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Abstract

Organic electrode materials (OEMSs) have attracted significant attention for use in aqueous
zinc-ion batteries (AZIBs) because of their abundant resources and flexible designability.
However, the development of high-performance OEMs is strongly hindered by their high
solubility, poor conductivity, sluggish ion diffusion kinetics, and difficult coordination toward
Zn?". Herein, inspired by fabric crafts, we have designed a robust polymer fabric through the
iterative evolution of the building blocks from point to line and plane. The evolution from
point to line could not only improve the structural stability and electrical conductivity but also
adjust the active site arrangement to enable the storage of Zn?*. In addition to further boosting
the aforementioned properties, the evolution from line to plane could also facilitate the
construction of noninterference channels for ion migration. Accordingly, the poly(1,4,5,8-
naphthalenetetracarboxylic dianhydride/2,3,5,6-tetraaminocyclohexa-2,5-diene-1,4-dione)
(PNT) polymer fabric has the most enhanced structural stability, optimized active site
arrangement, improved electrical conductivity, and suitable ion channels, resulting in a
record-high capacity retention of 96% at a high mass loading of 56.9 mg cm™ and a stable
cycle life of more than 20,000 cycles at 150 C (1 C = 200 mA g1) in AZIBs. In addition,
PNT exhibits universality for a wide range of ions in organic electrolyte systems, such as
Li/Na/K-ion batteries. Our iterative design of polymer fabric cathode has laid the foundation
for the development of advanced OEMs to promote the performance of metal-ion batteries.

Keywords: lon channels, Building blocks, Polymer fabric, Organic electrode materials,
Aqueous zinc-ion batteries
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1. Introduction

The generation of high-performance rechargeable batteries is vital to relieve the energy crisis
and regulate the conflicts between humans and nature arising from the rapid development of
technology [1]. In the past three decades, a substantial volume of research has been focused
on the study of inorganic cathode materials, such as metallic oxides [2]. Nevertheless, the
performance of this type of cathode materials has reached their theoretical values, limiting the
further improvement of the performance of batteries, not to mention their resource-
constrained nature [3]. In addition, inorganic materials, in general, follow an
intercalation/conversion mechanism during the ion storage/release process, usually
accompanied by large volume and crystal lattice changes, triggering the pulverization of
inorganic materials and consequently leading to rapid capacity decay and short cycle life. By
contrast, organic electrode materials (OEMSs) with soft lattices stand out because of their
unique coordination reaction toward ions, environmental friendliness, cost-effectiveness, and
resource sustainability [4]. The unique ion storage mechanism of OEMs enables them to
accommodate ions with different valences and sizes, especially the polyvalent Zn?*, which
can be used to construct high-performance aqueous zinc-ion batteries (AZIBs) that can cater
to the needs of large-scale energy storage systems [5]. However, the storage process of Zn?*
in OEMs requires the synergy of multiple adjacent active sites and the occurrence of redox
reactions in both surface and bulk phases to liberate their full performance potential [6].
Therefore, the active site arrangement and ion diffusion capability of OEMs are of great
importance for their energy storage process. The high solubility and poor conductivity of
OEMs also impose limitations on their application potential [7-10]. Although traditional
polymerization or carbon recombination strategies could play certain roles, they cannot
address the aforementioned issues at the same time and will usually have some negative
effects, such as the reduction of energy density by the introduction of inactive components
[11,12]. More importantly, to the best of our knowledge, there is currently no work
considering the construction of ion diffusion channels within the OEMs, which is particularly
crucial for the fabrication of truly practical batteries that require electrodes with high mass
loading. The diffusion of ions in the bulk electrode materials is the rate-limiting step for the
electrode process and is thus important for the overall reaction kinetics of batteries. In this
case, delving into the intricate interplay between the structure of OEMs and their
corresponding stability, active site arrangement, electrical conductivity, and ion diffusion
capability would provide a promising path to fully realize the benefits of OEMs and,
accordingly, boost the performance of batteries.

