqn (1):*>°¢

i=a) (1)

giving a b value of 0.5, while this value is 1 for the capacitive
process. As shown in Fig. 4b, the b values of five redox peaks
were calculated to be 0.89, 0.88, 1, 0.92, and 0.84, which are
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close to 1. These values illustrate that the lithium storage in
PMQP-SP is a rapid surface-controlled pseudocapacitive
process, which is originated from the high reactivity of imide
and benzoquinone rings in PMQP-SP and infinite ionic diffu-
sion inside the aligned channels.>

In order to deeply explore the redox behavior of our poly-
imide cathode materials during the lithiation-delithiation
process, the ex situ FTIR analysis was conducted for PMQP-SP.
As clarified in Fig. 4c, the peaks at 1723 and 1645 cm ' can
be observed, attributed to the C=O stretching vibrations of
imide and benzoquinone rings, respectively. During the
discharge process, the C=0 peaks gradually diminish based on
the insertion of lithium ions, which bind with redox-active
carbonyl groups to form lithium enolate groups (C-O-Li),
affirming the appearance of a new peak at 1435 cm ' that
gradually becomes stronger when the cathode is completely
discharged. It is also noticeable that the emerging C-O-Li peak
gradually fades away besides the increase of the C=0 peaks’
intensity progressively when the electrode returns to the charge
state, referring to the stable reversible redox reactions of active
carbonyl groups during the cycling process. On the other hand,
the lithium storage mechanism of the PMQP-SP composite
cathode can theoretically be proposed as shown in Fig. 4d. It is
believed that PMQP-SP significantly inclines to accommodate/
release six lithium ions at the negatively charged carbonyl
groups for each repeating unit during the discharging/charging
process, achieving a theoretical specific capacity of
226 mA h g~ .35 However, the practical capacities of PMQP-SP
obtained during galvanostatic charge/discharge measurements
are lower than the theoretical value, which may be ascribed to
alteration of molecular conformations of PMQP polyimide,
creating a slight steric hindrance along polyimide chains during
the lithiation process.*

After cycling at 0.2C for 100 cycles, the surface morphologies
of PMQP-SP, BPQP-SP, ODQP-SP, and BTQP-SP electrodes are
obviously studied through SEM images (Fig. 5a-h). Generally,
the pristine PMQP-SP, BPQP-SP, ODQP-SP, and BTQP-SP cath-
odes display similar morphologies with uniformly distributed
and integrated structures without any defects (Fig. 5a, ¢, e and
g), which can be attributed to the in situ polymerization of these
composites.” It is noticeable that the cycled PMQP-SP electrode
retained a smooth contact surface with negligible changes even
after 100 cycles (Fig. 5b), reflecting its high structural stability,
which was further preserved by the Super C45 additive. In
contrast, the surfaces of cycled BPQP-SP, ODQP-SP, and BTQP-
SP cathodes became brittle and relatively rough with numerous
large random porous cracks (Fig. 5d, f and h). This cracking may
be ascribed to the unconfined swelling of BPQP, ODQP, and
BTQP polyimide fragments during the cycling process because
of their larger structure sizes relative to PMQP as well as their
intense dissolution into the liquid electrolyte during the battery
operation.* The surface morphologies of our cycled polyimide
composite cathodes are well consistent with their electro-
chemical performances.

Interestingly, polyimide electrode materials are generally
insoluble in organic electrolytes, ensuring better electro-
chemical performance upon long-term cycling. Therefore, the

J. Mater. Chem. A, 2025, 13, 17294-17307 | 17301


https://doi.org/10.1039/d5ta01648g

Published on 27 May 2025. Downloaded by Beijing University of Chemical Technology on 6/19/2025 8:35:07 AM.

Journal of Materials Chemistry A

(a) (b)

View Article Online

Communication

-0.8
0.42) _ PMQP-SP
-1.0 0 —~ | 2v .C—O‘ Discharge
__ 0.081 < . A :
2 € 1.2 & [18vi N UL
£ 0.044 = 14 3 2.5V %
£ 0.00/ s - i=av £l W
g = -1.6 b (slope) E ,3\,1_., AT AYW’»\,\.
oo S s e R1 0.89 G [3avi\. W N
o 181 L2 o R2 088 s = R
-0.08 S 20| ° R3 1 = M ! NG
N e oto0e2 | | i'% N\ s ‘
04121 v ) 2.2 02 0.84
” = =3 70 " 10 08 06 -04 02 00 20001800 1600 1400 1200 1000 800 600 400

Potential (V vs. Li / Li*)

Log (Scan Rate) (mV s™)

Wavenumber (cm™)

O o

Pristine PMQP
Charging Discharging
-6Lit-6¢ || +6Li"+6¢

Electron delocalization patl'lway'

