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ARTICLE INFO ABSTRACT

Keywords: Organic electrode materials with large n electron-deficient backbones and inherently electroactive functional
R“hafgeable l.ithi‘-‘m batteries groups hold great promise for serving as advanced cathode materials in secondary batteries. However, con-
Organic materials ventional organic cathodes were usually plagued by low specific capacity, poor electronic/ionic conductivity,

n-Conjugated polymers
In situ electro-polymerization
Ultralong cycling life

and high solubility in electrolytes. In this study, we report an efficient molecule engineering strategy to incor-
porate N-phenylcarbazole (NPC) groups as N-substituents on both sides of aromatic diimides to obtain di(N-
phenylcarbazole) naphthalene/benzene diimides (namely DNPC-XDI, where X = N, B). The introduced
electron-deficient NPC groups could induce the in-situ electro-polymerization of DNPC-XDI under applied field
conditions, and also function as p-type anion-storage sites to achieve exceptional cationic and anionic co-storage
with significantly enhanced operation voltage, specific capacity and rate capability. Comprehensive character-
izations unveiled that the Poly(DNPC-XDI) cathodes operate through a hybrid cation-anion co-redox mechanism,
involving the loading/detaching of Li" cations on C=0 functional groups and the concurrent doping/de-doping
behavior of PFg anions on Poly-carbazole backbones. The resultant Poly(DNPC-XDI) (X = N, B) displayed
remarkable electrochemical performances, including a high cut-off voltage of 4.3 V and reversible specific ca-
pacities of 359.2 and 237.5 mAh g~ ! at a current density of 100 mA g~ . Impressively, even at a significantly
higher current density of 10 A g%, the Poly(DNPC-XDI) (X = N, B) still maintained reversible specific capacities
of 100.5 and 75.0 mAh g1 after 10,000 cycles, confirming their outstanding rate performance and cycling
stability. Theoretical calculations revealed that the lithiation process was energetically favourable and without
the formation of n-m stacking structures. This study offers valuable insights into the rational design of molecular
structures and efficient in-situ electrochemical polymerization methods for optimizing organic cathode materials
to achieve high-performance cationic-anionic synergistic secondary batteries.
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1. Introduction

Lithium-ion batteries (LIBs) have emerged as the predominant en-
ergy sources for portable devices and electric vehicles [1-4]. Currently,
cathodes in commercially available LIBs are predominantly composed of
inorganic materials that are not source-abundant or easy-to-process
[5-7]. Alternatively, organic materials are being increasingly explored
as active components in rechargeable batteries due to their lightweight
nature, facile processability, and unlimited resource availability [8-11].
Especially, carbonyl compounds have garnered attention as potentially
advantageous cathode materials. Aromatic imide compounds featuring
multiple carbonyl groups have drawn significant interest due to their
extensive n-conjugated framework and inherent redox-active properties.
However, aromatic imides often face analogous challenges such as
inherent electrical insulation high solubility in organic electrolytes
[12-14], and low capacity [15]. Several methods have been devised to
regulate the molecular frameworks of aromatic imides, encompassing
polymerization processes that link monomers into polymeric chains
[16-19], the introduction of substituents to modify electronic properties
[20-24], the extension of the aromatic conjugation network for
enhanced delocalization [25-27], and the creation of non-topographic
structural arrangements [28-32]. Despite considerable research aimed
at boosting the performance of batteries utilizing aromatic imides, there
remains a significant gap in the development of straightforward syn-
thetic methodologies that simultaneously deliver outstanding specific
capacity, rate capability, and electrochemical stability.

Cationic and anionic co-storage strategy, which involves the co-
storage of both cations and anions simultaneously in the same elec-
trode materials, has been developed to enhance the volumetric/gravi-
metric capacity and the energy density compared to traditional systems
that only store either anions or cations. Moreover, some previous reports
have claimed that the cationic and anionic co-storage electrodes have
better cycling stability and improved kinetics. For examples, a covalent
organic polymer consisting of viologen and phenyl units has been pro-
posed for the storage of Li* and ClOjz ions [33], and an organic frame-
work composed of viologen and triamine-phenyl-triazine blocks has
been tailored for Li*/PFg co-storage [34]. These cation/anion co-
storage electrodes exhibited high specific capacity, along with rapid
kinetics facilitated by coulombic interactions between cationic and
anionic carriers in the covalent framework. However, there is currently
rare precedents for the application of cationic and anionic co-storage
strategy in small organic molecules, including aromatic imides.