With this in mind, we have designed a molecular construction process that starts from point to
line and plane through the elaborate combination of building blocks, aiming to elucidate the
impact of structural conformation of OEMSs on electrochemical performance. The structural
evolution from point to line could benefit molecular stability, electrical conductivity, and
active site arrangement. Meanwhile, the structural evolution from line to plane with the
building of polymer fabric not only leads to further enhancement of the aforementioned
properties but also, more significantly, constructs unobstructed channels for ion migration,
consequently unleashing the full performance potential of OEMs. This structural design
process for OEMs not only represents the first exploration of its kind but also simultaneously
addresses the fundamental challenges inherent in the existing classes of OEMs. As a result,
the poly(1,4,5,8-naphthalenetetracarboxylic  dianhydride/2,3,5,6-tetraaminocyclohexa-2,5-
diene-1,4-dione) (PNT) polymer fabric exhibits exceptional cycling stability (i.e., 71%
capacity retention over 2900 h at 0.5 C (1 C = 200 mA g%) and 8% capacity fade after 20,000
cycles at 150 C) and surprising mass loading insensitivity (i.e., above 96% capacity retention
even with the increase in mass loading to 56.9 mg cm™2). Furthermore, the inherent stability
and unobstructed ion migration channels of PNT also make it suitable for storing Li*/Na*/K*



in organic electrolyte systems with high reversible capacities, superior rate capability, and
long-term stability.

2. Experimental

The details of the material synthesis, characterizations, electrochemical measurements, and
theoretical calculations are provided in the Supplementary materials (onling).

3. Results and discussion
3.1. Structural evolution of OEMSs from point to line and plane

Dianhydride-based molecules have the potential to be high-performance OEMs because of
their large theoretical capacities [13]. However, their intrinsic broadband gaps and densely
packed structure, similar to that of the basic dianhydride-based molecule (1,2,3,4-
cyclobutanetetracarboxylic dianhydride, CBCDA, Ari), lead to poor electrical and ionic
conductivity, resulting in limited capacities that are far below the theoretical values (Fig. S1
online) [14]. Given that prolonging the length of molecules with extended conjugated
structure could improve the electrical conductivity, enhance the intermolecular interactions,
and expand the packed structure [14,15], a series of dianhydride-based molecules, such as
1,2,3,4-cyclopentanetetracarboxylic  dianhydride (CECDA, Ar), 1,2,3,4-pyromellitic
dianhydride (PMDA, Ar3), 1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA, Ars),
and 3.,4,9,10-perylenetetracarboxylic dianhydride (PTCDA, Ars), with the same active sites in
terms of type, number, and position but increased conjugated structure were rationally
selected to liberate their latent performance, of which the charge storage mechanism was
elucidated in Fig. S2 (online) in the case of the NTCDA. As shown in Fig. la, with the
gradual extension of the conjugated structure from CBCDA to PTCDA, the capacity of
PTCDA significantly increases (Fig. 1b and Fig. S3 online), but this could only be realized
when the conjugated structure extends to a certain value (Ars). However, the increased
inactive molecular weight during the extension of the conjugated structure leads to a decrease
in theoretical capacity (273 mA h g' for CBCDA vs. 136 mA h g! for PTCDA; the
corresponding calculation details are listed in Fig. S4 (online)), and this process cannot solve
the challenge of poor cycling stability of OEMs (Fig. S5 online). Therefore, the original idea
of extending the conjugated structure was transformed into constructing linear polymers using
the aforementioned five dianhydride-based molecules as the basic building blocks to connect
the linear linking point (i.e., 2,5-diaminocyclohexa-2,5-diene-1,4-dione, DABQ, R;) (Fig. lc
and Fig. S6 online). This structural evolution process can be regarded as the transition from
point (dianhydride monomer) to line (linear polymer), and the corresponding reaction routes
and material characterizations are shown in Fig. S6 (online). In addition to the goal of
extending the structure, the construction of linear polymers could increase the molecular
weight and enhance the interaction between adjacent polymer chains, contributing to the
stability of the polymer structure and consequently preventing the dissolution of reaction
intermediates during the discharge/charge process [16,17]. In addition, improved electrical
conductivity could be realized by the polymerization-induced formation of continuous and
large conjugated structures (Fig. 1d and Fig. S7 online) [18]. Notably, the steric hindrance
between building blocks and linear linking points would cause chain rotation during
polymerization, resulting in a specific spatial distribution of the active sites. Given that the
storage of Zn?* requires the coordination of adjacent active sites in the OEMs, the change in
the steric hindrance during the evolution of the building blocks (i.e., Ar; to Ars) would
certainly influence the Zn*" ion storage properties of the obtained linear polymers because of
the variable arrangement of their active sites [19]. As depicted in Fig. 1b and Fig. S8 (online),
the reversible capacities of linear polymers show a trend of initial increase and subsequent
decrease, indicating that simply enlarging the steric hindrance (i.e., Ar; to Ars) does not
always increase the utilization of active sites, and high steric hindrance (Ars here) would
induce the mismatched arrangement of active sites. The linear polymer poly(1,4,5,8-