PMQP%.6Li"
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spectra of the PMQP-SP cathode at different states during the first cycle. (d) The proposed Li-ion storage mechanism of the PMQP-SP cathode

during the charging—discharging process.

degradation behavior of our polyimide composites was exam-
ined via their immersion in the 1 M LiTFSI (DOL : DME) elec-
trolyte for 14 days (Fig. S19t). Remarkably, there is no turbidity
caused by our polyimide cathode materials after the immersion
in this organic electrolyte, reflecting their high resistance to
unwanted dissolution in this electrolyte throughout the battery
cycling. On the other hand, the surface morphology of these
immersed polyimide cathodes was explored through SEM
images (Fig. S201). As expected, our polyimide composites
display no visible cracks following immersion, further signi-
fying their stable mechanical integrity and high structural
stability. Generally, the electrode-electrolyte interaction plays
a key role in the electrochemical behavior of the electrode.® By
highlighting the PMQP-SP cathode as an example, its cycling

17302 | J. Mater. Chem. A, 2025, 13, 17294-17307

performance was explored at 0.5C over 100 cycles in different
electrolytes. By comparison, a = 90% capacity retention is
achieved for PMQP-SP using the 1 M LiTFSI (DOL : DME) elec-
trolyte, which is more than that using the 1 M LiPF4 (EC : DME :
EMC) electrolyte (rapid capacity decay; CR = 24%), aligning
with Coulombic efficiency results as shown in Fig. S21a.f On the
other hand, the PMQP-SP cathode displays better rate capability
utilizing the 1 M LiTFSI (DOL:DME) electrolyte than that
utilizing the 1 M LiPF, (EC : DME : EMC) electrolyte (Fig. S21b¥).
As for the charge-discharge curves in the case of using the 1 M
LiPFs (EC:DME:EMC) electrolyte at different current rates
(Fig. S21ct), a larger gap between the charge and discharge
plateaus can be observed,”” which implies larger polarization
upon cycling in comparison with the charge-discharge profiles
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cycles. (i) Energy level diagram of the HOMO/LUMO energy gap for PMQP-SP, BPQP-SP, ODQP-SP and BTQP-SP.

in the case of using the 1 M LiTFSI (DOL:DME) electrolyte molecular orbital (LUMO) of these polyimide derivatives were
(Fig. S177). calculated using density functional theory (DFT) with the help

To realize the electrochemical performance of PMQP-SP, of the B3LYP functional and 6-31+G(d) basis sets using
BPQP-SP, ODQP-SP, and BTQP-SP polyimide composites in a Gaussian 09 program to analyze their energy gaps (E,) (Fig. 5i).
a deeper and clearer sense, the energy levels of the highest Basically, the lower the LUMO-HOMO energy gap of any
occupied molecular orbital (HOMO) and lowest unoccupied compound, the higher the oxidizability and reducibility
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processes inside Li-ion batteries, leading to improvement of
their electrochemical performances.** According to the molec-
ular orbital theory, the energy gap (E,) can detect the electronic
conductivity of any electrode material, which may be attributed
to its polarization.***® Fortunately, the carbonyl group can lower
(LUMO) energy levels of polyimide derivatives, which enhances
their ability to be reduced to enol form.** Based on the DFT
results, there is a large convergence between HOMO energies of
the as-synthesized polyimide materials, as clarified in Fig. 5i,
owing to the existence of an electron-withdrawing influence
originated from benzoquinone and benzophenone segments.?
Notably, PMQP-SP has the lowest LUMO energy with the
smallest energy gap value compared with BPQP-SP, ODQP-SP,
and BTQP-SP, resulting in superior redox reversibility and
higher electronic conductivity of PMQP-SP, which lead to high
cycle stability and better rate capability, probably because of the
strongest continuous aromatic conjugation effect of PMQP-
SP.**%* As demonstrated in Fig. 5i, BTQP-SP with an additional
carbonyl bridged group displays a lower E, value than BPQP-SP
and ODQP-SP, which facilitates electron transfer, owing to the
p-T conjugation property of BTQP-SP.* These DFT results are
in good agreement with the electrochemical performance of our
polyimide composites. In order to further understand the
lithium storage behavior of our as-synthesized composites,
their electrostatic potential (ESP) maps were computed using
the DFT calculations as clarified in Fig. S22.1 According to these
maps, the electron-withdrawing carbonyl groups significantly
incline to be electrochemically active sites for lithium accom-
modation more than other segments along polyimide chains,
owing to their negative ESP values.*> On the other hand, the
structural evolution of PMQP-SP could be further explored
during the lithiation/delithiation process (Fig. S231), which can
be predicted by virtue of the electrostatic potential mapping of
PMQP-SP as shown in Fig. S22.f Remarkably, the carbonyl
groups located in the yellowish red areas with the most negative
ESP values are highly active to bind lithium ions at a relatively
high potential, leading to modification of the 3D structure of
PMQP-SP to create a stable state during the lithiation