Herein, we report the introduction of NPC units as N-substituents on
both ends of naphthalene/benzene diimide to obtain DNPC-XDI (X = N,
B). The NPC groups demonstrate the ability to undergo ultra-rapid
electro-polymerization under an electric field and promote the
cationic and anionic co-storage behavior. Specifically, the Poly(DNPC-
XDI) (X = N, B) consists of p-type aromatic imides groups, aiming to
accommodate anions (PFg) at higher potential, and n-type Poly(carba-
zole) backbones, aiming to accommodate cations (Li*). As a prime
example, the resulted Poly(DNPC-NDI) cathode based on this anion-
cation co-storage mechanism can deliver a high capacity as high as
359.2 mAh g! and a broad voltage plateau between 4.3-1.5 V.
Remarkably, the Poly(DNPC-NDI) cathode exhibits virtually no capacity
fade even after enduring an impressive 10,000 cycles under the stringent
condition of ultrafast charging/discharging rate at 10 A g~'. Quantum
chemical computations verified the n-n stacking-free chain-like struc-
tures of Poly(DNPC-XDI) (X = N, B) and their lithiation products, as well
as the energetically favourable lithiation process. To delve deeper into
the underlying mechanisms, we carried out a comprehensive explora-
tion and kinetic analysis through a series of systematic experiments. A
key finding is that this molecular construction approach holds broad
applicability to other redox-active small organics, thus presenting an
alternative and promising strategy for developing easily processable,
cost-effective, and high-performance sustainable secondary battery.
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2. Results and discussion

The synthesis of DNPC-NDI and DNPC-BDI monomers was carried
out by introducing two NPC peripheral groups onto the naphthalene
diimide (NDI) molecule (Fig. 1a and Fig. S1-S2). To validate the suc-
cessful synthesis of DNPC-NDI and DNPC-BDI monomers, various
morphology and structure characterization techniques were performed
(Fig. S3-S8 and Table S1-S3). The introduction of two NPC groups as N-
substituents on the NDI molecule effectively led to favourable physico-
chemical characteristics. As shown in Fig. 1b and Fig. S9-S10, the NPC
peripheral groups significantly reduced the HOMO/LUMO gaps of
DNPC-NDI (1.91 eV) and DNPC-BDI (2.03 eV) compared to those of
pristine NDI (3.63 eV) and BDI (4.42 eV). This indicates significant
enhancements in the redox reaction kinetics of the DNPC-XDI (X = N, B)
monomers, in contrast to the unmodified XDI molecules. Furthermore,
the DNPC-XDI (X = N, B) monomers exhibit a torsional structure, unlike
the planar XDI system (X = N, B), which is conducive to facilitating
efficient ion insertion and extraction [35].

To determine whether the lithiation process of Poly(DNPC-XDI) is
energetically favorable, density functional theory (DFT) calculations
were conducted to reveal the optimized structures of DNPC-XDI (X = N,
B) oligomers and their lithiation products (Table S5). All the lithiation
products derived from (DNPC-BDI)3 and (DNPC-NDI)3 oligomers show
chain-like structures without n-n stacking. The periodic annealing mo-
lecular dynamics (MD) simulations without solvent molecules were also
conducted with the low-energy structures shown in Table S6. Notably,
n-n stackings were not favourable in the oligomers and their lithiation
products simulated with solvent molecules, indicating that the existence
of solvent molecules can suppress n-r stacking of the oligomers and the
lithiation products.