naphthalenetetracarboxylic dianhydride/2,5-diaminocyclohexa-2,5-diene-1,4-dione) (PND,
Ar4+R1) with the optimized active site arrangement has a high reversible capacity and a long
cycle life. These results indicate that the construction of linear polymers can not only increase
the capacity but also solve the problem of poor cycling stability of OEMs, which cannot be
realized by simply extending the conjugated structure. Despite its effectiveness, the
entanglement of the linear polymer chains leads to the incomplete exposure of active sites,
resulting in a loss of capacity.

Fig. 1. (Color online) Design process of the polymer fabric and the electrochemical
performance of the monomer-based and polymer-based cathodes in AZIBs. (a) Building
blocks. (b) Capacity of the monomers and linear polymers at 50 C. (c) Design process of the
linear polymers. (d) Highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels and orbit distributions of NTCDA, PND, and PNT.
(e) Design process and optimized configuration of PNT. (f) Electrochemical performance of
NTCDA, PND, and PNT.

To overcome the chain-induced entanglement, further structural evolution was designed to
construct a polymer fabric with the interweavement of organic threads. As shown in Fig. le,
the connection of the building block Ars to the fabric linking point (i.e., 2,3,5,6-
tetraaminocyclohexa-2,5-diene-1,4-dione, TABQ, R») successfully realizes the construction of
a molecular fabric (PNT, Ars+R»; Fig. S9 online). That is, the structure evolves from point to
plane. Notably, the fabric framework could avoid the entanglement of polymer chains and the
disturbance of chains caused by ion coordination, increasing the exposure of active sites
[20,21]. Moreover, the nearly parallel arrangement of organic threads makes them abundant
space fields that could behave as noninterference “highways” for ion migration. Benefiting
from these structural features, improved structural stability, electrical conductivity, active site
utilization, and ion diffusion kinetics could be obtained. As depicted in Fig. S10 (online), the
in-situ variable temperature Fourier transform infrared spectroscopy (FTIR) analysis reveals
the increase in thermodynamic stability as the structure evolves from point to line and plane
(i.e., from NTCDA to PND and PNT), undoubtedly demonstrating an increasing trend in
structural stability, which is advantageous in addressing the dissolution issue of OEMs during
cycling. The thermodynamic stability of PNT can be further demonstrated by
thermogravimetric analysis (TGA), where PNT shows an increased high-temperature
resistance (Fig. S11 online). The increased structural expansion of PNT that enhanced the
electrical conductivity can be demonstrated by its narrowest HOMO/LUMO energy levels
and decreased charge transfer resistance (R«) of NTCDA, PND, and PNT (Fig. 1d and Fig. S7
online). Fig. 1f shows the clear improvement in both capacity and stability as the structures
evolve from point to line and plane, and the transformation from line to plane increases the
active site utilization from 37% to 79% (Fig. S12 online) and capacity retention from 94.3%
to 97.1%. In addition, PNT exhibits high ion diffusion kinetics, which will be analyzed in the
section on reaction kinetics. Similarly, the advantages of our designed structural evolution
process work well from PMDA (Ar;) to poly(1,2,3,4-pyromellitic dianhydride/2,5-
diaminocyclohexa-2,5-diene-1,4-dione) (PMD, Ar+R;) and poly(1,2,3,4-pyromellitic
dianhydride/2,3,5,6-tetraaminocyclohexa-2,5-diene-1,4-dione) (PMT, Ar;+R,) (Fig. SI13
online). From the aforementioned results and analysis, we determine that our reasonable
structural design realizes the simultaneous resolution of the issues of solubility, electrical and
ionic conductivity, and active site arrangement encountered by OEMs in one material. The
PNT polymer fabric with the most optimal structure for Zn*" ion storage could also be a
potential high-performance cathode for AZIBs. In the subsequent sections, the detailed
electrochemical performance and ion storage mechanism of PNT were comprehensively
investigated.