process.>**°

Experimental

Materials

Pyromellitic dianhydride (PMDA, 99%), 3,3',4,4’-biphenylteter-
acarboxylic dianhydride (BPDA, =99%), 4,4’-oxydiphthalic
anhydride (ODPA, =99%), benzophenone-3,3',4,4'-tetracarbox-
ylic dianhydride (BTDA, 99%), and poly(vinylidene fluoride)
(PVDF, average M,, ~ 534 000) were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd and utilized as
received. Also, 1,4-benzoquinone (BQ, 99.5%) and 4,4’-diamino
benzophenone (DABP, 98%) were obtained from Shanghai
Macklin Biochemical Co., Ltd and used without further purifi-
cation. As for solvents, 1-methyl-2-pyrrolidinone (NMP, >99%)
was purchased from Shanghai Macklin Biochemical Co., Ltd,
while methanol (=99.9%) was obtained from Shanghai Aladdin
Biochemical Technology Co., Ltd and used as received. Super

17304 | J Mater. Chem. A, 2025, 13, 177294-17307

View Article Online

Communication

C45 (SP, Timical) was supplied by the China Automotive Battery
Research Institute and utilized without further purification.

Characterization

The chemical structures of synthesized compounds were
confirmed via a Thermo Scientific Nicolet iS5 FT-IR spectrom-
eter with the aid of KBr pellets in the 400-4000 cm ™' regime.
The Raman spectrum of synthesized polyimide derivatives was
obtained on a Renishaw inVia Reflex using a 514 nm excitation
laser with 0.1% laser power in the 100-3200 cm ™" range. 'H and
13C NMR spectra were collected on a Bruker Avance 600 MHz
spectrometer, which was used to perform 16/2048 scans for
'H/**C NMR at 298 K in deuterated DMSO-d¢ as a solvent and
tetramethyl silane (TMS) as an internal reference to affirm the
chemical structure of the synthesized QDP diamine. The
element ratios of our samples were measured on a Vario EL
cube elemental analyzer (Elementar Analysensysteme GmbH) at
a decomposition temperature of 950-1200 °C. The thermal
stabilities of polyimide composites were tested using a ther-
mogravimetric analyzer (TGA, Q50) under a nitrogen atmo-
sphere with a heating rate of 10 °C min~' from ambient
temperature to 800 °C. Powder X-ray diffraction (XRD) patterns
of fabricated composites were obtained using a Rigaku Smar-
tLab SE diffractometer in the 3-90° range with a scanning rate
of 5°min~". The surface morphologies of polyimide composites
and their cathodes were explored using a JSM-7800F Schottky
field emission scanning electron microscope (SEM, JEOL). The
internal surface morphology of our polyimide products was
revealed using a HITACHI high-resolution transmission elec-
tron microscope (TEM, HT7700). The elemental mapping of
synthesized composites was investigated using a Bruker Energy
Dispersive X-ray spectrometer (EDS, XFlash 6160).

Synthetic procedures

Synthesis of QDP diamine. First, a quantity of 4,4’-diamino
benzophenone (DABP, 1.294 g, 6.1 mmol) was dissolved well
into 120 ml of pure hot methanol in a 250 ml round-bottom
flask via magnetic stirring. Based on the complete solubility
of DABP, a small amount of 1,4-benzoquinone (0.324 g, 3 mmol)
dissolved in 6.5 ml of pure methanol was added dropwise to the
DABP solution with a mild stirring in a closed system under an
oxygen atmosphere as an oxidant at ambient temperature.
During the reaction, the solution color gradually changed from
yellow to red and finally appeared as a deep brown color with
small quantities of sediments. Under monitoring of the reac-
tion, the precipitate amount gradually increased with
increasing time. After the completion of the reaction, the brown
sediments were filtered, washed various times with boiled
methanol to remove any byproducts and unreacted monomers,
and finally dried overnight in a vacuum oven at 65 °C. On the
other hand, the product yield was 27%. According to the
elemental analysis results, the practical elements percentages of
QDP are C%, 72.32; H%, 4.63; N%, 10.53; 0%, 12.58, which are
completely aligned with their theoretical percentages (C%,
72.71; H%, 4.59; N%, 10.6; 0%, 12.11), confirming its high
purity. "H NMR (600 MHz, DMSO-d,, 4): 6.09 (s, 2H), 6.16 (s,
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4H), 6.62 (d, 4H), 7.55 (dd, 8H), 7.68 (d, 4H), and 9.52 (s, 2H)
(Fig. S21). "*C NMR (600 MHz, DMSO-dg, 6): 97.49, 113.04,
122.96, 124.26, 130.70, 133.02, 135.76, 141.05, 146.56, 154.21,
180.79, and 192.74 (Fig. S31).