In the typical in-situ electro-polymerization process (Fig. 1c), the
NPC units first undergo an electro-oxidative reaction to form cation
radical species that are highly active in coupling with each other, and
then yield corresponding long-chain polymer. As shown in Fig. 1d, the
initially pristine DNPC-NDI and DNPC-BDI electrodes exhibited dark
orange colors, which turned to black after undergoing electro-
polymerization and thus visually confirmed the successful preparation
of Poly(DNPC-NDI) and Poly(DNPC-BDI). To further demonstrate the
yield of Poly(DNPC-NDI) and Poly(DNPC-BDI), aattenuated total
reflection-Fourier transform infrared (ATR-FTIR) spectra were collected
(Fig. le-f). For the pristine DNPC-NDI and DNPC-BDI electrodes, the
same peaks located at 746 cm ™! were both observed, which originated
from the bi-substituted benzene rings [36]. In contrast, the products
after electro-polymerization exhibited greatly wakened peaks of bi-
substituted benzene rings and two newly emerged bands at around
774 and 834 cm™!, which are ascribed to the tri-substituted benzene
ring, demonstrating the formation of dimeric carbazoles in Poly(DNPC-
NDI) and Poly(DNPC-BDI). Besides, we have conducted gel permeation
chromatography (GPC) measurements to investigate the structure
characteristics of Poly(DNPC-XDI) (X = N, B). Due to the low solubility
of the electro-polymerization product, only Poly(DNPC-XDI) with low
polymerization degree could dissolve into tetrahydrofuran (THF) and
then being detected by GPC methods. As shown in Fig. S11, the GPC
results of Poly(DNPC-NDI) and Poly(DNPC-BDI) delivered a molecular
weight of 2284 and 2187 g mol ™, respectively, These results demon-
strate the successful polymerization of DNPC-NDI and DNPC-BDI
monomers and indicate the polymerization degree of these two in-situ
electro-polymerization products are at least 3. Besides, we have con-
verted the GPC traces from elution time to Log(Myw). As shown in
Fig. S11c-d, it is evident that neither DNCP-NDI nor DNCP-BDI mono-
mers are detected. The close proximity of the number-average molecular
weight (My,) and weight-average molecular weight (M,,) for Poly(DNCP-
NDI) indicates a predominant trimeric structure, while the relatively
lower M, of Poly(DNCP-BDI) suggests the coexistence of dimer, trimer,
and tetramer. Given the absence of direct signals indicative of long-
chain polymers, it is necessary to clarify that the in-situ polymerized
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Fig. 1. (a) Molecule structure of DNPC-NDI and DNPC-BDI. (b) DFT calculated HOMO and LUMO energy levels of DNPC-NDI and DNPC-BDI, where the HOMO-
-LUMO energy gaps are presented. (c) Illustration of in-situ electro-polymerization process of DNPC-XDI (X = N, B). (d) Digital photographs of DNPC-NDI and DNPC-
BDI electrodes before and after the electro-polymerization. (e, f) ATR-FTIR spectra of (e) DNPC-NDI and (f) DNPC-BDI electrodes before and after the electro-

polymerization, respectively.

Poly(DNCP-XDI) in this study is more likely to exist in the form of
oligomers. The low solubility of the long-chain Poly(DNCP-XDI) is pri-
marily due to the extended n-conjugation in the DNCP-XDI monomers,
which becomes even more pronounced in the Poly(DNCP-XDI), further
reducing its solubility. Consequently, the actual degree of polymeriza-
tion (DP) of the in situ polymerized Poly(DNPC-XDI) (X = N, B) in the
cathode is expected to be substantially higher than the measured values.

The electrochemical performances of Poly(DNPC-NDI) and Poly
(DNPC-BDI) electrodes were measured in coin cells using lithium foil
as the counter electrode and a solution of 1 M LiPFg in ethylene car-
bonate/diethyl carbonate electrolyte (EC/DEC, 1:1 by volume). CV tests
were carried out at a scan rate of 0.5 mV s~ within a potential range of
1.5-4.3 V vs. Li/Lit to elucidate the Li+/PFg storage behaviors. As

shown in Fig. 2a, the initial scan of Poly(DNPC-NDI) showed two pairs of
reversible redox waves at 2.32/2.10 V and 2.41/2.56 V, which was
attributed to the Li" loading/detaching behaviors of carbonyl groups,
respectively. These two couples of peaks were replaced by single broad
peaks at about 2.36/2.52 V in the 3rd consecutive cycle, which are
related to the structural changes during the electro-polymerization
process. During the first scan, in the high-voltage region, there was an
oxidative peak located at 4.13 V and two reductive peaks appeared at
3.88 and 4.11 V, respectively. The former peak was assignable to the
formation of the dicarbazole radical cations with the doping of anions
(PFg), and the latter corresponded to the reduction of dimeric carbazole
dications to its neutral states via stepwise two-electron processes
accompanied by the dedoping of PF¢. Besides, there was an additional
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Fig. 2. (a, b) CV curves for the conversion processes (a) from DNPC-NDI to Poly(DNPC-NDI) and (b) from DNPC-BDI to Poly(DNPC-BDI) at a scan rate of 0.5 mV s~
within the voltage range of 1.5-4.3 V vs. Li/Li™, respectively. (c) Cycling performances and Coulombic efficiencies of Poly(DNPC-NDI) and Poly(DNPC-BDI) elec-
trodes tested at a current density of 100 mA g’l. (d) Rate capabilities of Poly(DNPC-NDI) and Poly(DNPC-BDI) electrodes at the current densities from 0.1 to 10 A
g’l. (e, f) Galvanostatic discharge/charge profiles of (e) Poly(DNPC-NDI) and (f) Poly(DNPC-BDI) electrodes at various current densities, respectively. (g) Long-term
cycling performances of Poly(DNPC-NDI) and Poly(DNPC-BDI) electrodes at 10 A g~ *.