3.2. Electrochemical investigations of PNT

Fig. 2a depicts the cyclic voltammetry (CV) curves of PNT with a typical three-electrode
system consisting of a Pt counter electrode and an Ag/AgCl reference electrode at 0.5 mV s,
Apart from the initial activation process, the CV curves in the subsequent cycles exhibit
minimal changes, signifying the high stability and reversibility of PNT in AZIBs [22]. In
addition, two pairs of reduction and oxidation peaks corresponded to the conversion of C=0
to C-O and its associated reversible reaction could also be observed. Afterward, the rate
capability of PNT was evaluated. As shown in Fig. 2b and Fig. S14 (online), PNT exhibits
stable reversible capacities of 182, 166, 144, 129, 119, and 109 mA h g* at current densities
of 0.5, 5, 25, 50, 100, and 150 C, respectively. Notably, when decreasing the current density
from 150 C to 0.5 C step by step, the discharge capacity can recover to the initial value,
revealing the superior rate capability and structural stability of PNT. Furthermore, the PNT
cathode is surprisingly insensitive to the area mass loading (Fig. 2c). Even when the mass
loading increased from 3.5 to 56.9 mg cm™, exceptionally high-capacity retention of 96%
could still be maintained, which has never been realized in OEMs before (Table S1 online).
(Note: The performance measurement was conducted in Swagelok®-type cells to avoid the
large pressure change in typical coin-type cells induced capacity decrease). This performance
improvement can be ascribed to the existence of numerous noninterference ion migration
channels in the fabric structure that enable Zn?* to reach the vicinity of the active sites in the
entire thick electrode. The PNT also delivers exceptional durability up to 20,000 cycles with a
capacity fading rate of only 0.0004% per cycle at 150 C (average coulombic efficiency of
100%; Fig. 2d). The final failure of the battery may be caused by the side reactions from the
zinc anode side that leads to its corrosion and passivation, limiting the continued operation of
the battery. It should be mentioned that the structural advantages also endow the PNT with
satisfactory cycling stability for over 2900 h with 71% capacity retention and 100% average
coulombic efficiency at a low current density of 0.5 C, indicating that the rationally designed
fabric configuration could well relieve the dissolution and structure damage issues of PNT
(Fig. 2e). Collectively, the superior electrochemical performance of the PNT polymer fabric
obtained here, such as the record-high-capacity retention at high mass loadings and
remarkable rate and cycling performance, proves the effectiveness of the fabric configuration
in overcoming the performance liberation limitations of OEMs.

Fig. 2. (Color online) Electrochemical performance of the PNT//Zn batteries. (a) CV curves at
0.5 mV s1. (b) Rate performance at different current densities. (c) Discharge/charge curves at
different mass loadings. Cycling performance at (d) 150 C and (e) 0.5 C.

3.3. Origin of the outstanding reaction kinetics of PNT

To gain a deeper understanding of the exceptional rate capability and capacity retention of
PNT, redox kinetic analysis based on the CV and galvanostatic intermittent titration technique
(GITT) measurements were conducted. As the scan rate increases from 0.2 to 1.0 mV s1,
both the shape and polarization of the CV curves experience no obvious change with the two
well-maintained redox peaks (Fig. 3a). In addition, the relationship between the redox peak
current i and the potential sweep rate v obeys the power law equation of i = av°, where a and
b are adjustable parameters [23]. A b value close to 0.5 indicates the diffusion-controlled
electrochemical process, and a b value of 1.0 indicates the capacitance-controlled redox
process [24]. Fig. S15 (online) depicts the logarithmic relationship between the peak current
and the scan rate, and the b values of Peaks 1, 2, 3, and 4 are calculated to be 0.85, 0.94, 0.92,
and 0.88, respectively. These high b values indicate that the capacitive behavior dominates
the discharge/charge process of PNT, consequently resulting in rapid reaction kinetics [25].
Then, the capacity contribution percentage from the capacitive process at different scan rates



was explored by dividing the specific capacity into the capacitance-controlled capacity (kiv)
and diffusion-controlled capacity (k:v?), written as i = kyv + kov2. Notably, the ratio of the
capacitance-controlled capacity increases from 76.9% to 88.6% with the scan rate increasing
from 0.2 to 1.0 mV st (Fig. 3b and Fig. S16 online). Generally, a higher proportion of
capacitance-controlled capacity could lead to a better rate capability [26].