Synthesis of PMQP-SP, BPQP-SP, ODQP-SP and BTQP-SP
polyimide composites. According to our optimization, a 25 ml
three-necked flask was charged with a controlled amount of
Super C45 (45% of the product yield), which was ultrasonically
dispersed into 10 ml of 1-methyl-2-pyrrolidinone (NMP) for
45 min. Thereafter, 211 mg (0.4 mmol) of QDP and 88 mg (0.4
mmol) of PMDA were added into this dispersed solution to be
dissolved well through further sonication for 15 min. Under an
N, atmosphere, this mixture was stirred vigorously for 5 h at
room temperature to form poly(amic acid) followed by refluxing
at 180 °C for 12 h. After the reaction completion, the resulting
mixture was cooled to ambient temperature and poured drop-
wise into 100 ml of methanol with stirring to obtain polyimide
composite sediments. As well, the as-synthesized product was
washed with hot methanol and acetone numerous times,
collected by filtration under vacuum, and then dried in
a vacuum oven at 120 °C for 12 h. Finally, this composite was
completely imidized through thermal treatment at 350 °C for
5 h under a nitrogen atmosphere. For the synthesis of other
polyimide composites by the same procedures, the PMDA
monomer was replaced with BPDA (119 mg, 0.4 mmol) or ODPA
(125 mg, 0.4 mmol) or BTDA (130 mg, 0.4 mmol) dianhydrides.
The polyimide composites fabricated from PMDA, BPDA, ODPA,
and BTDA dianhydrides were named PMQP-SP, BPQP-SP,
ODQP-SP, and BTQP-SP, respectively.

Fabrication of organic cathodes

Active materials (synthesized polyimide composites) were
mixed with a conductive carbon filler (Timical Super C45) and
binder (polyvinylidene fluoride) with a weight ratio of 6:3:1
and vigorously stirred in 1-methyl-2-pyrrolidinone (NMP) for 7 h
to form a homogeneous slurry. Then, this slurry was pasted
onto aluminum foil, which worked as the current collector, and
dried under vacuum for 10 h at 80 °C, followed by cutting the
dried foil into coin species to produce polyimide cathodes.

Battery assembly

To assemble a full battery successfully, the as-prepared cath-
odes were gathered with metallic lithium as the anode in the
presence of a microporous membrane (Celgard-2400) as the
separator in an argon-filled glove box to create CR2032 coin-type
cells for electrochemical measurements. As well, these three
parts were immersed into the electrolytic solution, which was
1 M LiTFSI dissolved in a mixture of 1,3-dioxolane (DOL) and
1,2-dimethoxyethane (DME) (1:1 volume%).

Electrochemical measurements

The battery performance was examined using a LAND CT2001A
battery cycler at different current densities within a potential
window of 1.5-3.5 V at room temperature. On the other hand,
the cyclic voltammetry (CV) tests were carried out on a CHI660C
electrochemical workstation at various scan rates ranging from

This journal is © The Royal Society of Chemistry 2025
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0.1 mV s 'to1mVs 'in the voltage range of 1.5-3.5 V. As well,
the electrochemical impedance spectroscopy (EIS) measure-
ments were conducted on the same electrochemical worksta-
tion at an oscillation amplitude of 5 mV in the frequency range
from 100 kHz to 0.01 Hz at room temperature.

Conclusions

In summary, a novel series of multi-carbonyl polyimide
composites bearing different dianhydride linkers were
successfully manufactured via an in situ polymerization tech-
nique in the presence of a Super C45 additive and employed as
organic cathodes in rechargeable LIBs. Comparatively, the
PMDA-based polyimide composite (PMQP-SP) offers the
largest specific capacities of 143 mA h g ' at 0.2C and
122 mA h g ' at 1C and highly stable long-term cycling
behavior with 85% capacity retention at 2C, achieving excellent
Coulombic efficiency up to nearly 100%, mainly owing to its
highly porous stable structure and larger utilization of its
abundant redox-active carbonyl sites. Additionally, the charge
storage in the PMQP-SP cathode is detected as a rapid pseu-
docapacitive process. Based on DFT calculations, the energy
gap results of our polyimide composites are in good agreement
with their electrochemical performances. Our strategy
provides a new vision to develop superior-performance organic
electrodes for application in next-generation green recharge-
able batteries.
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