pair of peaks observed at 3.46 and 2.46 V, indicative of charge trapping,
which is owing to the confinement of mobile charges in the polymer
matrix through defects or other effects [36]. The CV curves of the Poly
(DNPC-BDI) cathode were also depicted in Fig. 2b; Similarly, there
was one oxidative peak positioned at 2.28 V and two reductive peaks
located at 2.27 and 1.92 V, which were attributed to the Li™ uptake/

detachment onto/from the carbonyl groups. In the high-voltage region,
there was also an obvious doping/de-doping behavior involving an
oxidative peak that appeared at 4.12 V and two redox waves located at
4.08 and 3.86 V on the return cycle assigned to the first and second
reductions of the [bis-carbazole]2+ units.

Notably, both the CV curves of Poly(DNPC-NDI) and Poly(DNPC-
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BDI) electrodes at high-voltage region exhibited the typical 4-electron
ECCE (where “E” represents electron transfer, “C” represents chemi-
cal) process in indole-containing compounds [35-39], resulting in the
dimerization via aryl-aryl coupling and further sequential polymeriza-
tion of the DNPC-XDI (X= N, B) monomers. Specifically, from Fig. S12,
the carbazole units in the unit of DNPC-XDI (X= N, B) first lost one
electron to form carbazole radical cations under the influence of an
electric field. Then, two carbazole radical cations coupled and under-
went double deprotonation to rearomatize and finally form the dimer-
ization product. Oxidation of dimerization product generates new
radical cations that further react with monomer radical cations or dimer
radical cations to form trimers or tetramers, hence resulting in stepwise
chain elongation and forming the final in-situ electro-polymerization
products, e.g. Poly(DNPC-NDI) or Poly(DNPC-BDI). Above all, the
carbonyl groups within this polymer acted as redox sites via the
reversible binding and detaching of Li* ions, while the carbazole groups
served as both polymerization agents and redox-active sites via doping
and de-doping mechanisms.

Furthermore, electrochemical impedance spectroscopy (EIS) of the
batteries before and after the in-situ electro-polymerization process
were compared. In Fig. §13, the semicircle radius in the high-frequency
region of the battery after in-situ electro-polymerization (66.3 O) was
much smaller than that of the pristine state (35.5 O), suggesting the
sharply decreased charge transfer resistance at the electrode-electrolyte
interface after the electro-polymerization process, which remarkably
facilitated fast ion transport and benefited rate performance.