Fig. 3. (Color online) Analysis of the reaction kinetics of PNT. (a) CV curves and (b)
contribution ratios of the capacitive charge storage at different scan rates. (c)
Discharge/charge GITT curves. (d) Diffusion coefficient (D) toward Zn?* estimated using the
GITT method. (e) Cycling performance with different mass loadings at 50 C.

To further support the rapid reaction kinetics of PNT, its Zn?* diffusion coefficient (D) was
estimated based on the GITT curves (Fig. 3c). As shown in Fig. 3d, the average D value of
the discharge/charge process is ~1071° cm? s71, which is significantly higher than that of the
linear polymer PND (=107 ¢cm? s7%; Fig. S17 online) and superior to most of the reported
OEMs (Table S2 online). This large D value can be attributed to the numerous
noninterference ion diffusion channels brought by the unique fabric configuration [27].
Moreover, the well-distributed covalent bonds in the polymer fabric could stabilize the
structure during the discharge/charge process, ensuring that the initial storage/release of ions
does not lead to structural damage that would hinder the subsequent ion diffusion [28,29].
The numerous high-speed ion migration pathways and the structural stability together
contribute to PNT with rapid reaction kinetics and high-capacity retention even at high area
mass loadings. Thus, PNT achieves outstanding cycling performance at 50 C with mass
loadings of 3.4, 5.9, and 10.7 mg cm2 (Fig. 3e) and exhibits high rate capability and
reversibility at a mass loading of 12.7 mg cm™ (Fig. S18 online), well demonstrating the
superior Zn?* ion storage properties of PNT.

3.4. Charge storage mechanism analysis of PNT

After confirming the excellent electrochemical performance of PNT, its energy storage
mechanism was investigated. Fig. 4b shows the PNT electrodes monitored at different
discharged and charged states (Fig. 4a) by ex-situ FTIR measurement. The blue regions at
approximately 1706 and 1658 cm™ represent the C=0 vibrational mode in imide groups, and
the orange region at 1573 cm™ represents the C=O vibrational mode in quinone groups
[30,31]. With the ongoing discharge process, the peaks corresponding to the C=0 vibrational
mode in both imide and quinone groups experience a steady decrease in intensity and
eventually nearly disappear at the end of the discharge process (Fig. 4b, from a to d), which
can be ascribed to the transformation of C=0 into C-O™ anions. Upon charging to 1.4 V, the
intensity of the C=0 peaks shows a reverse tendency, indicating the reversible transformation
from C-O™ to C=0 (Fig. 4b, from d to g). This reversible change in the C=0 vibrational mode
in both NTCDA building blocks and TABQ linking points powerfully supports the high
electrochemical reversibility of PNT. Then, the ex-situ electron paramagnetic resonance
(EPR) spectra were recorded to further validate the structural evolution of PNT. Fig. 4c shows
the reversible shift of the g-value during the discharge/charge process. For the intermediate
states (i.e., b, c, e, and f), the peak intensity is larger than that at the fully charged/discharged
states (i.e., d and g) because of the higher concentration of the radical species (C-O") [32,33].
Aside from the FTIR and EPR measurements, the X-ray photoelectron spectroscopy (XPS)
spectra of the PNT electrodes at different stages were also collected to check whether Zn?*
was involved in the electrochemical reactions (Fig. 4d and Fig. S19 online). From the O 1s
XPS spectra, we observe the reversible transformation between C=0 and C-O~ during a
single cycle process (Fig. S19 online), which is consistent with the FTIR and EPR results. In



addition, the transformation from C=0 to C-O~ accompanied by the increase in the peak
intensity in the Zn 2p regions, and vice versa, proves the storage and release of Zn?* in PNT
during the discharge/charge process (Fig. 4d) [29].

Fig. 4. (Color online) Energy storage mechanism of PNT. (a) Discharge/charge curves and
the corresponding (b) FTIR, (c) EPR, and (d) XPS spectra of PNT at different electrochemical
states. (€) Optimized geometries of PNT during the discharge process.

Given the existence of Zn?* and H* in the 1 mol L™ ZnSO. aqueous electrolyte, the ion
storage mechanism of PNT could involve the individual storage of Zn?* or the co-storage of
Zn*" and H*. Generally, OH™ would continuously be generated through the consumption of H*
during the discharge process in the ZnSO. electrolyte, and these OH™ ions could readily react
with ZnS0O4 to form Zns(OH)sS04-5H,0. Such process is evidenced by the X-ray diffraction
(XRD) patterns with the emergence of clear peaks from Zns(OH)SO4-5H:0 of the discharged
PNT, and these peaks disappear in the subsequent recharge process (Fig. S20 online),
confirming that H* involves in the ion storage/release process of PNT [31]. In addition, the
participation of H* in the ion storage/release process of PNT was further confirmed by
performing a typical three-electrode CV measurement in the 1 mol Lt ZnSO4 and 5 x
10~ mol L™ H,S04 electrolytes (Fig. S21 online). The concentration of the H.SO4 electrolyte
selected here was according to the H* concentration in the ZnSO; electrolyte (pH = 4), which
could avoid the adverse effects of high H* concentration. In the CV curve of the H2SO4
electrolyte, two pairs of reduction and oxidation peaks corresponding to the keto—enol
tautomerism of PNT can be observed. After shifting this CV curve based on the Nernst
equation, the reduction and oxidation peaks partway overlap with the CV curve tested in the
1 mol L™ ZnSO;4 electrolyte, which correspondingly demonstrates that the H* ions are indeed
involved in the redox process of PNT even at such a low concentration [34].

Density functional theory (DFT) calculations were then employed to calculate the molecular
electrostatic potential (MESP) distribution of PNT to judge the uptake of cations by its active
centers from the thermodynamics point of view. From the MESP distribution of PNT, we
observe that the areas around the carbonyl groups have negative ESP values (Fig. S22 online),
indicating their roles as active sites for cation storage/release during the discharge/charge
process. Furthermore, a total of 68 possible geometric configurations of PNT during the
discharge process, recorded as PNT-HyZny (where x and y are the numbers of stored H* and
Zn?"), were calculated as the reduction products at different discharge stages (n electrons, n =
1, 2, 3, 4; Fig. S23 online). The stability of PNT-H.Zny was considered by comparing the
Gibbs free energies (G) to select the most stable geometric configuration. As shown in Fig. 4e
and Fig. S23 (online), although the absolute values of the binding energy (E) and G of four H*
with PNT are larger than the Zn?*-containing configurations, such a PNT-H, structure is less
likely to exist in the experimental condition where the concentration of Zn?" is higher
(approximately 10* times) than H* [19,35]. PNT-H.Zn has a stronger binding energy than
PNT-Zn; and has a more negative G value than PNT-Zn,, indicating that PNT-H»Zn is more
thermodynamically favorable as the final discharge product. This ion storage process is also
consistent with the experimental results. In summary, the previously presented analysis
strongly supports the occurrence of the Zn?* and H* co-(de)storage behavior in PNT during
the discharge/charge process.