The electrochemical performances of Poly(DNPC-NDI) and Poly
(DNPC-BDI) electrodes were systematically measured (Fig. 2¢c-g). The
Poly(DNPC-NDI) cathode delivered an initial discharge capacity of
310.0 mAh g}, with an initial Coulombic efficiency of 95.3 % (Fig. 2c).
After 100 cycles, the discharge capacity could be maintained at 359.2
mAh g’l. In contrast, the Poly(DNPC-BDI) cathode exhibited an initial
discharge capacity of 256.5 mAh g~* with a Coulombic efficiency of ~
97.8 % and kept at 238.3 mAh g~ ! after 100 cycles. The rate perfor-
mances were also measured at progressively increased current densities
ranging from 0.1 to 10 A g~! (Fig. 2d). The Poly(DNPC-NDI) cathode
exhibited high discharge capacities of 424.0, 301.5, 185.4, 124.3, 96.4
and 70.0 mAh g’l, with high Coulombic efficiencies of 94.5, 96.2, 98.7,
99.8, 99.9 and 100.1 % at 0.1, 0.2, 0.5, 2.0, 5.0 and 10 A g’l, respec-
tively. The specific capacity was restored to 376.8 mAh g~! when the
current density returned to 0.1 A g~1. The Poly(DNPC-BDI) cathode
based on cation-anion co-storage mechanism exhibited specific
discharge capacity of 238.1, 189.5, 170.7, 125.9, 102.7 and 91.7 mAh
g’1 and Coulombic efficiencies of 93.6, 96.3, 98.8, 99.3, 99.7 and 99.8
% at 0.1, 0.2, 0.5, 2.0, 5.0 and 10 A g’l, respectively. The char-
ge—discharge curves at various current densities (Fig. 2e,f) displayed an
inconspicuous plateau behavior of Poly(DNPC-NDI) and Poly(DNPC-
BDI) cathodes. All the charge/discharge voltage profiles exhibit one
discharge plateau at about 3.0 V and one slightly sloping charge plateau,
suggesting that both the Poly(DNPC-NDI) and Poly(DNPC-BDI) elec-
trodes work well at high rates. The long-term cycling performances of
Poly(DNPC-NDI) and Poly(DNPC-BDI) were tested at an ultrahigh rate of
10 A g L. In Fig. 2g, the Poly(DNPC-NDI) cathode showed an initial
discharge capacity of 109.5 mAh g~ ! with Coulombic efficiencies kept at
above 99.5 %. Subsequently, the discharge capacity remained ultra-
stable and still maintained 100.5 mAh g~ after 10,000 cycles, repre-
senting one of the most remarkable cycling stabilities among the re-
ported organic cathode materials. Meanwhile, the Poly(DNPC-BDI)
cathode initially delivered a discharge capacity of 118.4 mAh g~ and
maintained 75.0 mAh g1 after 10,000 cycles, demonstrating an average
capacity decay of only 0.0036 % per cycle. We have measured the
electrochemical performances of the Poly(DNPC-NDI) and Poly(DNPC-
BDI) electrodes with a high areal mass loading of 9.9 and 8.3 mg
em ™2, respectively. As shown in Fig. $14, the Poly(DNPC-NDI) cathode
achieved a discharge capacity of 92.9 mAh g~! with an initial Coulombic
efficiency of 99.9 % after 100 cycles (Fig. S14a). Analogously, the Poly
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(DNPC-BDI) cathode exhibited a discharge capacity of 118.9 mAh g!
with a Coulombic efficiency of ~ 100.5 % after 100 cycles. The
decreased capacity utilization ratio is attributed to relatively limited
amounts of the electrolyte when assembled with the electrode with high
mass loading.

For comparison, the unmodified NDI and BDI electrodes, as control
samples, showed poor electrochemical properties with low capacity,
unpromising rate performance, and poor cycling stability (Fig. S15-
§16). These results suggest that by harnessing the intrinsic conductivity
and insolubility of the Poly(carbazole) skeleton along with the redox
activity of both carbazole backbone and aromatic imide groups, the Poly
(DNPC-XDI) (X = N, B) achieved outstanding electrochemical perfor-
mance including high capacity, excellent rate performance, and
impressive cycling stability. To investigate the solubility of Poly(DNPC-
XDI) (X = N, B) electrodes, we have conducted UV-Vis characterizations
of the electrodes in the initial state, under different charging/discharg-
ing states, and after high-current cycling (Fig. S17). Specifically, we
disassembled the coin cells at various charge/discharge states and after
cycling 1000 cycles at 10.0 A g~*, and then soaked these electrodes into
DC/DEC (1:1 by volume) solution for 24 h. After that, we measured the
UV-Vis spectra on the supernatant of each sample (inset of Fig. S17 a-b)
to analyze the solubility of Poly(DNPC-XDI) under different charging/
discharging states, and after high-current cycling. As a result, in the
UV-Vis spectrum of pristine DNPC-XDI (X = N, B) electrodes, the strong
absorption peaks at ~ 238, ~288, and ~ 333 nm are attributed to the n
— n* transition of the carbonyl group, Aj; — By, and Ajg — By tran-
sition of the benzene ring, and intramolecular charge-transfer absorp-
tion, respectively [40]. In contrast, after in situ electro-polymerization,
the UV-Vis spectra of all the as-prepared Poly(DNPC-XDI) (X = N, B)
electrodes did not exhibit the characteristic peaks, indicating their low
solubility under different charging/discharging states and after high-
current cycling. Besides, the relatively strong absorption peaks at
about 212 nm is associated with the residual EC/DEC solvent remained
on the as-prepared electrodes [41]. We also collected the SEM images of
Poly(DNPC-XDI) (X = N, B) cathodes before and after in-situ electro-
polymerization, and cycling after 1000 cycles at a high rate of 10 A g 1.
From Fig. S18-19, it is shown that the surface morphology of Poly
(DNPC-XDI) (X = N, B) electrodes transformed from dense stacked
layers to micro-nano scale particles after in situ electro-polymerization,
and this dense structure can be well maintained even in 1000th cycles at
10 A g L. This results demonstrate the good structural stability of the
Poly(DNPC-XDI) (X = N, B) cathodes during the cycling process.