3.5. Suitability of PNT for Li*/Na‘*/K* ion storage

Aside from its intrinsic stability and unique ion diffusion channels, PNT also has the potential
to be a high-performance cathode material to store Li*/Na*/K* in organic electrolyte systems.
As illustrated in Fig. 5a, b, PNT exhibits a reversible capacity of 190 mA h g and superior
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rate performance when matched with the Li anode. Large capacities of 190, 179, 167, 154,
144, 130, 107, and 87 mA h g* could be delivered at the rates of 0.5, 2.5, 5, 15, 25, 50, 100,
and 150 C, respectively. The discharge capacity can also recover to the original value when
the current density is decreased from 150 C to 0.5 C, indicating that the superior rate
capability achieved in AZIBs can be well inherited by the Li-ion batteries. Then, the reaction
kinetics of PNT toward Li* were investigated by conducting CV measurement at different
scan rates (Fig. S24 online). According to the logarithmic relationship between the peak
current and the scan rate (i = av®; Fig. S25 online) [36], the b values of Peaks 1, 2, 3, and 4
are calculated to be 0.88, 0.93, 0.92, and 0.79, respectively, signifying that the capacitance-
controlled behavior dominates the Li* storage/release process of PNT and thus resulting in
rapid reaction kinetics in the Li-ion batteries as those in AZIBs. Meanwhile, the ratio of the
capacity contributed by the capacitive process could reach 78.1%, 82.0%, 84.7%, 86.8%, and
88.8% at scan rates of 0.2, 0.4, 0.6, 0.8, and 1.0 mV s%, respectively, in the PNT//Li batteries
(Fig. S26 online). PNT also exhibits stable cycling performance at both low and high current
densities, i.e., over 100 h without capacity fading at 0.5 C and 76% capacity retention after
1000 cycles at 150 C (Fig. S27 online and Fig. 5¢). In addition, just as expected, the average
diffusion coefficient of PNT toward Li* (10° cm? s™%; Fig. 5d and Figs. S28 and S29 online)
is larger than that toward Zn?* because of the smaller ionic radius of monovalent Li* (0.75 vs.
0.80 A) [37], which supports the finding that the noninterference channels formed between
the polymer chains can facilitate the diffusion of different ions. Similarly, when PNT is used
as the cathode in Na/K-ion batteries, a high electrochemical performance could also be
obtained (Fig. 5a and Figs. S30-S37 online). For comparison, the Na*/K* diffusion coefficient
of PNT was calculated, which follows the order of Li* > Na* > K* and is exactly the opposite
order of their ionic radii (Fig. 5d). Moreover, the b value and the ratio of capacitance-
controlled capacity increase with the enlargement of the ionic radius (Fig. 5e, f). As
demonstrated previously, the structural advantages of PNT make it possess abundant
noninterference channels for the efficient diffusion of ions with different sizes/valence states
and high stability for guaranteeing applicability in both aqueous and organic electrolytes.
These benefits together enable PNT to be a universal cathode in different energy storage
systems.

Fig. 5. (Color online) Electrochemical performance of the PNT//Li/Na/K-ion batteries. (a)
Discharge/charge curves of the PNT//Li/Na/K-ion batteries. (b) Rate performance of the
PNT//Li battery at different current densities. (c) Cycling performance of the PNT//Li battery
at 150 C. (d) Diffusion coefficient (D) of PNT toward Li*, Na*, and K* estimated using the
GITT method. (e) Average b values. (f) Contribution ratios of the capacitive charge storage of
the PNT//Li/Na/K-ion batteries at 0.2 mV s,

4. Conclusion

In summary, an iterative design strategy of elaborately combining the building blocks from
point to line (linear polymer) and plane (polymer fabric) has been proposed to overcome the
long-lasting challenges that limit the full performance liberation of OEMs. The structural
evolution from point to line not only effectively improves the structural stability and electrical
conductivity but also adjusts the spatial distribution of active sites to facilitate the storage of
Zn?*. The evolution process from line to plane, in addition to the further enhancement of the
aforementioned properties, could construct numerous noninterference channels for ion
migration by the space fields from the nearly parallel arrangement of organic threads. As a
result, the PNT polymer fabric with the most suitable structure realizes the simultaneous
resolution of the issues of solubility, electrical and ionic conductivity, and active site
arrangement encountered by OEMs. Consequently, the PNT polymer fabric exhibits



outstanding Zn?* ion storage properties, i.e., up to 20,000 cycles with a capacity fade of
0.0004% per cycle at 150 C and a capacity retention of 96% even with a high active mass
loading of 56.9mg cm™. Furthermore, the structural advantages make PNT a high-
performance cathode for Li/Na/K-ion batteries with organic electrolytes. The results
presented here provide insights into the full utilization of OEMs and guidelines for the design
of advanced OEMs.
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An iterative design process of polymer fabric from point to line

and plane, inspired by the fabric craft, has been rationally

designed to improve the electrochemical performance of

organic electrode materials (OEMSs) in rechargeable metal-

organic batteries (MOBs). The evolution from point to line and

plane of OEM improves its structure stability, kinetics, and

utilization of active sites, benefitting the construction of high-

performance MOBs.

17