The reaction kinetics and Li-ion diffusivity of Poly(DNPC-NDI) and
Poly(DNPC-BDI) electrodes were evaluated by CV scans at different rates
(Fig. 3a-b). The contributions of capacitive and diffusion processes can
be quantified according to the following equations: [42].

i(V) = kv + kv’* ()

i(V) V2= k2 + ke (2)

where kjv and kov'/? stand for the fraction of the capacitive and
diffusion effects, respectively. As shown in Fig. 3¢, for Poly(DNPC-NDI)
cathode, the pseudocapacitive storage fraction of the total capacity was
45 %, 62 %, and 65 % at a scan rate of 0.5, 1.5, and 2.0 mV s},
respectively. For Poly(DNPC-BDI) cathode, the contribution ratios of the
capacitive process at scan rates of 0.1, 1.0, 0.5, and 1.5 mV s~ ! were 51
%, 58 %, 63 %, and 67 %, respectively. Compared with the Poly(DNPC-
BDI) electrode, the Poly(DNPC-NDI) cathode demonstrated a higher
capacity, which may be partially attributed to the lower HOMO/LUMO
gap of DNPC-NDI (1.91 eV) compared to that of DNPC-BDI (2.03 eV).
Additionally, DFT calculations indicate that the binding energies of Li™
ions with (DNPC-NDI)3 oligomers are greater than those with (DNPC-
BDI);3 oligomers, suggesting that Li* ions can more readily bind with
(DNPC-NDI)3. Consequently, the enhanced capacity of the Poly(DNPC-
NDI) cathode is likely associated with its higher conductivity and
stronger binding capability with Li", similar to the previous literature
[43]. Fig. 3d displayed the plots of the potential (V) versus the b-value.
The b-values obey the following power law given equation: [44].
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Fig. 3. CV curves of (a) Poly(DNPC-NDI) and (b) Poly(DNPC-BDI) electrodes at different scan rates. (¢c) Normalized contribution ratios of capacitive capacities and
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discharged and charged sweeps in Poly(DNPC-NDI) and Poly(DNPC-BDI) electrodes. (e) Potential responses of Poly(DNPC-NDI) and Poly(DNPC-BDI) electrodes
during GITT measurements at a constant current density of 200 mA g~! and (f) corresponding ion diffusion coefficients calculated from the GITT results.

i(v) =aP (3)

1gi(V) = blgv + 1ga (4)

where the slope of the linear fit of the log-log plot corresponds to b. A
value near unity (b = 1) indicates fully surface-controlled processes
while b = 0.5 implies purely diffusion-controlled processes, respec-
tively. As for Poly(DNPC-NDI) cathode, during the discharged/charged
processes, the b values showed similar manifestation, that is, the mini-
mum values both appeared at 2.5 V, which corresponded to the
diffusion-controlled behavior associated with the Li" loading/detaching
on carbonyl groups. Over 2.5 V, the b values at discharged states were
near 1.0, indicating purely capacitive-controlled processes, this
behavior aligns with the de-doping of PFg ions and the subsequent
formation of an extended w-conjugated structure at this region.
Conversely, during the charged process, the b values decreased and
maintained at about 0.6, this suggests a limitation in pseudocapacitive
behavior, likely induced by the presence of highly doped PFg ions,
which disrupt the inherent conjugated system of Poly(DNPC-NDI). As for
Poly(DNPC-BDI) cathode, when the potential was below 2.5 V in both
discharged/charged processes, the b values were in a range of 0.5-0.8,
revealing the confusion-controlled behavior associated with the Li*
loading/detaching processes on carbonyl groups. Over 2.5 V, the b

values at discharged states were near to 1.0, indicating purely
capacitive-controlled processes, corresponding to the PFg de-doped
behaviors and subsequently formed the long-range =n-conjugated
structure.

Moreover, galvanostatic intermittent titration technique (GITT)
measurements were conducted to analyze the ion diffusion coefficients
(Djon), as presented in Fig. 3e. The ion diffusion coefficients for Poly
(DNPC-NDI) and Poly(DNPC-BDI) cathodes were calculated to be be-
tween 102 to 10" cm? s7! during the discharge-charge cycles
(Fig. 3f), indicating good ion conductivity compared with the parallel
studies [5,45-46].

To investigate the charge storage mechanism of Poly(DNPC-XDI), we
conducted ex-situ X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), and energy-dispersive X-ray spectroscopy
(EDX) on Poly(DNPC-NDI) electrode at different charged/discharged
states. The XPS spectra at the F 1s region of Poly(DNPC-NDI) electrode at
fully-charged/discharged states showed three deconvoluted peaks at
1388.7 eV, 1685.1 eV, and 1792.3 eV, which can be ascribed to C-F,
N-PFs and Li-PFe bonds, respectively (Fig. 4a-b). At fully-charged
state, the N-PFg signal sharply strengthened with the significant
decrease of Li-PFg content, indicating the doping of PFg from the
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Fig. 4. (a, b) XPS spectra at F 1s region of Poly(DNPC-NDI) electrode at (a) fully-discharged and (b) fully-charged states, respectively. (c) XPS spectra at Li 1s region
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and (f) fully-charged states, respectively. (g) Schematic illustration of the cationic and anionic co-storage mechanism of Poly(DNPC-XDI) (X = N, B) electrodes.

electrolyte into the Poly(DNPC-NDI) electrode. Reversibly, the content
of N-PFg at fully-charged state decreased compared to the fully-charged
state, corresponding to the de-doping of PFg from the Poly-carbazole
skeleton. Notably, there were still a considerable number of N-PFg
bonds left due to the partial remaining PFg anions in the polymer system
that compensated for the charge imbalance caused by electro-
polymerization. Ex-situ EDX results (Fig. S20a-b) also showed that the
atomic ratios of the Poly(DNPC-NDI) electrode at fully-discharged and
fully-charged states were 0.148 and 0.246, respectively, indicating the
reversible PFg doping/de-doping into/from the Poly(DNPC-NDI) during
the charged/discharged processes. Moreover, the high-resolution XPS
spectrum at the O 1s region of the Poly(DNPC-NDI) electrode was
deconvoluted into three peaks attributed to C=0 (533.2 eV) and C-O
(531.9 eV), as shown in Fig. 4d. While discharging to 1.5 V, there was a
new peak emerging at 531.3 eV assigned to C-O-Li bonds, revealing the

interaction of Li* with C=0 bonds during the lithiation process. Sub-
sequently, when fully charged to 4.3 V (Fig. 4f), the signal intensities of
C-O-Li species became weaker while the peaks of C=0O bonds got
stronger, suggesting the conversion from C-O-Li to C=0 during the
charge processes. As shown in Fig. 4c, the intensities of Li 1s signals
increased at the fully discharged state and deceased during the charge
processes, suggesting the reversible Lit insertion/extraction into/from
Poly(DNPC-NDI) cathode. Besides, as for the ratio of C=0 to C-O in the
fully charged state is not consistent with the ratio in the initial state, this
is because the lithium interaction/de-interaction occurred in this system
is not completely thorough, which is consistent with the appearance of
Li 1s XPS with little intensity in the fully charged state. Moreover, ex-situ
SEM measurements (Fig. S21a-d) revealed that the Poly(DNPC-NDI)
electrode had no obvious morphological change at different charging
states.
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The Li-storage mechanism was further characterized by ex-situ FT-IR
spectroscopy (Fig. §22). The stretching vibration peaks of C=O0 in the
pristine DNPC-NDI and DNPC-BDI cathodes were observed at 1666 cm ™!
and 1697 em ™}, respectively. During the discharge process, the intensity
of the C=0 peaks decreased due to interactions with Li* ions, and these
peaks were partially restored upon charging to 4.3 V. The incomplete
disappearance of the C=0 peaks is attributed to the presence of inactive
carbonyl groups within the imide active structure. Additionally, when
compared with the pristine DNPC-XDI (X = N, B) electrode, the char-
acteristic peak of PFg anions at 835 cm ™ was obviously enhanced after
full charging, indicating the doping process between PFg anions with the
nitrogen atoms in the carbazole backbone during the charging process.

Based on the above analyses, it is concluded that the charge storage
mechanism of Poly(DNPC-XDI) (X = N, B) electrodes were based on a
typical loading/detaching behavior of Li* cations on redox-active imide
carbonyl groups and a capacitive process that depends on doping/de-
doping of PFg anions on Poly-carbazole backbone. As illustrated in
Fig. 4g, in a typical discharge—charge process, when the battery is dis-
charged to ~3.5V, the imide C=0 groups gain electrons to be reduced to
imide C-O~, which could interact with Li" cations in the electrolyte.
When fully discharging to ~1.5 V, the PFg anions would be removed
from the doped Poly-carbazole skeletons. Reversibly, when the battery
subsequently charged to 2.5 V, the imide C-O~ bonds were firstly
oxidized to imide C=0, accompanied by the detaching of Li" cations
from aromatic imide groups. When further charged to 4.3 V, the Poly-
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carbazole backbones recovered the anion-doped states through the re-
interaction with PFg anions in the electrolyte.

We further performed density functional theory (DFT) study to
explore the thermodynamic properties and molecular structure varia-
tions during the lithiation process. The low-energy structures of lith-
iation products derived from (DNPC-XDI)3 (X = N, B) and the binding
energies of Li" ions with (DNPC-XDI)3 (X = N, B) were calculated by DFT
calculations (Fig. 5). The binding energies of Li* ions with (DNPC-XDI)3
gradually become higher with the increase of attached Li" ions, indi-
cating that the lithiation of (DNPC-XDI); oligomers is energetically
favorable. Besides, the binding energies of Li™ ions with (DNPC-NDI)3
oligomer are larger than that with (DNPC-BDI)3, suggesting that Li" can
more easily bind with (DNPC-NDI);. These calculation results are
qualitatively consistent with the above experimental results.

3. Conclusion

In this study, we present a promising molecular engineering strategy
for structure regulation and in-situ polymerization of redox-active small
organics to realize simultaneous co-storage of Li™ cations and PFg an-
ions. Specifically, we symmetrically introduced NPC units as N-substit-
uent side groups onto aromatic imides to obtain DNPC-XDI (X = N, B).
The strategic grafting of two NPC groups facilitates the in-situ electro-
polymerization process of aromatic imide monomers, achieving a
controlled degree of polymerization 2-4. This molecular design

The number of Li* ions attached
onto (DNPC-XDI),

n=0

® Binding Energy

(DNPC-NDI),

(DNPC-NDI),-2Li

(DNPC-NDI),-4Li

(DNPC-NDI)5-6Li
Unit: [kcal/mol]

Fig. 5. Low-energy structures of lithiation products derived from (DNPC-XDI)3 (X = N, B) and the binding energies of Li ions with (DNPC-XDI)s.
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simultaneously introduces abundant anion storage sites, and also en-
hances the overall electrochemical properties. Benefiting from the
newly-involved p-type charge storage mechanism with high thermody-
namic insertion potentials, the resultant Poly(DNPC-XDI) cathodes
exhibit ultrahigh cut-off voltage (4.3 V), high capacity, high rate capa-
bility, and unprecedented cycling stability. The charge storage behav-
iors of Poly(DNPC-XDI) were systematically investigated via ex-situ XPS,
EDX, and SEM measurements. We revealed that the charge storage
mechanism of Poly(DNPC-XDI) involves a loading/detaching process of
Li* cations on carbonyl groups via C=0/C-O transformation and a
doping/de-doping process of PFg anions on Poly(carbazole) backbones,
which can also be evidenced by theoretical calculations. Electro-
chemical kinetics analyses indicated that both the diffusion process and
pseudocapacitive process contribute to the charge storage capacity of
the Poly(DNPC-XDI) electrodes. Notably, this innovative molecular en-
gineering strategy could be extended to other redox-active organic/
polymer systems, thus providing a promising avenue for developing
high-performance, cost-competitive, and easy-to-process organic/poly-
mer electrode materials for practical and sustainable secondary
batteries.
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